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ABSTRACT In recent years, new contributors to the marine silica cycle have emerged, 
including pico-sized phytoplankton (<2–3 µm in size) such as Synechococcus and 
picoeukaryotes. Their contribution and relevance to silica cycling are still under 
investigation. Field studies reporting the biogenic silica (bSi) standing stock in the 
pico-sized fraction are limited to silica-poor oligotrophic environments, and the 
mechanism of bSi accumulation in picoplankton remains unknown. We investigated 
the variability of bSi standing stocks in two size fractions (picoplankton, 0.22–3 µm 
and microplankton, >3 µm) in the dissolved silica-replete Baltic Sea via biweekly time 
series samplings spanning 2 years. Time series data showed that the large changes in 
bSi standing stock in the Baltic Proper were primarily related to microplankton bio­
mass and community composition. Meanwhile, picoplankton were, at times, surpris­
ingly high contributors to total bSi year-round (up to 21.6%). Simultaneously, we 
performed microcosm incubation experiments with natural phytoplankton communities 
in each season to examine how nutrient additions affected bSi concentrations. In these 
experiments, increases in microplankton bSi were directly correlated to increases in 
diatom biomass, highlighting their influential role in the Baltic Sea silica cycle. Mean­
while, phosphorus additions triggered an increase in picoplankton bSi accumulation in 
all experiments. This uncovers a potential control of bSi accumulation in picoplankton, 
which can help identify the cellular mechanisms behind this process and uncover their 
role in silica cycling. The results link phytoplankton community composition and silica 
cycling, which is important for understanding the consequences of organism shifts due 
to climate change.

IMPORTANCE The marine carbon and silica cycles are tightly intertwined and largely 
controlled by diatoms. Nevertheless, recent studies, mostly in oligotrophic waters, have 
proposed new contributors to the marine silica cycle: picoplankton. Here, we report 
the first study of seasonal dynamics of biogenic silica (bSi) standing stock in microplank­
ton and picoplankton in the silica-replete Baltic Sea. Microplankton bSi dynamics were 
correlated with changes in composition and biomass. Picoplankton were consistent 
contributors to bSi, and for the first time in diverse natural communities, we found a 
direct correlation between phosphorus and bSi accumulation. The results are important 
for understanding how climate change-predicted phytoplankton composition shifts will 
affect carbon and silica cycling and provide a direction for future research on nutrient 
controls of silica accumulation in picoplankton.
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M arine silica cycling is characterized by constant fluctuations between the 
lithosphere and hydrosphere, which are governed by a variety of abiotic and biotic 

sources and sinks. Diatoms are a major biological component of this system, producing 
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biogenic silica (bSi) frustules from silicic acid (dissolved silica, dSi) and recycling it in the 
euphotic zone. These frustules also enable their sinking to other oceanic zones 
and, eventually, ocean sediments, which couples the marine carbon and silica cycles 
(1). Biosilicifying eukaryotic groups such as sponges and Rhizaria are also known for 
their contributions to the marine silica cycle, though they are estimated to be less 
important than diatoms (1–3). Besides these relatively well-studied groups of silicifying 
organisms, research over the past decade has also begun to shed light on a previously 
understudied biotic component of the marine silica cycle: nontraditional biosilicifiers. 
Nontraditional biosilicifiers accumulate bSi despite lacking siliceous cell structures and 
can be composed of picoplankton (<2–3 µm in diameter) such as the picocyanobacte­
rium Synechococcus (4, 5), picoeukaryotes (6), as well as selected calcifying coccolitho­
phore species (7, 8) and also larger plankton (9). Some of these plankton groups have 
genes involved in the uptake and/or assimilation of dSi (e.g., silicon ion transporters), 
while others do not (9). Due to the lack of knowledge about how non-silicified organisms 
utilize and accumulate dSi, the contribution of nontraditional biosilicifiers to marine silica 
cycling is unclear.

The biotic component of the marine silica cycle is estimated to produce 255 (±52) 
Tmol silicon year −1 (1). Prior to the past decade, knowledge about biotic contribution 
was largely based on studies of bSi production and stocks performed without the use 
of size fractionation. Thus, bSi associated with picoplankton was indistinguishable from 
that of larger phytoplankton, even though filters with small pore sizes were used to 
measure bSi (typically 0.6 µm or greater [10]). Since the discovery of bSi accumulation 
in Synechococcus isolates from the Sargasso Sea (4), several studies have measured 
bSi standing stocks (quotas) and Si production rates in the pico-sized fraction. In the 
regions studied, including the North Atlantic Ocean, Sargasso Sea, South Pacific Ocean, 
North Pacific Ocean, Eastern Indian Ocean, and Western Pacific Ocean, estimates of 
Synechococcus contribution to total bSi standing stock range from approximately 1% to 
66% (11–16). Thus far, these studies have been conducted in dSi-limited oligotrophic 
ocean gyres (with the exception of a single station located in a nutrient-rich upwelling 
system in reference 11) with the rationale that diatom biomass is low and picoplankton 
biomass is high in these regions, making signals from picoplankton relatively more 
important and easier to identify. The majority of these studies have been performed 
on research cruises to investigate the spatial distribution of bSi production (measured 
indirectly as silicic acid uptake) and stock, and few examine long-term (e.g., seasonal 
and interannual) silica cycling dynamics in marine environments (17). Our understanding 
of silica cycling is particularly limited regarding picoplankton, and there is no definitive 
link with specific environmental or biological factors, suggesting that studies involving 
diverse environments and expanded timescales are needed.

The Baltic Sea is a large, semi-enclosed, brackish water body divided into distinct 
regions characterized by north to south gradients in salinity, nitrogen, and phospho­
rus. The south, stretching from the Kattegatt to the Baltic Proper, is characterized by 
nitrogen limitation in the summer and medium to high salinities (7 to >20 PSU). The 
north, consisting of the Bothnian Bay and Bothnian Sea, is characterized by phosphorus 
limitation in the summer and low salinity (3–6 PSU [18]). Dissolved Si concentrations in 
surface waters in the southern Baltic average 10–20 µmol L−1 (19), which are significantly 
higher than dSi concentrations typically measured in oligotrophic ocean surface waters. 
In most regions, dSi concentrations are not deemed as limiting for diatom growth (19, 
20) and are stable or increasing in both coastal and open waters (21). Though there have 
been studies of bSi in sediments (22–25), there are no published studies of bSi standing 
stock dynamics in the surface waters of the Baltic Sea, highlighting a major gap in our 
understanding of silica cycling in this environment.

The composition of Baltic Sea surface water plankton communities varies through­
out the year, adjusting to shifts in temperature, light, nutrients, and other seasonal 
factors (26, 27). We know that picophytoplankton (predominantly picocyanobacteria, 
including a mix of Cyanobium spp. and Synechococcus spp. strains and photosynthetic 
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picoeukaryotes [PPE]) make up a substantial portion (15%–85% of chlorophyll a as a 
proxy for biomass) of the Baltic Sea phytoplankton community (28–31). In the Baltic 
Proper, picophytoplankton are dominant features of both coastal and offshore phyto­
plankton communities throughout the year, only lowering in abundance when the 
temperature falls <5°C (32). Furthermore, picophytoplankton biomass is forecasted to 
increase due to climate change, while, in contrast, warmer winters are predicted to 
dampen the intensity of diatom blooms (33). In the Baltic Sea, the pronounced shift to 
dinoflagellate-dominated spring blooms, replacing diatom-dominated ones, has been 
noted (34–36). As a result of this shift in plankton community dynamics, nutrient 
cycles can be expected to be altered (e.g., through differences in the utilization of 
nutrients like dSi) with cascading effects, as detailed extensively in reference 36. Several 
photosynthetic picoeukaryote and Synechococcus isolates from the Baltic Proper have 
demonstrated bSi accumulation in laboratory experiments (6, 37). This suggests that 
picophytoplankton are players in the Baltic Sea silica cycle, though their contribution is 
currently unknown.

To fill this knowledge gap, we investigated bSi standing stock (herein referred to 
as bSi) dynamics of picoplankton and microplankton fractions (0.22–3 µm and >3 µm) 
at a sampling station in the Baltic Proper by integrating data from time series and 
microcosm experiments. The focus of our study was the picoplankton fraction. The time 
series data, collected over the course of 2 years, depicted the seasonal shifts in bSi and 
the contributions of the two size fractions to total bSi. The microcosm experiments, 
conducted in four different seasons, in which we enriched nutrient availability, revealed 
differences in environmental and biological factors influencing bSi accumulation in the 
two size fractions.

MATERIALS AND METHODS

Field sampling

Sampling was carried out at the Linnaeus Microbial Observatory (LMO), located 11 km 
offshore off the east coast of Öland, in the Baltic Proper (N 56° 55.8540′, E 17° 3.6420′; 
Fig. S1). Temperature and salinity were measured using a CTD probe (AAQ 1186-H, Alec 
Electronics) from June 2021 to November 2022 and then with a CastAway-CTD (SonTek, 
Xylem) from December 2022 to June 2023. Water samples were collected from 2 m depth 
for two purposes: bSi dynamics in an ongoing twice-monthly LMO time series (previous 
publications include references 26, 27), and a total of four microcosm experiments to 
test factors influencing bSi accumulation in different seasons. Over the course of a year 
(2022–2023), microcosm experiments (herein referred to as SPR, SUM, AUT, and WIN) 
were performed (Table 1). Upon arrival at the laboratory, the water was filtered through a 
200 µm mesh into a 210 L opaque polypropylene mixing container to minimize the effect 
of larger grazers. Experimental setup and sample processing followed shortly thereafter.

Microcosm experimental setup

In total, there were six treatments (control [no addition], 1.6 µmol L−1 ammonia [NH4], 
5 µmol L−1 nitrate [NO3], 1.5 µmol L−1 phosphate [PO4], 1.6 µmol L−1 NH4 + 1.5 µmol 
L−1 PO4, and 5 µmol L−1 NO3 + 1.5 µmol L−1 PO4) with three biological replicates. The 
added nutrients were approximately double the average winter nutrient concentrations 
at LMO, based on historical data (26). To set up the experiment, acid-washed 4.7 L 
Nalgene polycarbonate bottles were filled with 4.5 L of sample water, and nutrients were 
added according to each treatment. The bottles were incubated in a shaded tank with 
continuously circulating seawater, under 60 µmol photons m−2 s−1 irradiance for 65 hours 
from the initial (t0) to the final time point (t65). The shading percentage was determined 
by calculating the average difference between light intensity at the surface versus 2 m 
depth using historical LMO data. The light:dark hours were adjusted in accordance 
with the calculated light hours (in between sunrise and sunset) of the sampling date 

Full-Length Text Applied and Environmental Microbiology

May 2025  Volume 91  Issue 5 10.1128/aem.00676-25 3

https://doi.org/10.1128/aem.00676-25


(Table 1). The bottles were manually mixed daily during the incubation period. Samples 
were collected at t0 and t65 from the whole water for nutrient analysis, microscopy, 
flow cytometry, heterotrophic bacterial production, and primary production. Meanwhile, 
chlorophyll a, bSi, and DNA were sampled in two size fractions (picoplankton, 0.22–3 µm 
and microplankton, >3 µm).

Abiotic parameters

For the time series, samples for dissolved inorganic nutrients (nitrite + nitrate [NO2 
+ NO3], ammonium [NH4], phosphate [PO4], and dSi [SiO2]) were collected, frozen at 
−20°C, and later measured using a UV-1600PC Spectrophotometer (VWR) and DR 5000 
(Hach Lange) following standard protocols (38). For the microcosm experiments, the 
samples were sent to ALS Global for analysis under the guidelines of the “Nutrient salts 
in clean water package.” Detection limits for the measured nutrients were NO3 (0.026 
µmol L−1), NO2 (0.033 µmol L−1), NH4 (0.125 µmol L−1), total N (1.428 µmol L−1), PO4 (0.008 
µmol L−1), and total P (0.097 µmol L−1). For dSi analysis in microcosms, a 10 mL sample 
was passed through a 33 mm diameter 0.22 µm pore-size Millex-GP filter (Millipore) 
and stored at −20°C before analysis following reference 39. We have previously tested 
the reliability of the freeze-thaw method to analyze dSi samples and found that we 
obtain the same values before and after freezing (6). The measurements were done with 
a UV-1600PC spectrophotometer (VWR). Biogenic silica standing stock was measured 
following the protocols outlined in references 5 and 40. Depending on the season, 
300–800 mL of seawater was filtered through successive 47 mm diameter 3.0 µm and 
0.22 µm pore-size Nuclepore Track-Etch filters (Whatman). For the time series, bSi was 
measured in duplicate, and for the microcosm experiments, there was one technical 
replicate for each of the three biological replicates. The filters were stored in 2 mL 
Eppendorf tubes at −20°C until analysis, which included a digestion step in 0.2 M NaOH 
at 95°C for 1 hour. Biogenic Si measurements were done at 810 nm using a UV-1600PC 
spectrophotometer (VWR) using 50 mm cuvettes. We note that, technically, when bSi 
is extracted via the NaOH method, some lithogenic silica (LSi) can also be dissolved, 
making the measurement a measure of particulate silica (41). The LMO sampling station 
is offshore and therefore likely less influenced by river and groundwater inputs, which 
are the main sources of LSi in surface estuarine waters (42, 43) (Fig. S1). However, to verify 
that the influence of LSi was minor, we measured LSi in five samples across the time 
series. The LSi concentrations measured (0.017–0.076 μmol L−1; Table S1) were lower than 
typically seen interfering with measurements from oligotrophic regions (44), and would 
not alter the general trends in bSi that we observed.

Biotic parameters

Extracting and measuring chlorophyll a was done following the protocol by Jespersen 
and Christoffersen (45). For the time series, 500 mL of seawater was filtered through 
glass fiber (A/E) filters under low vacuum in duplicate. During the microcosm experi­
ments, 400–800 mL (t0: five replicates and t65: one replicate of each biological tripli­
cate) was filtered through successive 47 mm diameter 3.0 µm Nuclepore Track-Etch 
(Whatman) and precombusted (475°C, 2 hours) GF/C glass fiber (Advantec) filters. 
The filters were extracted overnight in 5 mL of 96% ethanol, and fluorescence was 
measured the following day with a fluorometer (Turner design Model #040). For 

TABLE 1 Microcosm experiment information including the temperature (°C) and salinity (PSU) of seawater measured at the time of sampling, initial (t0), and final 
time points after 65 hours (t65)a

Microcosm Temperature (°C) Salinity (PSU) Initial time point (t0) date Final time point (t65) date Light:dark hours

SPR 4.7 7.9 11 April 2022 14 April 2022 13:11
SUM 18.4 7.5 18 July 2022 21 July 2022 18:6
AUT 8 7.7 18 October 2022 21 October 2022 12:12
WIN 3.4 7 7 February 2023 10 February 2023 9:15
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determining picophytoplankton and bacterial abundances, samples were fixed with 
glutaraldehyde solution Grade 1 (1% final concentration; Sigma-Aldrich) in Cryovial tubes 
(Sigma-Aldrich) and frozen at −80°C. A CyFlow Cube 8 (Partech) flow cytometer with 
a blue (488 nm) and a red (638 nm) laser set to a flow rate of 10 µL s−1 was used 
for analyzing LMO samples collected prior to July 2022 and for SPR and SUM samples. 
All other flow cytometry samples were analyzed with a CytoFLEX (Beckman Coulter) 
flow cytometer with a blue (488 nm) and a red (638 nm) laser. The samples were 
analyzed for two populations of picophytoplankton (photosynthetic picoeukaryotes and 
picocyanobacteria) using the gating strategy described in reference 46. Samples for 
determining bacterial abundance were stained with SYBR Green I nucleic acid stain 
(Invitrogen; 5 µM final concentration) and counted as advised by Gasol and Del Giorgio 
(47). Flow cytometry-related gating and visualization were done using FCSalyzer version 
0.9.22-alpha or CytExpert version 2.5.0.77, depending on the machine used for the 
sample analysis. The mean of technical duplicates for each biological replicate was 
calculated.

Primary and bacterial production

Measuring primary production in microcosm samples was done using the 14C incorpo­
ration method. Briefly, 10 mL samples were incubated with 6 µL (1 µCiµL−1 working 
solution) of 14C-bicarbonate (1 mCi mL−1; Perkin Elmer). Two technical replicates (one 
incubated in the light and one in the dark) per biological replicate (t0: four technical 
replicates of light incubation and two of dark; t65: one replicate of each biological 
triplicate) were incubated for 2 hours at in situ temperature conditions in the incuba­
tion tank and subsequently filtered onto 25 mm black polycarbonate 0.22 µm Nucle­
pore Track-Etch filters (Whatman). Analysis was done with a liquid scintillation counter 
(Tri-Carb 2100TR, Packard), measuring the amount of 14C incorporated by cells (48). 
Measuring bacterial production in microcosm samples was done following reference 
49 by first diluting commercial 3H-leucine (specific radioactivity 153 mCi mL−1; Perkin 
Elmer) with cold leucine for a working 1 mM solution (50). Four technical replicates and 
two killed controls (trichloric acid; 5% final concentration; Sigma-Aldrich) per biological 
replicate (t0: one replicate and t65: one replicate of each biological triplicate) were 
incubated with the diluted 3H-leucine (40 nM final concentration) for 2 hours at in 
situ temperature. A liquid scintillation counter (Tri-Carb 2100TR, Packard) was used to 
measure the amount of radioactivity incorporated by cells. Values, including a cellular 
carbon-to-protein conversion factor of 0.86 kgC mol leu−1, assumed proportion of leucine 
in total protein of 0.073%, and isotopic dilution factor of 2, were used to calculate 
bacterial production (51). The mean of four technical replicates for each biological 
triplicate was calculated.

Phyto- and bacterioplankton biomass and community composition

To identify and count phytoplankton (t0: one replicate; t65: one replicate of each 
biological triplicate), samples were fixed with Lugol’s solution (1% final concentration) 
and analyzed in sedimentation chambers with an inverted microscope (Nikon TMS) 
following the Utermöhl method. Cells were counted and identified to genus or species 
level, and the biomass was calculated based on the biovolume (52) and carbon content 
(53, 54). For DNA sampling, up to 1.4 L for every sample (t0: five replicates; t65: one 
replicate of each biological triplicate) was filtered through successive 47 mm 3.0 µm 
Nuclepore Track-Etch (Whatman) and 0.22 µm Sterivex cartridge filters (Millipore) using 
a peristaltic pump. The Sterivex filters for DNA analysis were frozen in TE buffer at −80°C 
until extraction. For DNA extraction, the FastDNA SPIN Kit for Soil (MP Biomedicals) was 
used according to the manufacturer’s protocol, with the addition of a 1-hour proteinase-
K (0.02 µg µL−1, final concentration) incubation at 55°C. The V3V4 region of the 16S rRNA 
gene, using primer pair 341F-805R (55), was amplified with PCR using Thermo Fisher 
Scientific Phusion High-Fidelity PCR Master Mix manufacturer instructions. Sequencing 
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was done at the National Genome Infrastructure, SciLifeLab Stockholm, using a MiSeq 
platform (Illumina), producing 2 × 300 bp paired-end reads.

Bioinformatic and statistical analyses

The 16S rRNA gene amplicon data were processed using the Ampliseq pipeline (version 
2.8.0 [56]) from the nf-core framework (57). Ampliseq is a Nextflow (58) pipeline that uses 
DADA2 (version 1.28.0 [59]) to denoise and assign taxonomy to amplicon sequences. It 
uses Cutadapt (version 3.4 [60]) to remove primer sequences and Barrnap (version 0.9, 
https://github.com/tseemann/barrnap) to validate small subunit rRNA gene sequences. 
Taxonomy assignment was done by combining the SILVA 132 (61), SBDI-GTDB (R07-
RS207 [62]), and Phytoref (63) databases. To assign eukaryotic taxonomy, if the confi-
dence scores of ASV sequences identified as chloroplasts by SILVA 132 were higher in the 
Phytoref database than in the SILVA 132 database, then Phytoref taxonomic assignment 
was used.

Statistical analyses were done, and figures were created with RStudio version 
2023.06.0+421 (64). The tidyverse and ggplot2 packages were broadly used for visualiza­
tion. Kruskal-Wallis ANOVAs and post hoc Dunn tests were performed with base functions 
in R. Packages Hmisc and corrplot were used to calculate the significance and visualize 
results from a Spearman correlation analysis. Package vegan (version 2.6.4) was used to 
calculate dissimilarity indices for PCoAs. Package ALDEx2 was used to do a CLR transfor­
mation of the 16S count data. PCoAs and PCAs were performed on relative abundance 
microscopy data and CLR-transformed 16S relative abundance data, respectively, in order 
to assess nutrient treatment effects on community composition.

RESULTS

Field observations

Water from the LMO station was sampled approximately twice a month from June 2021 
to June 2023, resulting in 41 available data sets. During this time, temperature ranged 
from 3.0℃ to 21.7℃ (Fig. 1A). Salinity varied from 6.4 to 8.1 PSU, with higher and more 
stable concentrations in autumn and winter (Fig. 1B). The highest NO3 concentrations 
(measured as NO3 + NO2) were in autumn and winter and were otherwise low in spring 
and summer (Fig. 1C). PO4 concentrations exhibited similar patterns to NO3 (Fig. 1E), 
while NH4 varied without a consistent pattern (Fig. 1D). Concentrations of SiO2 ranged 
from 1.0 to 20.3 µmol L−1 (Fig. 1F). Total chlorophyll a, used as a proxy for phytoplankton 
biomass, changed considerably over time (~0.3–4.9 µg L−1), with low concentrations 
in the winter and peaks indicating phytoplankton blooms of varying intensities in the 
spring, summer, and autumn (Fig. 2A). Total bSi (µmol L−1), the sum of bSi in the 
microplankton and picoplankton, also fluctuated considerably throughout the years 
(~0.09–1.81 µmol L−1; Fig. 2A). The highest total bSi values were measured in autumn, 
though a significant peak was also observed during spring 2023. The maximum value 
for picoplankton bSi was 0.12 µmol L−1, measured in winter 2022 (Fig. 2B). Picoplankton 
accounted for 1.1%–21.6% of the total bSi (Fig. 2C). In spring and summer 2022, as well as 
spring 2023, several samplings with higher contributions of picoplankton to bSi (>20%; 
Fig. 2C) were observed.

A Spearman correlation analysis was done to identify relationships between the 
various environmental and biological factors measured at LMO (Fig. 3). Picoplankton and 
microplankton bSi were positively correlated to each other, and both correlated 
positively with total bSi. There was a significant positive correlation between microplank­
ton bSi and total chlorophyll a. NH4 had the most significant positive correlation with 
picoplankton bSi, while temperature had a significant negative correlation. Temperature 
had significant positive correlations with total chlorophyll a and picoplankton abundan­
ces (heterotrophic bacteria, picoeukaryotes, and picocyanobacteria) and negative 
correlations with several environmental factors (salinity, PO4, and NO3). Salinity had 
significant positive correlations with NO3 and PO4.
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Initial community composition and nutrient addition response in the micro­
cosms

Microscopy and 16S rRNA gene data confirmed that community composition of both the 
picoplankton and microplankton was distinct between microcosm experiments at the 
initial time point (t0; Fig. 4). This follows what has been previously observed at LMO 
during different seasons (27, 65). Within the larger phytoplankton community, in SPR and 
SUM, Dinophyta dominated (proportion of carbon biomass 53%–66%), while in AUT and 
WIN, Litostomatea made up the majority (proportion of carbon biomass 63%–69%) of 
carbon biomass (Fig. 4A). In SPR, Litostomatea (proportion of carbon biomass 31%) 
contributed to a significant proportion of the total biomass. Cyanobacteria (proportion of 
carbon biomass 22%) and Bacillariophyceae (diatoms; proportion of carbon biomass 
29%) contributed in higher proportions to SUM and AUT communities, respectively. 
There were no obvious community composition differences related to treatment at the 
final time point (PcoA analysis in Materials and Methods; data not shown). Instead, 
general trends included increases in the proportion of Dinophyta in SPR, Cyanobacteria in 

FIG 1 Environmental parameters measured at LMO from June 2021 to June 2023. These parameters include (A) temperature 

(°C), (B) salinity (PSU), (C) NO3 + NO2 (µmol L−1), (D) NH4 (µmol L−1), (E) PO4 (µmol L−1), and (F) SiO2 (dSi) (µmol L−1).
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SUM, and diatoms in AUT (Fig. S2). In SPR, SUM, and AUT, the picoplankton community 
was composed primarily of Actinobacteria, Bacteroidota, and Proteobacteria (total relative 
abundance 68%–85%), while in WIN, their contribution was lower (total relative abun­
dance 54%) (Fig. 4B). The SUM community was distinct for its higher proportion of 
Cyanobacteria and Planctomycetota (relative abundance 9% and 10%, respectively), and 
the WIN community was distinct for its high proportion of Cryptophyta (relative abun­
dance 35%). At the final time point, there did not seem to be any community composi­
tion differences between samples with different nutrient additions (PCA analysis in 
Materials and Methods; data not shown), though t0 and t65 samples had distinct 
communities (Fig. S3).

Microbial response to nutrient enrichment in microcosms

Nutrient enrichment had differing effects on chlorophyll a concentration in the different 
microcosm experiments (Fig. 5). In the microplankton fraction, differences were 
significant in SPR and SUM (Kruskal-Wallis ANOVA, P < 0.05) but not in AUT or WIN (Table 
S2). Dunn’s post hoc test revealed significant differences in the SUM microcosm between 
the control and NO3 treatment (P = 0.008). Chlorophyll a concentrations in the picoplank­
ton fraction differed significantly in all microcosm experiments (Kruskal-Wallis ANOVA, P 
< 0.05; Table S2). Dunn’s post hoc test showed significant differences between the control 
and NO3 + PO4 treatment in the SUM (P = 0.011) and the control and NO3 treatment in 
the WIN microcosm (P = 0.024). Nitrogen (as either NO3 or NH4) was the primary limiting 

FIG 2 Variation of bSi, chlorophyll a, and picoplankton abundances in the Baltic Sea during the study period showing 

(A) total bSi standing stock (µmol L−1) plotted against total chlorophyll a (µg L−1) concentrations, and (B) bSi standing stock 

(µmol L−1) in picoplankton plotted against flow cytometry total cell counts (cells mL−1 × 107) of heterotrophic bacteria, PPE, 

and picocyanobacteria populations, and (C) the proportions of the contribution of the microplankton (light purple) and 

picoplankton (dark purple) to total bSi. Dashed gray lines (A) indicate the sampling dates of the microcosm experiments. Error 

bars in the line graphs represent the standard deviations from the means based on two technical replicates.
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nutrient for both microplankton and picoplankton, which was most evident in the SPR 
and SUM microcosms.

Nutrient enrichment impact on bSi and dSi in microcosms

Biogenic Si concentrations in the microplankton (Fig. 6A) and picoplankton (Fig. 6B) 
fractions changed over time, from the initial to the final time point and between different 
treatments. In the microplankton, these differences were statistically significant in SPR 
and SUM (Kruskal-Wallis ANOVA, P < 0.05), though not in AUT or WIN (Table S3). Further 
analysis with Dunn’s post hoc test showed differences in bSi between the control and 
NO3 treatment (P = 0.035) in the SUM microcosm. However, picoplankton bSi differed 
significantly only in SUM (P < 0.05; Table S3), and a Dunn’s post hoc test did not show 
significant differences between the control and treatment groups. At the final time point
(t65), dSi concentrations in the nutrient-enriched microcosms (7.1–18.7 µmol L−1) were 
similar to the controls, indicating that significant dSi drawdown did not occur (Fig. S4).

FIG 3 Spearman correlations for LMO samples using environmental and biological data from 41 LMO samplings. The factors 

included are picoplankton; microplankton; total bSi standing stock; total chlorophyll a; log-transformed flow cytometry cell 

counts of heterotrophic bacteria, PPE, and picocyanobacteria; nutrient concentrations of NH4, NO3, PO4, and SiO2; salinity; and 

temperature. An asterisk (*) in the square indicates a statistically significant (P ≤ 0.05) relationship.
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Biological and environmental factors correlating with bSi in microcosms

Spearman correlations on the data collected from the microcosm experiments showed 
that, in microplankton, there were strong positive correlations between bSi and 
chlorophyll a concentrations in SUM, AUT, and WIN, which was also seen in the LMO 
data set (Fig. 7A). Carbon biomass data of the different phytoplankton classes identified 
through microscopy revealed that diatoms were the only organismal group significantly 
positively correlated with microplankton bSi in microcosm experiments (Fig. S5). In SPR 
and AUT, positive correlations between microplankton bSi with environmental variables 
PO4, total P, and dSi were also observed. In contrast to the LMO data set, picoplankton 
bSi concentrations did not positively correlate to NH4-NH3 concentrations in any of the 
experiments. Instead, strong positive correlations between picoplankton bSi and P (PO4 
and total P) were observed across all microcosms (Fig. 7B), though in AUT the correlation 
with PO4 was not statistically significant. In contrast, positive correlations with biological 
variables were inconsistent between experiments. In SUM, there was a strong correlation 
with heterotrophic bacterial abundances, while in AUT, with picoplankton chlorophyll a.

DISCUSSION

Changes in Si are dependent on different biological and physical parameters, and these 
changes are visible at different timescales. Generally, long-term studies of bSi standing 
stock and production dynamics are rare in the literature (17). Studies that incorporate 
size fractionation, more so. At the long-term Bermuda Atlantic Time Series site in 
the oligotrophic North Atlantic subtropical gyre, bSi variability was visible at several 
different timescales: short-term, seasonal, and interannual (17). Long-term decreases 
in bSi standing stock and production were linked to decreases in diatom abundances 
and increases in dinoflagellates and prasinophytes. Short-term changes to bSi were 
attributed to meteorological events like storms or mesoscale eddies (17). In the dSi-
replete central Baltic Sea, we were able to examine bSi standing stock in two size 
fractions at short-term and seasonal timescales (incorporating 2 years). We found that 
the majority of bSi in surface waters was associated with microplankton, corresponding 
primarily to changes in the composition and biomass of phytoplankton. However, it is 

FIG 4 Major taxonomic groups at the initial time point (t0) of the four microcosm experiments (SPR, SUM, AUT, and WIN) of 

phytoplankton identified microscopically (>5 µm) (A) and picoplankton (0.22–3 µm) identified using 16S rRNA gene amplicons 

(B). The picoplankton proportions are the mean relative abundance of sequences from five replicates. The phytoplankton 

carbon biomass proportions are calculated from single microscopy samples.
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notable that picoplankton, on several occasions, comprised up to 10%–20% of bSi. With 
the consideration that a fraction of the bSi measured may be due to dissolved LSi or 
cell debris, we still see that picoplankton make up a significant portion of the bSi stock 
throughout different seasons. Using long-term sampling, we were able to observe the 
fluctuations in both microplankton and picoplankton bSi concentrations.

In the microcosm experiments, there was strong evidence that diatoms drove bSi 
accumulation. In AUT, there were proportionally large diatom populations, and we 
measured the highest bSi concentrations of the four microcosm experiments (t65: 
1.76–2.87 µmol L−1). In the SUM microcosms, there were several treatments where bSi 
concentrations and diatom biomass both increased in comparison to controls. Further­
more, in the SUM and AUT microcosms, there were significant positive correlations 
between diatom biomass and bSi. Contrary to this, a negative correlation between 
microplankton bSi and chlorophyll a was observed in SPR. In SPR, instead of diatoms, the 
phylum Dinophyta, commonly referred to as dinoflagellates, dominated carbon biomass. 
Dinoflagellates are not thought to be prominent players in silica cycling, though select 
dinoflagellate species have silicon ion transporter-like sequences in their genomes (9). 
Overall, these observations emphasize the important role diatoms have in moderating 
bSi dynamics in the Baltic Sea. This is particularly of interest due to the observed shifts 
from diatom-dominated spring blooms to ones dominated by dinoflagellates (34–36), as 
well as evidence for more intense autumn diatom blooms (66). Direct consequences of 

FIG 5 Chlorophyll a concentration in microplankton (A) and picoplankton (B) over the course of the microcosm experiments from the initial (t0, dark green) to 

the final (t65, lighter green shades) time point. Note the differences in values for the y axes. Asterisk(s) indicate significant P values (Kruskal-Wallis ANOVA, *P ≤ 

0.05 and **P ≤ 0.01).

FIG 6 Biogenic silica concentrations in microplankton (A) and picoplankton (B) over the course of the microcosm experiment from the initial (t0, black) to the 

final (t65, gray, blue, and purple shades) time point. Note the differences in values for the y axes. Asterisk indicates significant P values (Kruskal-Wallis ANOVA, *P ≤ 

0.05).
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these changes can include absent diatom blooms giving other bSi-producing organisms 
undisturbed access to dSi in the spring, and the Baltic Proper becoming an area where 
diatom growth is limited by dSi (as well as nitrogen) availability in the autumn. In light 
of the importance of diatoms to silica cycling, the effects of their community changes on 
silica cycling should be followed.

The range of the contribution of picoplankton to bSi stock in the Baltic Sea (1.1%–
21.6%) fell within the broad range observed in diverse oligotrophic environments (11–
16). Notably, this range was seen over 2 years of biweekly observations at one sam­
pling point, while previous studies were conducted over multiple sampling locations 
and depths. Our data indicated a positive correlation with NH4 concentrations, but 
no correlations with picoplankton cell abundances were observed. This differs from 
correlations observed in short-term field research cruise campaigns conducted in 
oligotrophic environments, where positive correlations between bSi in the <2 µm 

FIG 7 Spearman correlations for the microplankton (A) and picoplankton (B), correlating bSi to selected environmental 

and biological factors measured at the final time point (t65) of the microcosm experiments (SPR, SUM, AUT, and WIN). 

The environmental and biological factors for the microplankton (A) are total carbon biomass; microplankton chlorophyll 

a; nutrient concentrations of NH4-NH3, NO2, NO3, PO4, SiO2, total N, total P; and primary production. The environmental 

and biological factors for the picoplankton (B) are bacterial production picoplankton chlorophyll a; log-transformed flow 

cytometry cell counts of heterotrophic bacteria, photosynthetic picoeukaryotes, and picocyanobacteria; nutrient concentra­

tions of NH4-NH3, NO2, NO3, PO4, SiO2, total N, and total P. Data from the t65 control and treatment replicates (n = 18) were 

compiled together for each microcosm. An asterisk (*) in the square indicates a statistically significant (P ≤ 0.05) relationship. 

Note that primary production data were not collected for microcosm SPR.
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fraction with temperature (14, 16), light (16), Synechococcus cell abundance, Prochloro­
coccus cell abundance (14, 16), and PPE cell abundance (15) have been reported. We 
observed seasonal changes in picoplankton bSi concentrations; they peaked in autumn 
and winter (approximately 0.05–0.12 µmol L−1 compared to 0.01–0.03 µmol L−1 in spring 
and summer), though the contribution to total bSi was lower (approximately 1%–10% 
compared to 6%–21% in spring and summer) due to co-occurring high microplankton 
bSi concentrations. The large range in bSi over a yearly cycle at one sampling point 
emphasizes the importance of studying different environments and including timescale 
and spatial factors when assessing bSi accumulation in picoplankton.

In our microcosm experiments, particularly in SUM, phosphorus additions seemed 
to promote bSi accumulation in picoplankton. Laboratory studies with Synechococcus 
isolates have been used to probe the connection between phosphorus and dSi uptake. 
Previous studies have shown that Synechococcus strains acclimated to phosphorus-limi­
ted media conditions have higher bSi concentrations relative to controls (67). Other 
strains grown without phosphorus in the media also showed higher bSi accumulation 
rates, and phosphorus additions resulted in lower bSi accumulation rates (5). However, 
some of these strains, when grown in high dSi, low phosphorus (10:1 and 5:1 ratio) 
conditions for more than 10 generations, had lower bSi concentrations than cells 
acclimated to a 1:1 ratio dSi and phosphorus. Though the Baltic Proper is not, as far 
as we are aware, phosphorus limited, we see similar patterns in our microcosm experi­
ments. Phosphorus concentrations are positively correlated with bSi concentrations in 
picoplankton for all seasons, showing that phosphorus influences bSi accumulation. Our 
experiments suggest that in environments where phosphorus inputs stimulate growth, 
one can expect higher bSi concentrations in picoplankton, giving a direction for future 
studies on bSi accumulation.

Diverse picoplankton associated with the smaller size fraction could have had a 
role in bSi accumulation in this study. 16S rRNA gene plastid sequences assigned to 
known biosilicifiers, including diatoms primarily of the class Coscinodiscophyceae and 
Dictyochophyceae (silicoflagellates), were found in all microcosm samples. However, 
the relative abundance of the phylum Ochrophyta, to which Coscinodiscophyceae 
and Dictyochophyceae fall under, was low in comparison to other phyla detected in 
the pico-sized fraction. There were a few positive correlations between picoplankton 
abundance and biomass with bSi in the microcosm experiments. We saw a significant 
correlation with heterotrophic bacterial cell abundances in SUM and with chlorophyll a 
in AUT. Additionally, in AUT, there was a strong but not significant negative correlation 
with heterotrophic bacterial cell abundances and a positive correlation with picoeukary­
otic cell abundances. In natural marine environments, bSi quotas in individual Synecho­
coccus cells are known to be highly variable (4, 13). This would potentially preclude a 
linear relationship between picoplankton bSi, chlorophyll a, and cell abundances. While 
we know that some picoeukaryote (6) and Synechococcus (37) isolates from the Baltic 
Proper are capable of accumulating bSi, we do not know the distribution of bSi in 
individual cells. Moreover, we cannot confirm that all strains can accumulate bSi. Another 
unknown is heterotrophic bacteria, which comprise the biggest portion (i.e., ratio of 
cell abundances) of the picoplankton at LMO. Biosilicifying bacteria from geothermal 
environments have been investigated for their utilization of silica as a protective coating 
(68, 69), and there is recent evidence that there is intracellular uptake in ubiquitous soil 
bacteria Bacillus cereus (70). Biosilicifying bacteria from the genus Bacillus, and potentially 
others, are theorized to contribute to the terrestrial silica cycle (71). However, as far as 
we are aware, there is no research on silica accumulation capabilities in heterotrophic 
bacteria in marine environments, nor is their potential contribution estimated. Addition­
ally, as size fractionation is only a technical separation of biomass, we cannot exclude the 
possibility of debris from larger cells being collected on the pico fraction filter.

The method we used in our study may have influenced the results of the bSi 
measurements. One limitation of the NaOH extraction method used in this study to 
measure what we refer to as bSi standing stock is that the measured end product cannot 
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be determined to be purely of biotic (biogenic) origin. It has been observed that LSi can 
be digested alongside bSi during the NaOH extraction (72). Additionally, detritus from 
larger cells passing through 3 µm filters has been theorized to make up a significant 
part of what is measured as bSi (11, 73). LSi measurements of select samples show 
that it made up 5.9%–18% of total particulate (bSi + LSi) Si (Table S1). Therefore, the 
influence of LSi on bSi measurements, in this case, appears minimal. Detrital enrichment 
of bSi in the pico-sized fraction has occurred over a period of weeks in a previous study 
(74), while our microcosm experiments lasted only 65 hours (2.75 days). The limited 
timeframe of this study helps ensure that the bSi measured at the final time point of the 
experiments was a measure of biotic enrichment and not detrital, though this should 
have been validated with microscopic methods. In the future, methods that measure bSi 
uptake and production, such as Si isotope fractionation, as well as single-cell methods 
like synchrotron-based X-ray fluorescence microscopy and scanning electron microscopy 
(SEM), are likely to provide novel knowledge in addition to the NaOH extraction method 
for a more holistic understanding of silica cycling.

This study offers both new insights into silica cycling in the Baltic Sea and bSi 
accumulation in natural communities. Consistent with other aquatic environments, we 
find that diatoms are principal contributors to bSi, with concentration shifts linked to 
changes in their biomass and composition. Meanwhile, the proportional contribution of 
picoplankton is, at times, significant. We propose that silica cycling in the Baltic Sea is 
undergoing change due to the shifts in spring and autumn phytoplankton communities. 
Additionally, we speculate that climate change-associated increases in picoplankton 
abundances and contribution to plankton biomass will likely magnify the contribution 
of picoplankton to silica cycling in this environment. Phosphorus-induced stimulation 
of growth and bSi accumulation indicates a potential avenue for bSi uptake in picoplank­
ton. Future targeted studies on molecular mechanisms involved in phosphorus and 
bSi accumulation in natural communities can help resolve the relationship between 
phosphorus and bSi availability in picoplankton. In addition, we suggest that future 
studies investigate bSi on multiple timescales. This is relevant not only for understand­
ing the mechanisms of bSi accumulation but also for integrating interactions between 
microorganisms and studying their contribution to the silica cycle.
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