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Abstract. The phytoplankton spring bloom constitutes the majority of annual Arctic primary production. In the Eurasian Arctic
it is usually composed of various diatoms and the haptophyte Phaeocystis; recently, Phaeocystis-dominated blooms seem to
be expanding. Low silicic acid (Si) availability has been hypothesised to promote Phaeocystis blooms, though the key drivers
of Phaeocystis and diatom competition are not yet well understood. To investigate how Si availability controls bloom
succession and biogeochemical fluxes we conducted a 3-week mesocosm experiment in Kongsfjorden, Svalbard in May 2024
on the spring phytoplankton community. The initial phytoplankton community was composed predominantly of Phaeocystis
and the diatom Chaetoceros. Eight 450-L mesocosms received an Si gradient (040 pM) with nitrogen and phosphorus
additions every 48 hours and we tracked nutrient uptake rates, community composition, elemental cycling and export. The
nutrient additions stimulated phytoplankton growth across all Si levels. Phase I (Days 0—14) was dominated by a Phaeocystis
bloom, terminating synchronously due to nitrogen and phosphorus depletion despite variable Si availability. In phase II (Days
16-22) Chaetoceros emerged as the dominant species with clear Si gradient effects: Chaetoceros spp. sustained exponential
growth (u = 0.40 d!) and achieved higher abundances in >3 pM Si treatments, while collapsing in Si-depleted mesocosms.
Overall, particulate organic carbon export fluxes were low, but were strongly correlated with biogenic silica export fluxes, and
increased exponentially in phase II of the experiment reflecting increasingly diatom-dominated sinking material. Our results
demonstrate that Si availability does not govern initial Phaeocystis—diatom competition, but is the primary determinant of
diatom bloom magnitude. The nutrient storage capacity of Chaetoceros confers resilience under transient depletion, while
micrograzing and viral infection further mediate community successions. This study underscores the importance of integrating
cell-specific and ecosystem-level measurements over extended timescales when predicting climate-driven shifts in Arctic

primary production and carbon export.
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1 Introduction

The Arctic spring bloom that occurs following the polar night is the main annual pulse of primary productivity in the Arctic
and underpins food webs and carbon cycling. Despite only lasting weeks, the spring bloom constitutes a major fraction of
annual primary productivity (Mikkelsen et al., 2008; Renaut et al., 2018). In recent decades, the Arctic Ocean has been rapidly
changing in response to ongoing climate change. Around Svalbard as well as the wider Barents Sea and Atlantic inflow region
changing sea ice dynamics and Atlantification have been identified as key driving forces of change (Arthun et al., 2012;
Chatterjee et al., 2024; Polyakov et al., 2017; Wang et al., 2020). Atlantification describes the increasing penetration of warm,
saline Atlantic Water into the Arctic Ocean and the associated weakening of the halocline, which historically insulated surface
waters and sea ice from subsurface heat (Polyakov et al., 2017). This process contributes to sea ice retreat, increased primary
productivity in newly open waters, and a borealization of Arctic ecosystems i.e. a shift towards Atlantic-affiliated species

assemblages (Husson et al., 2024). Warmer temperature and melting sea ice affect light and nutrient conditions across the
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Arctic and as a result changing timing, magnitude and community composition of the spring bloom (Ahme et al., 2023; Bhatt
etal., 2014).

The spring bloom in the wider Svalbard area is largely composed of diatoms and haptophytes (i.e. Phaeocystis pouchetii)
(Assmy et al., 2023; Hoppe et al., 2024; Noéthig et al., 2015). The dominant diatoms during this period are classic spring-bloom
r-strategists (Behrenfeld et al., 2021; Glibert, 2016). They are fast-growing, and often dominate early blooms across the
European Arctic, including Svalbard, Fram Strait and Barents Sea (Ardyna et al., 2020; Krause et al., 2018). In addition to
nitrate and phosphate, they have an obligate requirement for silicic acid (hereafter referred to as Si) to build their frustules. In
Fram strait a majority of organic carbon export is linked to sinking diatoms as these frustules act as ballast of single cells,
aggregates or fecal pellets promoting efficient carbon export to the benthos or deep ocean (Lalande et al., 2011; Ramondenc
et al., 2025). Historically, the early phases of the spring bloom along the marginal ice zone have been diatom-dominated
succeeded by a bloom of Phaeocystis pouchetii (hereafter referred to as Phaeocystis, Phaeocystis spp. is used when referring
to multiple species; (Wassmann et al., 1999; Weisse et al., 1986)). However, Phaeocystis has been increasingly reported to
start and dominate the spring bloom (Assmy et al., 2023; Dabrowska et al., 2025; Nothig et al., 2015) and has been observed
to form extensive under-ice blooms before the ice break up (Ardyna et al., 2020; Assmy et al., 2017). Phaeocystis is a rapidly
growing, bloom forming haptophyte species occurring in both single cell as well as a colonial stage reaching up to 2mm in
diameter. Phaeocystis is grazed upon by a wide range of organisms (Admiraal and Venekamp, 1986; Kuhlisch et al., 2020;
Nejstgaard et al., 2007; Weisse et al., 1994), yet colony formation constitutes an effective defence against size-selective
feeding: small copepods are largely unable to ingest colonies, whereas large copepods such as Calanus spp. can feed on
colonial Phaeocystis (Nejstgaard et al., 2007). Microzooplankton actively graze on solitary cells but are generally unable to
ingest intact colonies, and high microzooplankton grazing pressure on solitary cells may itself promote the colonial life stage
(Stelfox-Widdicombe et al., 2004). Despite constituting a substantial fraction of spring bloom biomass, evidence for efficient
trophic transfer of Phaeocystis carbon to higher levels remains conflicting (Nejstgaard et al., 2007; Weisse et al., 1994), with
reported grazing rates varying widely across studies. Due to their mucilaginous colony matrix Phaeocystis demonstrate slow
sinking speed and the dissolution of the colonial matric releases dissolved organic carbon, which fuels bacterial production
within the euphotic zone and contributes to the microbial loop (Wassmann, 1994; Wassmann et al., 1990). However, intact
colonies and TEP-associated aggregates can also be exported below the euphotic zone, contributing to biological pump
dynamics (Reigstad and Wassmann, 2007; Wassmann, 1994). Hence, the composition of the spring bloom and the community
succession affects the efficiency of trophic transfer and carbon export (Assmy et al., 2023).

Although the relationship between diatoms and Phaeocystis spp. has been extensively studied in the Arctic (Assmy et al.,
2023; Degerlund and Eilertsen, 2010; Hegseth et al., 2019; Hegseth and Tverberg, 2013; Hodal et al., 2012; Hoppe et al., 2024)
and across the global ocean (Schoemann et al., 2005; Verity et al., 2007) and references therein) the precise mechanisms
deciding on the key bloom forming species in a given year is still unclear. Phaeocystis blooms have been tied to low Si
availability, favouring Phaeocystis over diatoms when Si concentrations are depleted <1 uM or in areas with high NO3:Si(OH)4

ratios (Ardyna et al., 2020; Assmy et al., 2017). There is existing evidence for Si limitation of diatom productivity in the
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Eurasian Arctic (Ferndndez-Méndez et al., 2015), including Si limitation terminating diatom-dominated spring blooms (Krause
et al., 2019) potentially contributing to the success of Phaeocystis. In Svalbard fjords and Fram strait Phaeocystis blooms are
often associated with warmer Atlantic inflow waters and increasing presence has been linked to progressing Atlantification
and warm temperature anomalies (Assmy et al., 2023; Bracher et al., 2026; Hoppe et al., 2024).

In order to shed light on the role of Si as a regulator of the spring bloom community composition, we conducted a mesocosm
experiment incubating the spring bloom community of Kongsfjord, Svalbard, for 3 weeks under a gradient of Si concentrations.
Mesocosm experiments combine high ecosystem complexity under natural ecosystem conditions with the opportunity to
manipulate and monitor distinct water bodies over extended periods of time (Riebesell et al., 2013). The experiment was
conducted shortly before the peak of the spring bloom with comparable presence of Phaeocystis and the diatom Chaetoceros
spp. (hereafter referred to as Chaetoceros; although Chaetoceros gelidus was the dominant species, multiple species were
present and Chaetoceros was assessed at genus level throughout the manuscript) as main contributors to phytoplankton
biomass. The objective of this study was to understand if Si availability is a key reason for seasonal Phaeocystis vs diatoms
dominance and to test if there is a threshold concentration that determines the respective dominance. Furthermore, we wanted

to test how the ratio between diatoms and Phaeocystis affects primary productivity and export production.

2 Materials & Methods
2.1 Study Area

The mesocosm experiment took place in Kongsfjorden, a dynamic Arctic glacial fjord located on the western coast of
Spitsbergen in the Svalbard archipelago (79°N), influenced by the convergence of Atlantic and Arctic waters (Fig. 1). The
hydrography of Kongsfjorden is primarily shaped by the interplay between warm Atlantic Water (AW) from the West
Spitsbergen Current (WSC) and cold Polar Water (PW) from the Arctic Ocean (Hop et al., 2006). The WSC transports AW
northward along the western Svalbard shelf, introducing heat and salinity into the fjord, while PW contributes colder, fresher
water. Seasonal dynamics, such as summer intrusions of AW, significantly alter the fjord’s water column, switching it from
Arctic-dominant to Atlantic-dominant conditions (Cottier et al., 2005). Due to the location of the permanent Ny-Alesund
research station, the spring bloom dynamics in Kongsfjorden have been regularly monitored (Hegseth et al., 2019; Hodal et
al., 2012). In the last decade several long-term monitoring programs have been established to capture the seasonal variability
of the entire suite of hydrography, chemistry, phytoplankton and zooplankton at the base of the foodweb (Assmy et al., 2023;
Hegseth and Tverberg, 2013; Hoppe et al., 2024) . Hence, Kongsfjorden is an optimal location to study the interplay of diatoms

and Phaeocystis and place the conclusion of our mesocosm study in the context of a wider ecosystem understanding.
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Figure 1: Overview of experimental settings. (a) Location of Svalbard in the Arctic, (b) Kongsfjorden on the west coast of Svalbard
and (c) mooring site of the mesocosms in Ny-Alesund harbour. Map (a) modified from Humpert (2016), map (b) and (c) modified
110  from Norwegian Polar Institute (2026).

2.2 Mesocosm design

The mesocosms were cone-shaped (around 2 m length and 1 m diameter in the widest part) plastic bags and have a volume of
~450L (Fig. 2b). They were manufactured from clear polyurethane (1mm thickness) with a gas-tight lid (¢ 20cm) at the top
for sampling and nutrient additions and a sediment trap at the bottom to collect sinking materials (Fenotec, Beelitz, Germany).
115 The sediment trap consisted of a 50cm tube for a total volume of ~1L, closed at the bottom with a rubber plug and connected
to the mesocosm with a ball valve, which allowed to close the mesocosm and detach the tube for sampling and emptying of
the sediment trap. An encasing mesh was used to facilitate handling and moor the mesocosms in place. A bike valve in the lid

was used to inflate the headspace after sampling to ensure mesocosm stability and buoyancy, while a 0.5kg weight attached to
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the sediment trap ensured an upright position in the water column. Within the harbour the mesocosms were moored in between
swimming piers, centered in the middle of a boat box to reduce shading. A pulley system allowed to move the mesocosms

closer to the pier for sampling.

£ ¢ Y I g
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0 2 4 6 8 0 12 14 16 18 20 22

May 4 May 24
(a)
@ Watercolumn Sampling * Sediment sampling

4} Bulk stable isotope bioassays <7 Bicarbonate addition

* Bulk and single cell bioassays @ Nutrient addition

Figure 2: Schematic of sampling schedule (a) and image of a mesocosm (b).
2.3 Mesocosm filling, maintenance and nutrient addition

Eight mesocosms were filled on May 3, 2024 outside of Ny-Alesund harbour close to the regular monitoring site Kb3 around
78° 55.9' N and 011°56.8' E using AWIPEVs (French-German research base) research vessel Jean Floc’h. The mesocosms
were filled with surface water by submerging them from the side of the boat. A 200um mesh covering the inlet was used to
exclude larger grazers and Phaeocystis colonies. A maximum of three mesocosms could be filled in one boat trip. All
mesocosms were filled within 8 hours and mesocosms from the different sampling trips were randomized in the mesocosm
setup and across the nutrient gradient. Volume differences were estimated based on the level of submergence when fully
inflated, and up to 60L were exchanged between mesocosms to ensure equal volumes (within 20-30L). Initial sampling
confirmed that the phytoplankton community composition was similar across all mesocosms. However, two mesocosms (5
and 40 pM Si) had a reduced overall biomass compared to the other mesocosms corresponding to 66% of the average Chl
concentration.

Photosynthetically active radiation (PAR) within the mesocosms at around 50cm depth was measured once on day 6 using a
submergeable light sensor (Li-1000, Li-cor, Lincoln, USA). Continuous light and temperature monitoring was obtained from
temperature and light pendant loggers (HOBO, Li-cor, Lincoln, USA) tied to the mesocosm lids and weighed down to be
oriented vertically in the water column inside the mesocosms. If necessary, ice and snow were removed from the top of the

mesocosms during the daily sampling. Once per week, after the emptying of the sediment trap, the mesocosms were cleaned
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from the outside to remove the growth on the mesh encasement. Growth on the polyurethane wall was not observed either
from the outside or inside of the mesocosms and was therefore deemed negligible.

A Si gradient ranging from 0 to 40 uM (0, 1, 2, 3, 6, 10, 20, 40 uM) was established across the 8 mesocosms. Together with
Si, every mesocosm received nitrate and phosphate aiming for 10 pM of nitrate and 0.6 pM of phosphate during nutrient
addition every two days (Fig. 2a). Initial nutrient concentrations after filling of the mesocosms were depleted due to the ongoing
bloom to below the detection limit for nitrate and around 0.4 pM for dSi. Nutrient additions started on the evening of May 4,
(hereafter referred to as day O of the experiment) after the initial sampling of the experiment. For the first nutrient addition,
mesocosm volumes were estimated to be around 450 L. Nutrient additions were prepared using sodium nitrate, disodium
hydrogen phosphate and sodium meta silicate stock solutions for preparation of F/2 medium (Guillard and Ryther, 1962). The
nutrients were added to the filtrate obtained from each mesocosms when sampling for Chl, pigments and particulate organic
matter (TPC, POC/PON, POP, BSi) which was then added back to the mesocosms to pre-dilute the stock solutions and to
reduce the mesocosm volume lost through sampling activities throughout the experiment. This resulted in minor dilutions of
around 2% of the total mesocosm volume on a given day, thus dilution was not considered in later accumulation rate
calculations. Nutrient samples were always taken immediately before and after the nutrient addition following thorough mixing
to evaluate the success of the intended nutrient addition. Based on Si concentrations, the desired nutrient additions were
achieved from day 3 onwards following corrections regarding the estimated mesocosm volumes. There were no significant
differences between the mesocosms for nitrate or phosphate concentrations. The realised average concentrations were
9.12+1.86 pM of nitrate (mean+SD) and 0.63+0.27 uM of phosphate. Measured Si concentrations on average were in good
agreement with the intended Si concentrations (Fig. Al).

Due to the closed design of the mesocosms preventing air-sea gas exchange except during sampling we monitored pH to check
for potential dissolved inorganic carbon (DIC) limitation. To avoid possible DIC limitation during high biomass periods, we
added 200 pmol/kg bicarbonate together with equal amounts of HCI to buffer total alkalinity to the mesocosms. Bicarbonate
was added on day 11 and day 15 to all mesocosms and on day 19 only to the most productive mesocosms (10 and 20 uM Si).
The bicarbonate addition occurred together with the nutrient addition by adding NaHCO; and HCI to the canisters with the

sample filtrate.

2.4 Sampling procedure

The experiment lasted for 3 weeks with the final sampling occurring on day 22. Throughout the experiment sampling activities
occurred every second day, alternating with the nutrient additions, at 8:30 am, starting on day O prior to the first nutrient
addition (Fig. 2a). Watercolumn samples were taken with a Kemmerer bottle from about 0.3m below the surface (Volume 6L,
Wildco, Yulee, US). With 1 m length the sampling bottle integrated a large portion of the water column insider the mesocosms.
Prior to sampling, the water column was mixed by moving the Kemmerer bottle up and down repeatedly. Due to the shallow
depth of the mesocosms, the mesocosms represent a section of the water column that is naturally well mixed, as the spring

MLD in Kongsfjorden is deeper than 5 m (Assmy et al., 2023; Hoppe et al., 2024). Thus, regularly mixing the mesocosms to

7
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prevent stratification contributes to representing natural conditions. Subsamples for DIC, microscopy and nutrients were filled
into 200 mL opaque PE bottles, carefully avoiding bubbles. The remaining water was transferred into 2x 10L sampling
canisters. A total volume of 8 L was sampled from each mesocosm on regular sampling days. pH (826 pH mobile with a LL
aquatrode plus pt1000, Metrohm) was measured immediately after sampling in the sampling containers. The sample containers
were stored in the cold for a maximum of 2 hours until sample processing of particulate organic carbon (POC), nitrogen (PON),
phosphorus (POP) and biogenic silica (BSi), as well as pigments and DNA. Every four days starting on day 2, additional 6 L
were sampled for stable isotope primary productivity bioassays. The sediment trap was sampled in weekly intervals on days
7, 13 and 22 of the experiment. The sediment trap was emptied into a clear 2 L polycarbonate bottle by carefully removing the
rubber plug at the bottom of the sediment trap. The samples were kept in the cool and dark until subsequent subsampling for
POC/N and BSi. On day 7 the samples from the 2 and 5 M Si mesocosms were lost during sampling. During the final sampling
the accumulated sediment exceeded the volume of the sediment trap in the 10 pM Si mesocosm and the sediment was therefore

not sampled fully.

2.5 Sample analysis
2.5.1 Carbonate chemistry

DIC samples were taken gas-free by filtering subsamples in triplicates (0.2 pm) and storing the samples upside down in gas-
free Zinsser vials (1.8 mL) at 4°C until analysis. Analysis took place at MPI Bremen using the flow injection system (Hall and
Aller, 1992) equipped with an autosampler (Spark Optimas 820, Spark, Netherlands).

Carbonate chemistry was calculated using pH and DIC as input variables using the CO2sys macro in Microsoft Excel (Pierrot
et al., 2006). Seawater density to convert DIC and nutrient concentrations to pmol kg was calculated using the seacarb
package in R (Gattuso et al., 2026) applying surface (0-1 m during the upcast) salinity values obtained from the regular fjord
monitoring at station KB3 on May 2 and May 6. pH was converted to total scale using 1°C as a target temperature. Carbonic
acid thermodynamic equilibrium constants (K1 and K2) were based on (Lueker et al., 2000). Kr was based on (Perez and Fraga,
1987). KHSOs was based on (Dickson, 1990). DIC concentrations showed a drastic increase beyond what would be
biologically reasonable on day 18 of the experiment. This increase coincided with the start of a new measurement run of DIC.
While this suggests a possible methodological issue, standard calibration of this measurement day was in line with the other
measurement days. Hence, the data can not be excluded, but the calculated carbonate chemistry on these days should be

considered with lower confidence.

2.5.1 Particulate organic matter (POM)

For POC/N, POP and BSi analysis a subsample of up to 1L was filtered applying a gentle pressure of ~300 mBar. For POC/N
and POP we used precombusted glass-fiber filters (GFF, 925 mm, 0.7 um nominal pore size, Whatman, UK) and for BSi

analysis polycarbonate filters (¢47 mm, 2 pm pore size, Merck Millipore Ltd., Cork, Ireland) as well as a glass-free filtration
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setup. All filters were frozen and stored at -20 °C until analysis in the home laboratory.
There the filters for POC/PON were dried for 24 h at 60 °C, then acidified with 200 pL of 0.1M HCI and subsequently dried
again. Afterwards POC/PON filter were wrapped in tin capsules and measured using a Euro EA3000 Elemental Analyzer
(Eurovector, Pavia, Italy). POP filters were autoclaved for 30 min in 100 mL Schott Duran glass bottles using an oxidizing
decomposition solution (Merck, catalogue no. 112936) to convert organic phosphate to orthophosphate. Phosphate
concentrations ~ were  determined  spectrophotometrically  following  (Hansen and  Koroleff, 1999).
Biogenic Silica (BSi) was measured following a modified procedure by (DeMaster, 1981) (Krause et al., 2023). Biogenic
Silica (BSi) was analysed using an alkaline time-course digestion (0.1M Na2COs) at 85°C in a water bath with subsampling at
0.5, 1, 2 and 3 h timepoints. This was followed by a 48 h hydrofluoric acid (2.0 M) digestion to dissolve the remaining
lithogenic silica (LSi). Spectrophotometric analysis of the solubilized silica was conducted using a Thermo Scientific Genesys
10 UV-VIS Spectrophotometer (Thermo Fisher Scientific, Waltham, US). Model I linear regression was performed to

calculate the concentrations of BSi while accounting for the amount of LSi that leached out during the alkaline digestion.

2.5.2 Photosynthetic pigments

For photosynthetic pigment analysis including Chl a, up to 1 L of water were filtered onto a glass-fiber filter (GFF, ¢ 25 mm,
0.7 um nominal pore size, Whatman, UK) using a gentle vacuum of 300 mBar. Immediately after, the filters were placed in
cryovials, and frozen at -80 °C until analysis of photosynthetic pigments using reverse-phase high-performance liquid
chromatography (HPLC). Pigments for HPLC analyses were extracted in acetone (100 %) in plastic vials by homogenisation
of'the filters using glass beads in a cell mill followed by centrifugation (10 min, 5200 rpm, 4 °C) and filtration of the supernatant
through 0.2 um PTFE filters (VWR International). Phytoplankton pigment concentrations were determined in the supernatant
by reverse-phase high-performance liquid chromatography (Thermo Fisher Ultimate 3000 with an Eclipse XDB-C8 3.5u 4.6
x 150mm) following (Van Heukelem and Thomas, 2001)

2.5.3 Dissolved inorganic nutrients

Upon arrival in the lab, water samples for inorganic nutrients were filtered (0.2 um cellulose acetate syringe filter, VWR
International, USA) and stored in the fridge in polypropylene tubes until analysis within 24 h. A second set of samples was
filtered and frozen at -20 °C for analysis in the home laboratory. Both on site and in the home laboratory samples were analysed
in duplicates. Dissolved inorganic nutrients (nitrate, nitrite, phosphate, dissolved silicic acid and ammonium) were analysed
using a continuous flow analyzer (QuAAtro Autoanalyzer, SEAL Analytical, Norderstedt, Germany) connected to a
fluorometer (FP-2020, JASCO, Tokyo, Japan) to measure ammonium. No ammonium was measured from frozen samples. On

site and frozen samples were in good agreement (data not shown), hence on site measurements were used for analysis.
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2.5.4 Carbon, nitrogen and silicon bulk uptake rates

The water sampled from the mesocosms for stable isotope bioassays was transferred immediately into duplicate 2L clear
polycarbonate bottles for each mesocosm. Stable isotopes '*C- sodium bicarbonate (99 %, Merck, Taufkirchen, Germany),
5N-sodium nitrate (99%, Merck, Taufkirchen, Germany) and 3°Si-sodium metasilicate were dissolved in ultrapure water
(MilliQ) to produce stock solutions. 3°Si-sodium metasilicate was produced by fusing enriched 3°Si- silicon dioxide (99 %,
Neonest AB, Solna, Sweden) with anhydrous sodium carbonate (Merck, Taufkirchen, Germany) in a platinum crucible. Stable
isotopes were added to one set of replicates. The other set was used as a control. '*C-sodium bicarbonate was added at a 10 %
enrichment level. >N-sodium nitrate was added as a fixed quantity of 0.5 pmol/L resulting in enrichments between 5 and 98%
averaging 20+28 %. °Si-sodium metasilicate was added relative to the intended Si concentration in the mesocosms aiming for
a 15% enrichment. In the Si depleted mesocosms the enrichment was up to 99% resulting in an average enrichment of 36+31%.
The bottles were subsequently incubated for 24 hrs. On day 2 the incubation was conducted under in situ conditions by tying
the bottles in the harbour next to the mesocosms. All subsequent incubations were conducted under simulated in situ conditions
in the lab at 2°C with 80-90 umol photons m™ s! of light. At the end of the 24 hour incubation, the bottles were subsampled
for 13C-labelled dissolved inorganic carbon (**C-DIC), 1*C and N labelled POC and PON (!3C/!*N-POC/PON) and *Si
labelled biogenic silica (*°Si-BSi). For *C/">'N-POC/PON 1 L of each bottle was filtered analogous to POC/PON onto
precombusted GF filters (925 mm, 0.7 um nominal pore size, Whatman, UK). The filters were frozen and stored at -20 °C.
For analysis the filters were dried for 24 h at 60 °C then acidified with 0.5 mL of 0.1 M HCI and subsequently dried again.
The dried filters were packed in tin capsules and measured with an IA-IRMS (get details for stockholm mass spec) against Pee
Dee Belemnite and Air as a standard for carbon and nitrogen, respectively. Samples for *C-DIC analysis were taken from
each incubation bottle after the incubation, by filtering (0.2 pm cellulose acetate syringe filter, VWR International, USA) and
storing the samples upside down in 12 mL glass exetainers at 4°C in the dark until analysis. The samples were measured in
duplicates using a Cavity Ring-down Spectrometer G2101-i (Picarro, Santa Clara, USA) at Groningen University by acidifying
the samples with 1% phosphoric acid and purging with N2 as a carrier gas (Bach et al., 2025).

For 3%Si-BSi 1L subsamples were filtered onto polycarbonate filters (2 um, ¢ 47 mm; Merck Millipore Ltd., Cork, Ireland)
using a glass-free filtration setup. The filters were frozen and stored in Eppendorf tubes at -20 °C. For analysis the filters were
dried within the tubes for 36 h at 60 °C in a drying oven. Biogenic silica was analysed using a 30 min two-step alkaline
digestion with 0.1M Na2COs following (Krause et al., 2023). For isotope analysis, a subsample of the digested BSi solution
was diluted with deionized (18.2 MQ resistivity, MilliQ brand) water to 100 ppb. Stable isotope composition of these
subsamples was measured using a high-resolution sector field inductively coupled plasma mass spectrometer (Element XR;
Thermo Fisher Scientific, Waltham, US) following (Fripiat et al., 2009).

Due to the intense bloom observed in the mesocosms, exponential growth was assumed when calculating C, N and Si uptake

rates following (Bach et al., 2025) for C uptake:

(DICE—POCO) [POCE]
DICE—POCE t

Pc = M
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using the percentage of '3C in enriched (POCE) and blank samples (POCo) and the percentage of '*C available in the DIC
(DICE). Absolute C uptake rates (C) were calculated using the POC concentration of the enriched sample taken after incubation
([POCEk]). N and Si uptake were calculated using the same equation as established for *2Si incubations from for Si uptake
(Brzezinski and Phillips, 1997). Natural abundance '3C, '*N and °Si percentages were obtained from the literature for the
Eurasian Arctic (Bauch et al., 2015, Thibodeau et al., 2017; Liguori et al., 2020). The enrichment in all samples exceeded 3
standard deviations of the respective blank. Because the tracer enrichment exceeded the recommended 10 %, indicating an
over-enrichment of these compounds in natural environmental samples, these measurements more accurately reflect potential
rather than in situ uptake rates. N and Si uptake rates were not corrected for isotope dilution effects (Elskens et al., 2007;
Gilbert et al., 1982) and may therefore be underestimated. However, the errors would probably be small because of the short
incubation times and slow N remineralization and Si dissolution rates at low temperatures (Baer et al., 2017; Brzezinski et al.,

2001).

2.5.4 Single cell carbon, nitrogen and silicon uptake rates

At three timepoints throughout the experiment (day 6, 14 and 22) additional subsamples for single cell uptake analysis were
taken from the primary productivity incubation bottles after the 24 h incubation.The samples were fixed with 2 % EM-grade
paraformaldehyde (PFA; EMS, USA) for 24 h in the dark at 4 °C. Depending on the estimated biomass up to 40 mL of sample
were filtered at a gentle vacuum of 100 mBar onto 2 um pore size polycarbonate filters (o 25 mm; Merck Millipore Ltd., Cork,
Ireland) and washed three times with ~2-3 mL of phosphate-buffered saline (Merck Millipore Ltd., Cork, Ireland). The filters
were then placed in plastic petri dishes, dried at room temperature and stored in the dark at 4 °C. (Sample preparation and
analysis followed Thielecke et al., 2026) For analysis, representative subsections of each filter (~5x5 mm) were selected under
a microscope, cut with a scalpel, and mounted on a glass plate. The filters were gold-coated with a 10nm layer. Single-cell N
and assimilation rates were determined by high resolution secondary ion mass spectrometry (HR-SIMS; IMS 1280, CAMECA,
Gennevilliers, France) following (Halbach et al., 2025). Areas of interest were pre-sputtered with a primary Cs* ion beam of 3
nA for 120 s for diatoms and a beam of 200 pA for 30 s for flagellates over an area of 60 X 60 um and then analysed with a
100 pA beam over 50 x 50 pum at a spot size of 1 pm for 50 cycles. Images were processed using the CAMECA Winlmage?2
software. Regions of interest were manually drawn around the algal cells. The '3C/">C and "N/*N ratios were subsequently
calculated as means across pixels for each region of interest. As no dedicated subsamples were taken for SIMS analysis from
unenriched incubations, atom percentages from the unenriched bulk samples were used to establish enrichment thresholds:
cells below blank + 25%SD for *C (1.15 At%) or blank + 3xSD for >N (0.426 At%) were considered unenriched. Individual
cell measurements were grouped into three functional groups based on visual species classifications and Si content. Silicified
cells were further distinguished from non-silicified taxa using a total Si signal threshold, which retained 95% of diatoms and
94% of flagellates while effectively discriminating functional groups: Chaetoceros spp. (n=841 cells), Phaeocystis pouchetii
cf. flagellate forms (n=379), and small flagellates <S5um (n=104). Rare groups with <100 cells (dinoflagellates,

choanoflagellates, ambiguous classifications) were excluded from subsequent analysis. Specific uptake rates (d ') for C and N
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were calculated according to (Olofsson et al., 2019). Cell-specific carbon uptake (pg C cell ' d™!) was calculated by multiplying
specific uptake rates by cell carbon content estimated from SIMS-derived biovolumes using (Menden-Deuer and Lessard,
2000) allometric equations (diatoms: POC = 0.288 x V~0.811; other protists: POC = 0.216 x V"0.939). Biovolumes were
calculated from SIMS ROI area measurements using cylindrical geometry for diatoms (width:length = 0.5) and spherical

geometry for non-diatoms. Molar uptake ratios (C:N, C:Si, Si:N) were calculated from specific uptake rates.

2.5.5 Phytoplankton community composition

Species composition was assessed by light microscopy and 18S rRNA metabarcoding. For phytoplankton community
composition via light microscopy, a 50 mL subsample was taken from each mesocosm once per week and preserved with
hexamine-buffered formaldehyde (1-2% final concentration), and stored in the dark at 4 °C until analysis. Microscopic analyses
were conducted by settling between 3 mL and 10 mL of sample in an Utermohl chamber (Utermdhl, 1958) and counting the
different species with an inverted light microscope (Zeiss Axio Observer D1, Oberkochen, Germany). For sampling days 0
and 22 a different inverted light microscope was used (Zeiss Axiovert 135, Oberkochen, Germany). Identification to the lowest
possible taxonomic level was based on available literature (Hoppenrath et al., 2009; Kraberg et al., 2010; Throndsen et al.,
2007; Tomas et al., 1997).

For 18S rRNA metabarcoding, in the same filtration setup as described above, 0.5 to 1 L of sample was filtered on
precombusted GFF filters (GFF, 925 mm, 0.7 um nominal pore size, Whatman, UK), stored in Eppendorf tubes and stored at
-20°C until further analysis. The frozen filters were extracted using the NucleoSpin Soil extraction kit (Macherey-- Nagel
GmbH, Germany) according to the manufacturer's protocol. Cell disruption by bead beating occurred twice for 30 sec each at
5 m/s using the FastPrep 5G (MP Biomedicals, Irvine, USA). Amplicon libraries of the V4 region (18S rRNA gene) were
generated using the standard 16S Metagenomic Sequencing Library Preparation protocol (16S Metagenomic Sequencing
Library Preparation, part no. 15044223 Rev. B. [Illumina, United States) using the forward primer
CCAGCASCYGCGGTAATTCC and reverse primer ACTTTCGTTCTTGAT. ena and sequenced on a NextSeq 2000
sequencer (Illumina, United States) using the NextSeq™ 1000/2000 P1 XLEAP-SBS™ Reagent Kit (Illumina, United States).
Cutadapt (vXA) was used for processing of the FastQ sequence files to remove PCR primer matches. The 18S sequencing
reads were analyzed using the following parameters: maxEE = ¢ (2.2, 2.1), minLen= 150,truncLen = ¢ (220, 210), minBoot =
70, and minOverlap=10 bases. To conduct 3’-end trimming, error filtering, sequence denoising, paired-end reads merging,
chimera detection and removal, and the determination and annotation of Amplicon Sequence Variants (ASVs) we applied the
DADAZ2 pipeline (v1.38 of the software package, (Callahan et al., 2016)) implemented in R v4.5.2 (R Core Team, 2025). The
taxonomy was assigned using the reference database PR2v5.1.1 (Gonzalez-Miguéns et al., 2025). 18S rRNA gene amplicon
data were processed and analyzed using the phyloseq package in R. ASVs annotated as metazoans, bacteria and archaea were

removed from the dataset. ASV counts were transformed to relative abundances at species level.
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2.5.6 Phaeocystis quantification via dPCR

Because small flagellates are difficult to identify in light microscopy, introducing uncertainty regarding the quantitative
estimation of Phaeocystis we complemented the microscopy analysis with a dye-based digital PCR (dPCR) assays for absolute
quantification of Phaeocystis target-gene copies, without the need for standard curves, as previously investigated for HAB
monitoring assays in Irish waters (Caputo et al., 2025). Primer sequences (82F-(5'-GTG AAA CTG CGA ATG GCT CAT-
3"/Plnp(5'-CGG GCG GAC CCG AGA TGG TT-3') were based on (Metfies et al., 2016). Assays were performed on the
QIAcuity Four Digital PCR System (QIAGEN) with a 8.5k 96-well nanoplate. Amplification performance for the primer
sequences was previously assessed using quantitative PCR (qPCR) assays. qPCR was conducted using five-point 10-fold
dilution series and used environmental DNA extracts as templates for the dilution series, as no synthetic standards or reference
cultures were available. qPCR methods and results of standard curves and melting curve analysis to assess assay performance
and specificity are detailed in Text S2.

Following the manufacturer’s recommendations, the PCR pre-mix was prepared in a final volume of 12 pL and then transferred
into each well of the dPCR nanoplate. Maintaining the same reagent proportions used in the qPCR reactions, the reaction
mixture contained 1x QIAcuity EvaGreen PCR Kit mastermix (QIAGEN), primers at a final concentration of 400 nM, 1.2 uLL
of DNA template, and molecular-grade water (Sigma-Aldrich, Steinheim, Germany). Prior to analysis, environmental DNA
extracts were diluted 1:100 in molecular-grade water to prevent signal oversaturation and to maintain an appropriate target
occupancy across partitions and ensure reliable Poisson-based quantification (Whale et al., 2020). In the absence of
standardized positive controls, the same environmental DNA extracts used in the qPCR assays were employed as reference
templates using sample A30. All samples, positive and NTC were run in technical duplicate. Amplification was performed
according to the manufacturer’s thermal protocol, using the following cycling conditions: an initial denaturation step of 2 min
at 95 °C, followed by 40 cycles of 15 s at 95 °C, 15 s at 60 °C, and 15 s at 72 °C. Imaging settings for the green channel were
set to 200ms exposure and gain 4, and data analysis was carried out using the proprietary software QIAcuity® Software Suite
Version 3.2. The absolute number of target molecules was automatically determined by multiplying the estimated copies per
partition, derived from Poisson statistics, by the total number of valid partitions in each well. Target concentration was
subsequently calculated by accounting for the partition volume and dilution factors. Copy numbers were converted to
abundances using genome copy numbers (n=9) reported for Phaeocystis globosa (Chen et al., 2024). Because species-specific
copy-number information for the target species Phaeocystis pouchetii was not available, converted cell abundances should be

interpreted as approximate estimates.

2.5.7 Sediment Trap Flux Calculations and Statistical Analysis

Particle export fluxes were calculated from sediment trap samples collected at three intervals during the experiment (Days 0-
7,7-13, and 13-22). Total particulate organic carbon (POC), particulate organic nitrogen (PON), and biogenic silica (BSi) were

quantified from subsamples of the homogenized trap material following the protocol described in Sect. 2.5.2. Fluxes were
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calculated by dividing total trapped amounts by the trap collection area (1.1310 m?, based on 1.20 m diameter) and the
collection period duration. Linear regression was used to quantify the POC to BSi flux relationship across all samples, and
time-stratified correlations were calculated separately for each sampling day to assess temporal changes in export coupling.
Complete nitrogen and silicon mass balances were calculated following (Boxhammer et al., 2018). Budget equations tracked
inputs (cumulative nutrient additions), changes in standing stocks (dissolved and particulate pools), sediment trap exports, and
residual (unaccounted) fractions over the 22-day experiment. Export efficiency was defined as the percentage of added

nutrients recovered in sediment traps.

2.5.8 Growth rate calculation

Instantaneous growth rates for particulate organic carbon (POC), particulate organic nitrogen (PON), biogenic silica (BSi),
and chlorophyll a (Chl a) as well as from microscopy abundances and dPCR-derived copy number for the dominant taxa
Phaceocystis were calculated for each Si treatment between consecutive sampling timepoints as:

p=[In(C t2) - In(C _t1)]/ (t2 - tn) 2)
Exponential growth phases were identified from consecutive time windows (minimum 3 timepoints) based on the following

criteria: (1) coefficient of determination (R?) > 0.85, (2) positive growth rate (1 > 0), and (3) statistical significance (p < 0.05).

2.5.9 Statistics

Uptake and particulate organic matter dynamics indicated two distinct bloom phases. To quantify the transition point, we fitted
a smoothing spline to daily mean time series of nitrate drawdown rate, carbon uptake rate, Chl @ and POC and extracted local
minima (pracma package, (Borchers, 2025)). Nitrate drawdown rate, carbon uptake rate, and POC consistently placed the inter-
phase minimum between days 14 and 15, while chlorophyll a identified the minimum later at day 18. Potential effects of the
employed Si gradient were assessed separately for the two bloom phases (day 1-14 and 15-22).
One way ANOVA was used to test for differences between mesocosms where no direct Si effect was expected i.e. carbonate
chemistry. Spearman rank correlations were employed to assess correlation with the Si treatment. Where appropriate, linear
models were used to quantify the relationship with dSi concentration. R code for statistical analyses, and visualisations was in
part generated with the assistance of generative Al (Claude, Anthropic); all code was reviewed and validated by the authors.
All analyses were performed in R using the tidyverse package suite and ggplot for visualisations with significance threshold o

=0.05 (R Core Team, 2025; Wickham, 2016; Wickham et al., 2019).

3. Results
3.1 Environmental conditions and carbonate chemistry

The experiment ran from May 4-26, 2024. Air and water temperatures rose during the first half of the experiment (water: 1.2

to 2.3°C), before dropping sharply following sea ice intrusion on day 15 (to -0.2+0.4°C) and glacial ice presence on day 21 (to
14
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-0.8+0.3°C). Occasional snowfall after day 11 and ice caused temporary shading but no structural impact on the mesocosms.
Light availability was consistently high (avg. 12111706 Lux), based on a comparison measurement with a PAR sensor on
day 6, when 19561352 Lux corresponded to 155446 pmol photons m? s, Variability within individual mesocosms reflected
diel and weather-driven fluctuation (CV ~60-150%). On average, mesocosms positioned toward the inside of the box received
around 40% less light than the harbour control. This could indicate more persistent shading from harbour structures or
mesocosm walls. However, this pattern matching the mesocosm location was not consistent across all mesocosms and could
therefore also point to differences in sensor positioning inside the mesocosms.

Consistent with increasing biomass and carbon consumption in the mesocosms, pH rose gradually alongside declining DIC in
the first half of the experiment. The subsequent bicarbonate additions prevented CO; from falling below 5 pmol kg! with the
exception of mesocosms Si 20 on day 14 (4.2 pmol kg SW). Carbonate chemistry was well controlled resulting in an average
pH of 8.36+0.1 and average DIC of 2181+79 pmol kg™', while the HCI additions helped to maintain a stable total alkalinity
(2466+108 pmol kg™).

3.2 Biomass accumulation and temporal bloom development

The repeated addition of nutrients led to the rapid development of a bloom across all mesocosms (Fig. 3). Particulate organic
matter (POC, PON) and Chl @ concentrations exhibited similar temporal dynamics across all Si treatments, characterized by
exponential growth during days 3.5-10, peak concentrations between days 10-22 depending on treatment, followed by rapid
decline after day 13.
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Figure 3: Temporal dynamics of particulate organic matter concentrations and biomass accumulation rates across Si treatments.
Concentrations (left panels (a), (¢), (¢)) and accumulation rates (right panels (b),(d),(f)) for Chl a (top), particulate organic carbon
(POC, center), and biogenic silica (BSi, bottom) over the 22-day experiment. Colours represent Si treatment levels from 0 to 40 pM.
Concentrations are shown on logio scale. Accumulation rates (u, d™) were calculated as the instantaneous growth rate between
consecutive timepoints, where positive values indicate biomass increase and negative values indicate biomass decrease. The vertical
dashed line at day 14 indicates phase I and phase II of the bloom. Horizontal dashed lines at p = 0 d' indicate zero biomass
accumulation.

POC increased from initial concentrations of 14-24 pumol L™ to maximum values ranging from 129-319 pmol L, with
exponential growth rates (p) of 0.12-0.27 day ! (mean phase duration: days 4.5-9.75, Fig. 4). Chl a showed earlier onset of
exponential growth (mean start day 3.5, range: days 2-6, Fig. 4) with growth rates of 0.21-0.46 day ', increasing from 0.06-
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0.49 pug L to peak concentrations of 3.4-8.5 ng L' (Fig. 3a,b). Following peak biomass accumulation, both POC and Chl a
exhibited declines starting on day 13, coinciding with the onset of widespread nitrogen and phosphate limitation, with Chl a
showing a more severe decline in rates (u = -0.29 to -1.07 day') compared to POC (n =-0.11 to -0.32 day', Fig. 3b,d). In
phase I of the experiment (day 0-14) Chl showed a correlation with Si treatments (p= 0.7, p = 0.046), while in phase II (day
15-22) that correlation was lost but POC and PON correlated with Si availability (p= 0.74, p<0.05 for both). In contrast,
biogenic silica (BSi) displayed markedly different dynamics, with delayed exponential accumulation beginning around day 8
(range: days 8-14, Fig. 4) and continuing through day 15-18 with growth rates of 0.09-0.36 day* (Fig. 3f). BSi concentrations
increased from 0.18-0.61 pmol L™ to peak values of 1.1-25.3 pmol L™, with maximum concentrations strongly correlated
with Si treatment level (r = 0.63, p < 0.10). Notably, BSi exponential growth persisted 3-7 days beyond the crash in POC and
Chl a, and most high-Si treatments (=10 pM) showed minimal BSi decline even through day 22, indicating continued silica
frustule accumulation despite widespread phytoplankton mortality. The temporal succession from early Chl a/POC bloom
(days 3-8) to delayed BSi accumulation (days 11-18) suggests an initial phase dominated by non-diatom growth, followed by
a transition to diatom dominance that persisted through the nutrient-induced biomass crash. Across the entire experiment BSi
was strongly correlated with Si availability (p= 0.9, p<0.01). POC:PON ratios were stable over time (11.4+0.6) although
significantly higher than the Redfield ratio of 6.6, with the exception of the 10 and 20 pM Si treatments where the C:N ratios
rose notably (13.6+1.7) following day 14. The Si:C ratio (analogous to Si:N) was stable initially at a low rate of 0.02+0.01 but
increased throughout the experiment with a strong correlation with the Si gradient (p = 0.93, p <0.001) showing an

accumulation of BSi relative to POC and PON with increasing Si availability.
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Figure 4. Temporal dynamics of exponential biomass accumulation across Si treatments and biomass parameters. Horizontal bars
indicate the duration of exponential accumulation for each biomass parameter across Si treatment levels (0-40 pM). Exponential
accumulation was defined as >3 consecutive timepoints with positive biomass accumulation rates. Circles mark the start of
exponential growth, triangles indicate the end. Colors represent different biomass proxies: green = BSi, yellow = Chl a, purple =
POC, blue = PON.
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3.3 Community composition

The phytoplankton community underwent a two-phase succession pattern with Phaeocystis and Chaetoceros as the two main
bloom species (Fig. 5 and A3). The early bloom phase (Days 0-14) was dominated by Phaeocystis, as supported by dPCR
(Fig. A4), which proliferated regardless of Si treatment, reaching peak abundances around Day 814 across all mesocosms,
matching the Chl a development. Microscopy data show Phaeocystis (both single cells and colonies) reaching ~10°-107 cells
L7 (10° cells L! based on dPCR), with colonies only present in significant abundances at the start of the experiment (Fig. 5).
Correlation of dPCR and microscopy-based Phaeocystis abundances indicated good agreement regarding the temporal pattern
of the bloom (Spearman rank, p = 0.61, p<0.001), despite differences in absolute abundance estimates. The lower estimates of
Phaeocystis abundance from digital PCR compared to microscopy-based counts, likely reflect reduced DNA extraction
efficiency from GF/F filters not originally intended for molecular analysis, in addition to possible systematic underestimation
introduced by applying a genome copy number reported for Phaeocystis globosa (Chen et al., 2024), while microscopy-based
counts upscaled from small counting volumes (3 mL) may overestimate true abundances. The 18S relative abundance data
corroborate the Phaeocystis dominance, with Phaeocystis comprising 30-70% of reads in the early bloom period across most
Si treatments. A transient minor bloom of Micromonas polaris developed towards the end of the early bloom phase (Fig. A3).
A late bloom phase (Days 14-22) saw compositional shifts following the collapse of the Phaeocystis bloom contingent on Si
availability: high-Si mesocosms (=5 uM) developed diatom-dominated assemblages, dominated by Chaetoceros reaching ~10®
cells L™! in microscopy counts, with minor contributions from Thalassiosira spp. and different pennate diatoms. In contrast,
low-Si treatments exhibited a more mixed community composed of Chaetoceros, dinoflagellates (Gyrodinium spp.) and
flagellates (Micromonas polaris, unidentified small flagellates). Only in the 0 pM Si treatment Chaetoceros was no significant
contributor at the end of the experiment (Fig. 5). Microscopy identified a higher contribution of Chaetoceros spp. in the low-
Si treatment compared to 18S reads. Grammonema striatulum which emerged as a late-bloom taxon in 18S data could have
been misclassified as Chaefoceros due to their ability to form chains of similar size to Chaetoceros contributing to this observed
difference. In addition, the 18S data suggested substantial dinoflagellate representation throughout (particularly Gyrodinium
spp. at 20—60% relative abundance in late bloom, Fig. A3), which appears disproportionately high relative to microscopy cell
counts where dinoflagellates remain numerically subdominant to diatoms in high-Si treatments. This likely reflects high rRNA
gene copy numbers in dinoflagellates (often 100—10,000+ copies per cell) inflating their proportional representation in 18S

data (Liu et al., 2021; Martin et al., 2022).
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Figure 5: Composition and abundance (in cells L!) over time based on microscopy. Panels (a-d) represent experiment days.
3.4 Nutrient limitation

Nutrient drawdown between additions resulted in transient limitation events with distinct patterns across the Si gradient
matching the observed biomass accumulation (Fig. 6). Limitation for phytoplankton growth was defined based on literature
thresholds as 2 pM dSi, 0.1 pM phosphate and 1 pM nitrate (Downes et al., 2021; Egge and Aksnes, 1992; Lewis et al., 2019).
The low Si treatments (0-2 uM) were below the defined threshold throughout the experiment. The 3 and 5 uM treatments first
crossed the threshold on days 12 and 20 respectively, and the 10 pM treatment experienced brief Si limitation only during days
17-21. High Si treatments (20 and 40 puM) never experienced silicate limitation throughout the 22-day experiment.
In contrast, phosphate limitation (< 0.1 uM) occurred episodically across all eight mesocosms with first crossings ranging from
day 8-11, and reaching all mesocosms on day 12 (Fig. 6). Periodic nitrate limitation (< 1 uM) between additions similarly
affected all mesocosms, first appearing on day 7 in the 2, 3, and 10 pM Si treatments, and peaking on day 11 when all

mesocosms except the 40 uM treatment fell below the 1 uM nitrate threshold.
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Figure 6: Development of nutrient availability for nitrate (a), phosphate (b) and silicate (c) in the mesocosms over time. Samples
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3.5 Nutrient drawdown and uptake

Nitrate drawdown rates (reported for the day following the nutrient addition) indicated two main bloom phases with minimum
average nitrate drawdown on day 14 (Fig. 7). During the initial phase of the experiment nitrate drawdown rates increased
exponentially from 0.9£0.4 umol N L' to 6.9+2.2 umol L', mirroring phytoplankton growth peaking on day 9 to 11. The
following days there was a strong decrease of nitrate drawdown until day 15. This early bloom phase was consistent across all
mesocosms regardless of dSi treatment. The exception was mesocosm Si 20 where the peak lasted until day 15. Towards the
end of the experiment nutrient drawdown rates picked up again reaching similar or even higher drawdown rates in some
mesocosms compared to the early bloom phase (average 7.0+3.2 pmol N L' on day 21). Phosphate drawdown initially
increased across all mesocosms, but then showed significantly higher variability especially following the crash of the
Phaeocystis bloom after day 14 (average P drawdown of 0.4+0.2 pmol P L!). Si drawdown showed a contrasting pattern
matching the pattern in BSi concentration, with Si drawdown rates increasing from 0.15+0.09 umol Si L™! to >4 umol Si L!

in the high Si treatments in the later phase of the experiment (Fig. 7c¢).
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Figure 7: Nutrient drawdown rates of nitrate (a), phosphate (b) and silicic acid (c) for the Si treatments over the duration of the
experiment. Drawdown rates were calculated only for the 24 h following each nutrient addition. Vertical grey lines separate phase I
and II of the bloom.

During the early bloom phase (Days 1-14), nutrient drawdown rates showed no significant relationship with Si availability for
any measured nutrient (Spearman correlation: p > 0.16 for all nutrients; n = 48). However, by the late bloom phase (Days 15-
22), strong positive correlations emerged between Si levels and drawdown rates for silicate (p = 0.796, p <0.001), nitrate (p =
0.589, p <0.001), and phosphate (p = 0.437, p = 0.012; n = 32). For the low Si concentration range (0-10 uM), linear models
explained substantial variance in Si drawdown (R? = 0.85, p < 0.001) and moderate variance in nitrate drawdown (R? = 0.60,
p <0.001), while phosphate drawdown showed weaker linear relationships (R>=0.26, p=0.012). Beyond 10 uM Si, no further
increase in nutrient drawdown was observed.

Patterns in nutrient uptake rates generally matched the patterns observed in nutrient drawdown rates. Both C and N uptake

rates followed a two phase pattern. In the early phase C uptake increased from 0.45 to up to 45 pmol L'! on day 10 (0.01 - 3.2
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umol N L), Following a drop in uptake rates on days 14 they increased again reaching up to 67 umol C L' and 2.4 umol N
L1, respectively. Si uptake rates were low throughout the experiment in mesocosms receiving up to 3 um Si. In the high Si
mesocosms (5-40 pM Si) Si uptake rates increased over time reaching up to 6.6 umol Si L' in the 10 uM Si mesocosm.
Analogous to nutrient drawdown rates, carbon and nitrogen uptake showed no relationship to Si availability (p > 0.50 for both)
in phase I (Fig. 8). However, silicate uptake rates correlated positively with Si treatment levels (p = 0.78, p < 0.001, n = 32).
In phase II (Days 15-22), consistent with Si drawdown rates, Si uptake exhibiting a very strong correlation with Si treatment
(p=0.98,p<0.001,n=16). We also observed a significant correlation of C uptake rates (p = 0.44, p <0.001), which increased
with Si treatment between 0 and 3 pM Si, but did not increase further at Si concentrations exceeding 3 pM, while there was
no correlation between N uptake rates and Si availability. In agreement with the drawdown rates a linear model was used to
describe silica uptake in phase I (R? = 0.68, p < 0.001) and phase II (R? = 0.76, p<0.001). For nitrogen, isotope uptake rates
were consistently lower than drawdown rates across both phases, corresponding to mean uptake:drawdown ratios of 0.28 +
0.10 in phase I and 0.38 + 0.25 in phase II (Fig. 8). This indicates that isotope incubations, conducted as 24-hour measurements
at the midpoint between nutrient additions under progressively depleted conditions, captured 28-38% of the net nitrogen
consumption measured over the 24 hours immediately following the nutrient addition. This was supported by silicate uptake
vs drawdown patterns. In phase I, Si uptake:drawdown ratios from 0.71 to 3.36 (excluding treatments with near-zero
drawdown). This reasonable agreement reflects that the Phaeocystis-dominated communities did not cause significant Si
drawdown resulting in comparable measurements for the day after the nutrient addition (drawdown) and 24 hours later
(uptake). In phase II, uptake:drawdown ratios converged to lower values (0.14-1.94) as the growing diatom population
increasingly depleted silicic acid within 24hrs after addition.

Stoichiometric analysis of nutrient consumption revealed distinct patterns between uptake and drawdown measurements, with
important deviations from Redfield ratios (C:N = 6.625, N:P = 16, N:Si = 1 for diatoms). Drawdown-based N:P ratios averaged
20.1 = 10.1 in phase I and 16.0 £+ 14.8 in phase II, both slightly elevated relative to Redfield expectations. In contrast, N:Si
drawdown ratios showed marked phase- and treatment-dependent variation: Phase I ratios were consistently elevated (mean
19.8 £ 11.9, range 4.4-36.7), particularly at low Si treatments (0-5 pM: 26.6 + 10.6), reflecting Phaeocystis-dominated
communities with low Si demand. Phase II N:Si ratios declined substantially (mean 2.8 £+ 1.4, range 1.5-5.2), converging
toward diatom-typical values as Chaetoceros populations established, though remaining 2-3x higher than the 1:1 Redfield
ratio expected for pure diatom assemblages (Brzezinski, 1985). Isotope uptake measurements showed contrasting patterns:
C:N ratios averaged 11.6 + 3.9 in phase I and 16.2 + 5.1 in phase II, both substantially elevated above Redfield (6.625),
suggesting N-limitation during the 24-hour incubation periods. N:Si uptake ratios in phase I (mean 5.2 = 8.8) were considerably
lower than N:Si drawdown ratios (19.8 £ 11.9), reflecting the isotope method's reflection of the N limitation 48 hours post
nutrient addition. Phase II N:Si uptake ratios showed extreme treatment dependence (0.1-15.7), with low values at high Si
treatments (10-40 pM: 0.2-0.3) indicating Si-replete diatom uptake, and elevated values at very low Si treatments (0-2 uM:

1.7-15.7) likely reflecting higher abundances of non-diatoms under Si-limited conditions.
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Figure 8: Comparison of uptake and drawdown rates across the two bloom phases and Si treatments. Boxplots showing carbon
(top), nitrate (center) and silicic acid (bottom) rates during phase I (Day 1-14, left) and phase II (Day 15-22, right) across Si treatment
concentrations (0-40 pM). Red boxes represent drawdown rates (net nutrient depletion on days following nutrient additions), while
blue boxes represent isotope uptake rates. Sample sizes per Si level: Phase I drawdown n = 6, uptake n = 4; Phase II drawdown n =
4, uptake n =2.

3.6 Export fluxes and N and Si mass balances

Overall, export efficiency was low (<15% based on nitrogen budgets), but export fluxes increased substantially by Day 22
across all Si treatments, with POC export ranging from 447 pmol m2 d™' (0 uM Si) to 2132 pmol m2 d™! (20 uM Si, Fig. 9a).
Particle export fluxes from days 7, 13 and 22 showed strong coupling between BSi and POC export fluxes across all treatments
and time points (Pearson » = 0.858, p < 0.001; linear model R? = 0.735), indicating diatom-dominated export throughout the
experiment (Fig. 9¢). The POC:BSi molar ratio of exported material declined progressively over time (Day 7: 21.2, Day 13:
5.63, Day 22: 2.58), reflecting increasing diatom contribution during bloom succession. High Si additions (>20 uM) drove
disproportionate BSi export during late bloom (Day 22: 194-628 umol m™ d™"), demonstrating Si control over diatom export
flux magnitude (Fig. 9b). The declining N:Si ratio in exported material (Day 7: 4-6; Day 22: 0.5-1.5) further confirmed the
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increasing dominance of diatoms in particle export, consistent with a shift from Phaeocystis-dominated to diatom-dominated
(Chaetoceros) community composition under Si enrichment. Export stoichiometry (C:N ratios: 5.85-9.49) remained relatively
constant across treatments, suggesting limited impact of Si availability on the organic matter composition of exported particles

despite the strong effect on BSi flux.
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Figure 9: Export flux dynamics of POC (a) and BSi (b) over time. Correlation of POC and BSi flux (c) suggests tight coupling of
total export flux to diatom contribution.

Nitrogen and silicon mass balances revealed contrasting patterns across the Si gradient. Nitrogen budgets showed 66—84% of
added N remained unaccounted for in measured pools (dissolved DIN, particulate PON, and sediment trap export), with budget
closure improving significantly at higher Si additions (—0.30% residual per pM Si added, p = 0.048, R* = 0.50, Fig. 10b).
Nitrogen export efficiency increased strongly with Si availability, ranging from 5.6% of added N exported at Si0 to 15.2% at
Si20 (+0.23% per uM Si, p = 0.006, R* = 0.75), demonstrating enhanced coupling between nutrient inputs and particle export
under Si-replete conditions. Silicon budgets showed significantly higher budget closure (13—48% unaccounted, excluding 0
puM Si, Fig. 10a), with no significant Si gradient effect on budget closure (p = 0.17) or export efficiency (p = 0.20). Low Si
treatments (1-3 uM Si) exhibited high Si export efficiencies (38—72%), while high Si treatments (10-40 uM Si) retained most
added Si in dissolved or particulate pools with minimal export (3—28%), suggesting non-linear relationships between Si

availability, frustule production, and BSi dissolution dynamics.
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Figure 10: Exemplary budget evolution in the 10 pM Si mesocosm of dissolved, particulate and exported pools for nitrogen (a) and
silicon (b) over time.

3.5 Species-specific biomass and uptake dynamics of Phaeocystis and Chaetoceros

Microscopy data was used to compare seed stocks of Chaetoceros and Phaeocystis and species-specific accumulation rates
were calculated from cell counts and dPCR-derived genome copy numbers. At the start (Day 0), biovolumes were similar
between species (Chaetoceros: 3.6 x 107 £ 1.7 x 107 um?® L™'; Phaeocystis: 3.4 x 107+ 1.4 x 107 pm* L™, mean + SD; Wilcoxon
rank-sum test, W =36, p = 0.72), reflecting comparable seed stock densities.

Chaetoceros and Phaeocystis exhibited fundamentally different biomass accumulation dynamics throughout the experiment
(Fig. 11). During the early exponential phase (Day 0-8), Phaeocystis grew approximately twice as fast as Chaefoceros (1 =
0.43 £ 0.15 d' vs. 0.22 £ 0.14 d'"). The competitive balance reversed during the mid-growth phase (Day 8-14), when
Chaetoceros sustained high accumulation rates (n = 0.33 = 0.11 d™"), while Phaeocystis accumulation declined substantially
(n=10.08 £ 0.14 d*). This shift coincided with nutrient depletion and the resulting collapse of the Phaocystis bloom. By the
late phase (Day 14-22), Phaeocystis populations collapsed universally across all eight Si treatments (100% negative growth
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rates, mean g =-0.26 = 0.06 d*). In contrast, Chaetoceros populations slowed but remained predominantly viable (u = 0.04 +

0.20 d '), being comparable to those of Phaeocystis during the transition between phase I and II.
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Figure 11: Species-specific development of biomass (a) and calculated accumulation rates (b) over time comparing Phaeocystis (green
circles) and Chaetoceros (red triangles). Biovolume is displayed on a log scale to allow comparison of Chaetoceros and Phaeocystis at
low abundances.

Single cell carbon and nitrogen uptake rates revealed contrasting temporal dynamics and Si sensitivities across phytoplankton
groups. All three groups—Chaetoceros spp., Phaeocystis pouchetii cf., and small flagellates <Spm—exhibited similar early
bloom C and N uptake rates during exponential growth (Day 6), but diverged substantially thereafter (Fig. 12). Chaetoceros
showed gradual decline through mid- and late bloom phases, but maintained measurable activity throughout the experiment,
while Phaeocystis and small flagellates crashed precipitously by Day 14, reaching near-zero uptake by Day 22. Stoichiometric
ratios across all groups shifted from strongly N-enriched uptake (C:N < 1.1, well below the Redfield ratio of 6.6) during early
bloom toward Redfield or C-enriched ratios by late bloom, with Phaeocystis exhibiting extreme C:N enrichment and high
variability indicative of potential N stress. Si gradient effects on C uptake varied significantly across bloom phases.
Chaetoceros showed minimal Si sensitivity during early bloom. At the critical mid-bloom phase (Day 14), Chaetoceros
exhibited a non-monotonic Si response with optimal C uptake at intermediate Si concentrations and inhibition at high Si (64%

reduction at Si 20 pM vs. optimal Si 3 uM, p <0.001).
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Figure 12: Mean single cell carbon (top) and nitrate uptake rates (bottom) of Chaetoceros spp (green), Phaeocystis pouchetti cf (red)
and small flagellates (yellow) on three consecutive sampling days.

4. Discussion
4.1 Competition of Phaeocystis and Chaetoceros under varying Si concentrations

Despite similar seed populations of Phaeocystis and Chaetoceros, a bloom of Phaeocystis developed rapidly in our mesocosms
regardless of Si supply. This Phaeocystis bloom collapsed around day 14 of the experiment and was succeeded by a diatom
bloom. The second bloom was dominated by the chain-forming diatom Chaetoceros spp. indicated by the strong increase in
BSi and confirmed by microscopy. In terms of nutrient drawdown as well as bulk uptake rates (Fig. 7) the second bloom
reached a comparable intensity to the initial bloom although biomass accumulation (in terms of Chl a) had not yet reached a
comparable magnitude at the end of the experiment (Fig. 3). In this second phase diatom biomass (based on BSi concentrations)
showed a linear response to Si availability. The development of the initial Phaeocystis bloom regardless of the concentration
of Si available challenges the perspective that Si availability is a key driver in deciding Phaeocystis vs diatom blooms (Ardyna

et al., 2020; Dabrowska et al., 2025) and confirms previous observations that Si concentrations limiting for diatoms are not a
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prerequisite for Phaeocystis bloom development (Assmy et al., 2023; Hoppe et al., 2024; Peperzak et al., 1998). Phytoplankton
bloom development is a function of initial population density (seed stock) and integrated growth rates over time. While
microscopy-based abundances demonstrate comparable seed populations for both species, biomass accumulation within the
first week was on average higher in Phaeocystis compared to Chaetoceros as suggested by microscopy. To explore nutrient
consumption of diatoms compared to Phaeocystis, we applied a fixed Si:N ratio of 1.85 for Arctic diatoms based on conversion
from (Lomas et al., 2019) to the nitrate and Si drawdown rates. Diatoms were responsible for less than 10% of nitrate drawdown
until day 10, showing significantly higher nitrogen use by non-diatoms, which were dominated by Phaeocystis at the time,
supporting field observations of rapid and efficient nitrate drawdown by Phaeocystis (Assmy et al., 2023). Net growth is
determined by bottom-up processes (temperature, light and nutrients) and mortality controlled by top-down processes
(pathogens, parasites and grazing). In the following we will discuss the potential contribution of each of these factors on
Phaeocystis vs Chaetoceros growth.

The initial accumulation rates based on microscopy of Phaeocystis are higher compared to Chaetoceros (n=0.43 + 0.15 d™
vs. 0.22 £ 0.14 d 7', respectively, Fig. 11). In general, these accumulation rates are within the range of growth rates reported in
the literature for Arctic Phaeocystis and Chaetoceros (Calbet et al., 2011; Jahnke, 1989; Menden-Deuer et al., 2018). The
higher accumulation rates indicate a competitive advantage of Phaeocystis over diatoms under the initial experimental
conditions contributing to the dominance at the beginning of the experiment. Direct measurements of single cell uptake rates
on day 6 yielded comparable C and N uptake rates for Chaefoceros and Phaeocystis cf. (Fig. 12), but higher uptake rates in
Phaeocystis compared to diatoms at the onset of the experiment are possible, since we did not measure single cell uptake
between days 1 and 5. The single-cell stage of Phaeocystis, which was predominantly present in our mesocosm, lacks a nutrient
storage mechanism (Veldhuis et al., 1991), opposed to the colonial stage which has been shown to store nitrate and phosphorus
in their mucous membrane. Therefore, nutrient uptake and growth are more tightly coupled (Verity et al., 1991), suggesting
high growth rates of Phaeocystis matching the high nitrate drawdown and resulting in the exponential biomass accumulation
of Chl a and POC at the beginning of the experiment (Fig. 3 and 7). A fraction of the nitrate consumed by Phaeocystis was
likely excreted as DON (Sanderson et al., 2008), resulting in the large unaccounted fraction in the N budget. Meanwhile,
nutrient uptake and cell division are inherently decoupled in diatoms due to cell cycle architecture, with silicon uptake relevant
to the G2/M phase, while carbon and nitrogen assimilation occur throughout (Martin-Jézéquel et al., 2000). Especially after
periods of nutrient limitation diatoms are known to accumulate nutrients, especially nitrate and phosphorus, in their large
central vacuole (Collos, 1986; Litchman et al., 2007). This partially explains why Chaetoceros uptake rates were comparable
to Phaeocystis on day 6 yet BSi-based accumulation only became exponential after day 5. Additionally, the BSi pool at
experiment onset probably included a detrital fraction from Si-arrested cells, meaning early BSi measurements may
underestimate active diatom growth as the diatom pool reproportioned from partly detrital to actively growing (Krause et al.,
2010). Both species entered the experiment recovering from nitrate limitation, but Chaetoceros faced the additional burden of

Si limitation-induced cell cycle arrest in the fjord prior to the experiment. While recovery from Si limitation alone is typically
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rapid upon resupply (De La Rocha & Passow, 2004), the concurrent N limitation possibly prolonged the overall recovery

period in Chaetoceros relative to Phaeocystis.

The different nutrient storage mechanisms likely also contributed to the bloom succession observed in the mesocosms. The
collapse of the initial Phaeocystis-dominated bloom and the transition from Phaeocystis to Chaetoceros coincided with the

onset of transient nitrate and phosphate depletion due to the increased consumption by Phaeocystis during phase I (Fig. 13).

: il

‘ iR B8 HEEEER
3 i Il
> §° HNNNENEENENR

- NNEEEN _ NENAAREEEEED

- HNARNNRSRERARENNAAEED

. e

0 5 10 15 20

Experiment Day

o No limitation B Sionly M P+Si l Si+N
Limitation Pattern ,
| Ponly M Nonly P+N [l P+Si+N

Figure 13: Co-limitation patterns across mesocosms and time. Limitation was defined as 2 pM Si, 0.1 pM phosphate and 1 pM
nitrate respectively.

In our experiment, Chl a based biomass accumulation rates peaked on day 7 followed by a decrease reaching negative growth
rates for most mesocosms on day 13 together with single-cell uptake rates for non-diatoms being near zero across mesocosms.
The first instance of nitrate drawdown below the threshold of 1 pM commonly considered limiting for phytoplankton (Lewis
et al., 2019; Mills et al., 2018) already occurred on day 7 and 8, in select mesocosms. Co-limitation of nitrate and phosphate

across the majority of mesocosms occurred on day 11 and 12 supporting the transient nutrient limitation as the main cause of
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the Phaeocystis bloom collapse. The lack of significant storage abilities of the single cell stage of Phaeocystis (Veldhuis et al.,
1991) likely provided diatoms with a competitive advantage in dealing with the transient nutrient limitations which resulted
from the pulsed nutrient additions during our experiment. In the field, Chaefoceros often dominate summer blooms following
nutrient inputs into an otherwise limited system (Ardyna et al., 2011; Assmy et al., 2023; Krawczyk et al., 2018).
It is important to note that the decline of Phaeocystis did not result in a subsequent increase in diatom growth rates. Instead
BSi-based diatom accumulation rates reached their maximum already on day 7 supported by the highest Chaetoceros-specific
nutrient uptake rates measured on day 6 (compare Fig. 4 and 12). Afterwards, BSi accumulation rates continued at a steady
level until the end of the experiment (Fig. 3), although Chaetoceros-specific nutrient uptake rates continuously decreased. This
sustained growth despite transient nutrient limitation is consistent with intracellular nutrient storage allowing Chaetoceros to
buffer against external limitation (Kamp et al., 2016; Mundy et al., 2025; Twining et al., 2021). The ability to maintain growth
rates across a range of nitrogen sources and light regimes has been identified as a key competitive trait of Arctic Chaetoceros
(Schiffrine et al., 2020) and is consistent with observations of C. gelidus dominating subsurface chlorophyll maxima in the
post-bloom Beaufort Sea(Martin et al., 2010; Schiffrine et al., 2020), and culture experiments confirm that specific growth
rates do not differ significantly between nutrient-rich and nutrient-limited conditions during exponential growth, suggesting a
limited physiological penalty under nutrient scarcity (Fierro et al., 2026). Together, the sustained BSi accumulation observed
here contrasts with the strong boom-and-bust mechanism commonly associated with diatoms and points instead to a strategy
of moderate, persistent growth, which is consistent with the low-nutrient niche occupied by Chaetoceros. The continuous
decrease of Chaetoceros uptake rates after day 6 despite regular macronutrient resupply (Fig. 12) suggests that diatoms
experienced increasingly unfavourable growth conditions across the experiment as a result of nitrogen limitation or
micronutrient stress. However, the more gradual decline in Chaetoceros compared to the rapid collapse of the Phaeocystis
bloom indicates that diatoms were better able to withstand these conditions, potentially facilitated by their nutrient storage
abilities (Kamp et al., 2016; Mundy et al., 2025), allowing for continued biomass accumulation following the bloom transition.
In addition to higher nutrient uptake rates by Phaeocystis and likely a more direct coupling of uptake rates and growth, other
environmental factors could have provided a competitive advantage to Phaeocystis over diatoms at the beginning of the
experiment. Phaeocystis has been reported to correlate negatively with temperature (Calbet et al., 2011; Lasternas and Agusti,
2010). In general, Phaeocystis and Chaetoceros have been reported to grow under similar temperature ranges in the Arctic,
including the range of temperatures present during our study (Hegseth et al., 2019; Simo-Matchim et al., 2017). This suggests
that temperature was not a deciding factor for the difference in growth rates between the two species. This is further supported
by the drop in temperature around day 17 which did not result in measurable changes in primary productivity or community
composition (Fig. 3 and 5). Similarly, light availability is unlikely to have been limiting either species during our experiment.
The timing of the experiment in May when the spring bloom was already well underway ensured sufficient light for primary
productivity. While we measured some impact of shading by the surrounding harbour structures on our mesocosms the shallow
depth of the mesocosms will likely have ensured that the phytoplankton was exposed to similar average light levels as in the

fjord with its deeper mixed layer depth. In the field, Phaeocystis-dominated communities have demonstrated less efficient
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photophysiology and lower primary primary productivity than diatom-dominated communities (Hoppe et al., 2024). The
shallow, stratified mesocosm environment may therefore have removed a natural disadvantage of Phaeocystis compared to
diatoms, which are broadly capable of acclimating to a wide range of light conditions (Lacour et al., 2018; Lomas and Glibert,
1999). This is consistent with higher biomass accumulation rates in Phaeocystis reported under well stratified conditions
(Assmy et al., 2023). In summary, among bottom-up factors, nutrients were likely the primary determinant of bloom
succession, as in the early phase Phaeocystis benefited from efficient nitrogen assimilation and tight uptake-growth coupling,
while Chaetoceros faced the additional burden of recovering from Si limitation-induced cell cycle arrest alongside nitrate
limitation in the fjord prior to the experiment. Later, diatoms were more successful at withstanding transient nutrient limitation
potentially facilitated by their nutrient storage abilities, while temperature and light played a minor role throughout.

In addition to nutrient-driven bottom-up control, the relative success of Phaeocystis and diatoms may also have been influenced
by differential top-down mortality, including grazing by microzooplankton. In our experiment we excluded larger grazers by
pre-filtering with a 200 um mesh excluding larger heterotrophic plankton such as copepods or cirripedia larvae which prey on
both Phaeocystis colonies and diatom chains (Kohlbach et al., 2023; Nejstgaard et al., 2007) from the mesocosms. In terms
of smaller heterotrophic plankton, we observed a continuous presence of dinoflagellates based on metabarcoding data
throughout the experiment. While metabarcoding likely overestimated their abundance due to the high genome copy-numbers
of dinoflagellates (Martin et al., 2022), in microscopy their presence was potentially underestimated due to the high cell
densities and the resulting low settling volume potentially undersampling rarer cells. Ciliates were only present at the onset of
the experiment and declined rapidly within the first 4 days (Fig. 5 and A3). Heterotrophic dinoflagellates (e.g., Gyrodinium,
Protoperidinium) are key consumers of both Phaeocystis as well as large and chain-forming diatoms in the marginal ice zone
and Atlantic-influenced waters (Lavrentyev et al., 2019; Sherr and Sherr, 2007, 2009; Stelfox-Widdicombe et al., 2004). They
can ingest diatom chains larger than themselves via pallium or engulf feeding (Stelfox-Widdicombe et al., 2004). However,
while Chaetoceros spp. was predominantly chain forming with the occasional observation of colonies, Phaeocystis was mostly
present as single cells. Colony formation in Phaeocystis is regarded as a grazing avoidance mechanism as the colonial mucus
renders the cells less accessible to microzooplankton grazers (Calbet et al., 2011; Ryderheim et al., 2022). Thus its absence
may therefore itself indicate low ambient grazing pressure consistent with the observation of high dinoflagellate presence
during diatom blooms, suggesting a feeding preference for diatoms over Phaeocystis (Seuthe et al., 2011).

Prior to the experiment in the natural fjord environment the spring bloom in 2024 Chaetoceros abundances started to increase
at the end of March and first Phaeocystis colonies started to appear at the end of April with the full bloom composed of
Phaeocystis and Chaetoceros reaching its maximum at the beginning of May coinciding with the start of our experiment (data
not shown). The spring bloom in Kongsfjorden often starts with a diatom bloom transitioning from pennate diatoms to centric
diatoms, such as Thalassiosira (Hegseth et al., 2019). This diatom bloom is mostly succeeded by Phaeocystis (Assmy et al.,
2023; Hegseth et al., 2019; Hoppe et al., 2024). Chaetoceros often occurs later during the bloom, simultaneously to
Phaeocystis, potentially due to their mutual strategy to avoid predation from small grazers by colony formation. This bloom

history and the earlier start of the Chaetoceros bloom compared to Phaeocystis is likely to affect community succession and
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bloom development within our mesocosms for example through pathogen-driven top-down control. Growth rates of
Chaetoceros as well as Phaeocystis are known to be affected by virus or chytrid infections with the ability to control bloom
development (Brussaard et al., 2007; Mojica and Brussaard, 2014; Scholz et al., 2017; Tomaru et al., 2008). Infectious control
usually gains increasing importance over the course of the bloom (Scholz et al., 2017), which would make Chaetoceros more
vulnerable to pathogenic control as it occurred in larger abundances in the fjord for a longer period. The Si limitation in the
fjord prior to our experiment would have made Chaetoceros particularly susceptible to viral infection, supporting viral induced
mortality of Chaetoceros (Kranzler et al., 2019). Additionally, Phaeocystis was predominantly in colonial stage in the fjord
prior to our experiment, which is known to be an effective protection against viral infection (Jacobsen et al., 2007).
Additionally, the coincidence of Phaeocystis collapse with nutrient limitation, indirectly supports that Phaeocystis was not
controlled by pathogens or viruses, which would have manifested as a bloom collapse independent of nutrient availability
(Hoppe et al., 2024). While viral lysis rates or other pathogens were not assessed within the framework of our experiment, this
could have provided Phaeocystis with a competitive advantage compared to Chaetoceros at the onset of our experiment
allowing for faster bloom development. Consistent with this, the persistently low but positive growth rates of Chaetoceros
throughout the experiment may reflect chronic sublethal pathogen pressure compatible with density-dependent infection rather
than episodic bloom collapse (Tomaru et al., 2008). Overall, the more rapid accumulation of Phaeocystis relative to
Chaetoceros in the early experimental phase likely reflected a combination of bottom-up and top-down factors. The legacy of
Si limitation-induced cell cycle arrest alongside nitrate limitation in the fjord may have initially constrained Chaetoceros
division, while tighter uptake-growth coupling potentially favoured Phaeocystis. Top-down pressure from micrograzers and
pathogens may have further contributed, with Si limitation potentially compounding viral infection of Chaetoceros (Kranzler

etal, 2019).

4.2 Diatom growth dynamics and influence of Si concentration on bloom formation

While the Phaeocystis bloom developed independent of Si concentrations, diatom growth showed a strong correlation with Si
availability across various parameters (Table 2). Si drawdown rates as well as uptake rates showed a positive linear relationship
with Si concentrations. While Si uptake linearly correlated with Si availability across the experiment, in N and P drawdown
this correlation was observed only in the second phase of the experiment. This shows that while Si uptake is always diatom-
dependent, N and P uptake dynamics were only driven by diatoms during the second bloom, supporting a temporally complex
but substantial contribution of diatoms to total primary productivity. Diatom growth follows classic Michaelis-Menten
(Monod) saturation kinetics with respect to Si (Nelson et al., 1976). During our experiment, the relationship between Si
availability and diatom response was best described by three distinct regimes. Between 0-2 and 0-3 pM Si, multiple biomass
proxies (Chl-a, POC, PON) and carbon and nitrate uptake and drawdown rates increased linearly with Si concentration,
indicating that growth was Si-limited in this range (Egge and Aksnes, 1992; Krause et al., 2018). No net growth was observed
in the Si-free treatment, confirming that sustained biomass accumulation requires a minimum Si supply. Between 5-10 pM

Si, drawdown rates, BSi accumulation, and Si uptake rates continued to increase with Si availability, while carbon and nitrate
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uptake rates no longer responded, indicating that cells were still kinetically Si-limited with respect to silicification but that this
did not translate into growth limitation. This decoupling is consistent with the well-documented capacity of diatoms to maintain
division rates under moderate Si stress by reducing frustule silicification, such that the half-saturation constant for growth (Kp)
is considerably lower than that for Si uptake (Ks) (Martin-Jézéquel et al., 2000; McNair et al., 2018). No additional stimulating
effects of Si concentrations on nutrient consumption or biomass concentrations were observed beyond 10 pM Si, suggesting
that 10 uM Si are sufficient for optimal growth rates, coinciding with the Si concentrations in Kongsfjord after winter mixing
(Hegseth et al., 2019). Saturating concentrations for diatoms in field communities around Svalbard are reported between 5-10
puM matching our findings (Krause et al., 2018). These findings underscore the Si-dependent growth of diatoms and highlight
that low Si concentrations are not a prerequisite for Phaeocystis dominance, but are a limiting factor for diatom
competitiveness.

Table 2: Summary of responses to Si availability. Treatment effects across phases and the different pools (dissolved, particulate,
exported).

Parameter Phase I- Phaeocystis dominated Phase II-Chaetoceros dominated (Day 15-22)
(Day 0-14)

Nutrient Drawdown

Nitrate drawdown No effect Strong (p=0.59, p<0.001; R2 =0.6 for 0-10 uM)

Phosphate drawdown No effect Moderate (p=0.44, p<0.01; R2= 0.26 for 0-10
uM)

Silicic acid drawdown No effect Very strong (p=0.80, p<0.001; Rz = 0.85 for 0-
10 uM)

Bulk Uptake

Carbon uptake No effect Strong (p=0.76, p<0.05)

Nitrogen uptake No effect No effect

Silicon uptake Very strong (p=0.78, p<0.001; Very strong (p=0.98, p<0.001; R?>=0.76 for 0-10

R?=0.68 for 0—10 uM) uM)

Single-Cell Uptake (SIMS)

Chaetoceros C uptake No effect Strong non-monotonic on day 14: £2=0.54,
p<0.001, optimum at Si 3 pM

Particulate Organic Matter

(Water Column)

POC mean concentration No effect Strong (p=0.74, p<0.05)
PON mean concentration No effect Strong (p=0.74, p<0.05)

BSi mean concentration Very strong (p= 0.9, p<0.01) Very strong (p= 0.9, p<0.01)
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Chl @ mean concentration Strong (p=0.7, p<0.05) No effect

Export Flux

POC export 515-1102 pmol m2 d ™" (Day 7) Strong + (447-2132, max at Si20, Day 22)

PON export 70.9-152 pmol m2 d* (Day 7) Strong + (64.4-296, Day 22)

BSi export 16.8-41.3 umol m2 d™! (Day 7) Very strong + (14.4-628, massive at Si20, Day
22)

4.3 Contrasting export dynamics of Phaeocystis and Chaetoceros

Export dynamics in our experiment were predominantly diatom-mediated, yet overall export efficiency was low. Despite the
strong coupling of biogenic silica and carbon export fluxes (Fig. 9), the mass balance analysis and the continued accumulation
of POC following the Phaeocystis bloom collapse showed that the majority of the biomass was retained in the water column.
This matches the extensive literature reporting that Phaeocystis in the Arctic is often not exported efficiently (Assmy et al.,
2023; Wassmann, 1994) and references therein. After the collapse of the Phaeocystis bloom we observed considerable
increases in dissolved inorganic phosphate. This is consistent with the release of phosphate stored in the mucous membrane of
the colonial stage of Phaeocystis (Veldhuis et al., 1991). While the colonial stage was not dominant, small colonies or partial
colonies were regularly observed throughout the Phaeocystis bloom. The majority of Phaocystis biomass was however not
fully remineralised based on the high POC concentration and the considerable DON pool suggested by the poor nitrogen
budget closure (only 16-34% of added nitrogen were accounted for as inorganic or particulate nitrogen, Fig. 10).

While export fluxes increased markedly by day 22 they nevertheless constituted a minor fraction of the existing biomass (<30%
of PON). Several aspects likely contributed to the low export flux even under diatom-dominated conditions. Firstly, the
experiment was terminated before the peak of the bloom, hence the collapse of the second bloom which generally dominates
export processes during the spring bloom was not resolved by our data (Hufnagel et al., 2026; Lalande et al., 2016). In addition,
the dominant diatom Chaetoceros is only lightly silicified reducing the ballasting effect and has long setae which results in
slow sinking aggregates (Laurenceau-Cornec et al., 2015). Despite the overall low export efficiency, the strong linear
relationship between Si addition and N export efficiency (R? = 0.75, Table 2), as well as the strong coupling between biogenic
silica and particulate organic carbon export fluxes suggests that the fraction of material reaching the sediment trap was either

diatom-derived or ballasted by diatoms.

4.4 Implications for the future of Arctic spring bloom dynamics

Our Si gradient mesocosm experiment not only helps to understand the dynamics of different phytoplankton species under
controlled conditions, but our findings on nutrient replenishment frequency effects also have direct applicability to
understanding phytoplankton community structure in Arctic environments with episodic nutrient injection. However, some

experimental limitations need to be considered when extrapolating to Kongsfjorden spring bloom dynamics. The exclusion of
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large grazers, particularly calanoid copepods, reduced predation pressure in the mesocosms and likely affected colony
formation which can in turn affect nutrient uptake and storage mechanisms (Ploug et al., 1999; Wu et al., 2023). However,
overall community dynamics in the mesocosms were in good agreement with phytoplankton succession dynamics in the fjord,
where, analogous to the mesocosms the community in May was first dominated by Phaeocystis and then shifted to Chaetoceros
(results not shown), suggesting comparability between mesocosm and fjord dynamics. Additionally, our enclosed mesocosm
systems may have experienced micronutrient and transient CO2 limitation that could constrain maximum bloom capacity
relative to open fjord conditions. Episodic CO2 limitation during spring blooms has been documented on the West Svalbard
shelf even under open ocean conditions, where strong biological drawdown outpaces atmospheric resupply (Sanz-Martin et
al., 2018), a constraint likely amplified in our enclosed systems.

Despite these potential biases, our results showed that Chaetoceros sustained growth rates despite frequent nutrient limitation
in phase II of the experiment, pointing towards a high ability to maintain growth under the stratified, low-nutrient conditions
that increasingly characterise the late productive season in Arctic fjord and shelf environments (Fig. 11). This is consistent
with the late-bloom niche Chaetoceros occupies in Kongsfjorden, where it persists into the post-bloom period under increasing
stratification and nutrient depletion (Assmy et al., 2023; Hegseth et al., 2019; Hoppe et al., 2024). The late summer 2019
Chaetoceros-dominated bloom in Kongsfjorden was fuelled by silicic acid (>2.7 uM) after the Phaeocystis-dominated spring
bloom depleted nitrate concentrations (Assmy et al., 2023). This further illustrates how Chaetoceros can exploit the stratified,
nutrient-depleted post-bloom water column and demonstrates that Si availability can sustain diatom growth when competitive
pressure from Phaeocystis is reduced. This capacity may become increasingly important under projected Arctic change.
Increased water column stratification driven by warming, ice melt, and freshwater input is expected to regionally reduce
nutrient fluxes to the euphotic zone (Carmack et al., 2016; McLaughlin and Carmack, 2010). Within the diatom community,
such conditions are expected to disadvantage large, nutrient-demanding bloom-formers while favouring taxa capable of
sustaining growth under chronic nutrient scarcity (Li et al., 2009; Litchman et al., 2009). Although susceptibility to lytic viral
infection is enhanced under stratification-induced Si limitation (Kranzler et al., 2019), Chaetoceros, with its ubiquitous
presence across Arctic environments and documented capacity for sustained growth under nutrient limitation and high
physiological plasticity under variable CO2 and light levels (Biswas, 2022), may be well-positioned to persist under these
conditions

Furthermore, our findings support that rather than Si concentrations, differences in nutrient accumulation and growth strategies
as well as top-down controls regulate species succession and relatively low Si concentrations (> 1 uM) were sufficient to
sustain diatom biomass. This suggests that the reported declining Si concentrations (Hatn et al., 2017; Rey, 2012) might limit
the overall magnitude or duration of diatom blooms, but are unlikely to determine bloom dominance. Regardless of Si
availability, our findings indicate that under nutrient-replete conditions without transient nutrient limitation, which are
increasingly favoured by Atlantification-driven changes in water mass structure (Hegseth and Tverberg, 2013; Lasternas and
Agusti, 2010), Phaeocystis is likely to expand its dominance due to its ability to achieve high growth rates under sufficient

nutrient availabilities. In addition to nutrient availability top-down processes were shown to shape phytoplankton successions.
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Microzooplankton grazing has been projected to increase in warmer, more Atlantic-influenced water (Franze and Lavrentyev,
2017; Lara et al., 2013; Olli et al., 2007). The future prevalence of pathogens and viruses in the Arctic and their role in shaping
phytoplankton bloom phenologies are yet poorly understood. In individual cases i.e. viral lysis of Micromonas polaris and the
presence of diatom-infesting chytrids has been projected to increase under warmer temperatures and sea-ice loss (Kilias et al.,
2020; Piedade et al., 2018) supporting their relevance in controlling future phytoplankton bloom dynamics. Ultimately, the
trajectory of Arctic phytoplankton communities will be determined not by any single driver, but by the convergence of nutrient
regime shifts, altered grazing pressure, and changing pathogen dynamics. These processes collectively favour colonial,
grazing-resistant taxa like Phaeocystis and nutrient-limitation-tolerant opportunists like Chaetoceros, with the option for

reduced carbon export efficiency and altered food web structure (Assmy et al., 2023; Hoppe et al., 2024).

4.5 Conclusion

Our mesocosm experiment revealed that ambient Si availability during the experiment itself did not determine initial
succession. Phaeocystis bloomed rapidly across all Si treatments, while Si limitation prior to the experiment, alongside
concurrent nitrate limitation, initally constrained Chaetoceros recovery and possibly contributed to the early competitive
advantage of Phaeocystis. Si concentrations controlled the magnitude of subsequent diatom biomass accumulation, with
growth limitation occurring below approximately 2—-3 pM Si, and silicification remaining kinetically Si-limited up to 10 pM
without corresponding increases in biomass. The transition from Phaeocystis to diatom dominance around day 14 coincided
with the onset of nitrate and phosphate depletion and was mediated by differences in nutrient storage capacity: Chaetocoeros
sustained growth rates despite declining ambient nutrient concentrations and decreasing single-cell uptake rates, while
Phaeocystis single cells—lacking significant storage abilities—exhibited near-zero uptake rates during nutrient limitation.
This storage-dependent competitive advantage enabled Chaefoceros to sustain transient nutrient limitation and points to its
broader capacity to persist under the stratified, low-nutrient conditions increasingly characteristic of the late productive season.
Micrograzing pressure further shaped community dynamics, while prior Si limitation may have compounded viral
susceptibility in Chaetoceros. Vertical export was predominantly diatom-mediated, with biogenic silica and particulate organic
carbon fluxes scaling linearly with Si availability, while the Phaeocystis biomass predominantly remained within the water
column. Together, these findings point to diverging ecological trajectories under ongoing Arctic change. Under nutrient-
replete, Atlantic-influenced conditions Phaeocystis is poised to expand its dominance, while stratified, post-bloom
environments will increasingly select for nutrient-limitation-tolerant diatoms. The future role of microzooplankton grazing as
well as viral and pathogen control in modulating these trajectories remains poorly constrained. These shifts in community
composition carries cascading consequences for carbon export efficiency, food web structure, and Si cycling in Arctic pelagic

ecosystems.

36



880

885

890

895

https://doi.org/10.5194/egusphere-2026-3186
Preprint. Discussion started: 18 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Appendix A

Al: Comparison of measured and intended dSi concentrations
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Figure Al: Comparison of measured and intended dSi concentrations. Samples were taken immediately after nutrient addition on
every second day of the experiment.

A2: Methods and assay performance of quantitative PCR analysis

Dye-based quantitative PCR (qPCR) assays were performed to evaluate amplification performance for Phaeocystis pouchetii.
A five-point 10-fold dilution series was prepared in molecular-grade water (Sigma-Aldrich, Steinheim, Germany), ranging
from 5 to 5x107* ng/uL. As no synthetic standards or reference cultures were available, environmental DNA extracts were
used as templates for the dilution series. Specifically, sample A30 was used for Phaeocystis pouchetii, based on the strong and
consistent amplification signals in preliminary assays (S2 A). Standard curves were constructed in triplicate, and the coefficient
of determination (R?), amplification efficiency (E%), and slope were inspected to evaluate assay performance (S2 C). This
gPCR reaction mixture contained 1% QIAcuity EvaGreen PCR Kit mastermix (QIAGEN), primers at a final concentration of
400 nM, 2 pL of DNA template, and molecular-grade water to a final volume of 20 pL. Reactions were performed on a
QuantStudio 5 Real-Time PCR System (Applied Biosystems) using the same cycling conditions as the subsequent dPCR: an
initial denaturation step of 2 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 15 s at 60 °C, and 15 s at 72 °C. A melting
curve analysis was subsequently performed to verify amplification specificity, consisting of 15 s at 95 °C, 30 s at 60 °C,
followed by a continuous temperature increase to 95 °C with fluorescence acquisition (S2 B). No Template Controls (NTCs)
containing molecular-grade water (Sigma-Aldrich, Steinheim, Germany) instead of DNA template were included in each run

as negative control to monitor potential contamination or primer dimers.
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Figure A2: Quality control plots of qPCR for Phaeocystis. Amplification plot of S-point 10 fold dilution series using sample 30 (A).
Melt curve plots of Ty, dilution series (B) and standard curve of 5-point 10 fold dilution series (C).
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Figure A3: Relative abundance of the most abundant taxa based on 18S sequencing analysis across the Si treatment over time.
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905 Figure A4: Quantification of Phaeocystis abundance over time via dPCR. 18S genome copy numbers were transformed to cells based
on copy number available for Phaeocystis globosa (n = 9) (Chen et al., 2024)
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