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10 Short Plain Language Summary <500-character (incl. spaces)

We investigate how sea-ice algal communities and photosynthesis are influenced by nutrients deeper in the water
column north of Svalbard. A storm increased ocean mixing, bringing more nutrients and heat to the ice, which
had competing effects of supporting photosynthesis and of accelerating ice melt. The storm also reduced light for
algal growth by depositing more snow on the ice. Short-term physical forcing can strongly influence sea-ice algal

15 production through multiple interacting processes.

Abstract

The availability of nutrients to sea-ice microbial communities varies as drifting pack ice traverses distinct
hydrographic regimes and experiences episodic mixing events. Vertical turbulent fluxes generated by processes
such as ice movement and wind can enhance nutrient resupply at the ice—ocean interface, potentially influencing
20 community composition and net community production. In this study, we evaluate the relationships between
bottom sea-ice algal communities and oceanic conditions during a sea-ice drift study north of Svalbard, which
crossed different branches of the Atlantic Water inflow to the Arctic over the Yermak Plateau and the Sofia Deep.
Despite elevated nitrate concentrations in under-ice waters associated with the Svalbard Branch of Atlantic Water
inflow, the largest nutrient and heat fluxes to the bottom ice occurred during a storm event. These fluxes coincided
25 with increased biomass-specific net community productivity but also enhanced algal biomass loss through melt.
At the same time, snow redistribution during the storm increased snow depths and reduced light availability at the
bottom ice, affecting net community production. Independent of nutrient conditions, the transition from net
heterotrophy (oxygen consumption) to net autotrophy (oxygen production) occurred when under-ice transmitted
photosynthetically active radiation exceeded a daily range of 1.1 to 3.5 pmol m? s™!. Although nutrient supply
30  remains important, our results suggest that light availability may exert a stronger control on sea-ice net community
production than nutrient supply when nutrients are not critically depleted. We further highlight the importance of
episodic storm events in modifying nutrient and heat vertical fluxes, and light availability at the ice—ocean

interface, thereby contributing to regional variability in ice algal bloom dynamics.
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1. Introduction

35  Packice is a highly dynamic environment, where variable light and nutrient supply directly control sea-ice algal
production and the carbon biomass that fuels ice-associated food webs (Gradinger and Bluhm, 2020; Koch, 2023).
The balance between primary production and respiration by ice-associated biota, including bacteria, algae and
metazoa, defines sea ice net community production (NCP). Strong stratification at the halocline in the Arctic can
prevent nutrients from reaching the algae which tend to concentrate in the bottom ice, limiting or terminating their

40 growth (Aagaard et al., 1981; Anderson et al., 2013; Smith et al., 2025). Sea-ice communities in this region persist
under low-light and nutrient-limited conditions, with primary production rates in the Eurasian Basin typically
ranging from 0.1 to 13 mg C m2 d”! (Assmy et al., 2013; Fernandez-Méndez et al., 2014; Ferndndez-Méndez et
al., 2015). As the ice drifts from the central basin toward the Yermak Plateau, enhanced nutrient supply may
support higher productivity, with the limited available observations reporting rates of 3.7-34.5 mg C m2 d!

45 (Ehrlich et al., 2021).

Conditions at the ice—ocean interface are highly variable as seasons change and pack ice drifts across different
water masses (Fong et al., 2024). The mobility of Arctic pack ice is governed by large-scale advection and small-
scale mechanical redistribution, including divergence and convergence, resulting in a highly dynamic ice cover
(Lei et al., 2022; Salganik et al., 2023; von Albedyll et al., 2024). This variability spans a hierarchy of spatial

50 scales, from regional atmospheric and oceanographic processes (10-100 km), to floe-scale heterogeneity
associated with leads, ridges, and individual ice floes (100 m—1 km) (McNutt & Overland, 2003), and local
variations in snow cover driven by atmospheric turbulence and sea-ice roughness (1-10 m) (Itkin et al., 2023).
Together, these interacting processes create a highly heterogeneous habitat for ice-associated algae, generating
substantial spatial variability in biomass and productivity and complicating the collection of representative

55 bottom-ice samples (Lange et al., 2017). Such variability is particularly pronounced north of Svalbard, where
drifting sea ice encounters contrasting oceanographic regimes.

Sea ice dynamics in the region North of Svalbard are heavily influenced by the advection of Atlantic Water
(AW). The AW flows northwards along the western slope of Svalbard and then veers eastward once reaching the
northwestern tip of Svalbard (Kolas et al., 2020). These shallow, warm, salty, and nutrient rich waters occupy the

60 subsurface beneath colder and fresher Polar Surface Water, which is overlain by sea ice transported from the
central Arctic Ocean via the Transpolar Drift. Originating on the Siberian shelves, this drift carries sea ice and
surface waters across the Arctic Basin toward Fram Strait. Consequently, the supply of nutrients to sea-ice
communities depends on processes that transfer nutrients from the underlying AW across the stratified upper
water column into the surface mixed layer and toward the ice—ocean interface.

65 There are several mechanisms that impact mixing dynamics beneath sea ice, which have the potential to
impact bottom-ice algal communities. Localized mixing driven by topography and atmospheric forcing are
thought to increase nutrient availability in surface waters adjacent to and beneath sea ice. These mixing hotspots
have been suggested as a source of nutrient replenished surface waters (Dalman et al., 2019; Duarte et al., 2021;
Castellani et al., 2026). Additionally, storms are a major source of energy for the ocean, generating large levels

70 of turbulence and mixing in the upper ocean (Cohen 2017), changes in the ice boundary layer conditions and
increased deeper water mixing towards the ice (Castro de la Guardia et al., 2019). Vertical turbulent fluxes
generated by processes such as ice movement and wind can also enhance nutrient resupply at the ice—ocean

interface (Peterson et al., 2017).
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In the context of climate change, the ongoing Atlantification of the eastern Eurasian Basin, driven by an

75 increasing inflow of AW (Polyakov et al., 2017), is transforming Arctic marine ecosystems. The region north of
Svalbard, where sea ice—ocean processes are already strongly influenced by AW, therefore serves as an important
early indicator of ecosystem and oceanographic changes that may eventually spread further into the Arctic Ocean.
This progression is likely to be accompanied by increased open water and storm activity under continued warming
(Graham et al., 2019; Crawford et al., 2022), potentially leading to more frequent and intense mixing. Arctic

80 cyclones are increasing in frequency and may be important contributors to the observed loss of Arctic sea ice
(Cavallo et al., 2025). Concurrently, a shift toward increasing first-year ice (FYI) relative to second-year ice (SYI)
alters ice bulk salinity and snow cover, with evidence of effects on sea-ice algal communities (Campbell et al.,
2022). As snow accumulation on sea ice strongly reduces light transmission to the bottom-ice habitat (Nicolaus
et al., 2012; Perovich, 1996), these changes are expected to influence sea-ice algal primary production, which is

85 often light-limited (Heorton et al., 2025; Leu et al., 2015). Indeed, much of the Arctic Ocean has become brighter
owing to reduced snow and ice thickness, and the resulting increase in light transmission (Webster et al., 2026).
However, the Atlantic sector remains an exception, where future changes in snow cover are more uncertain
because increasing precipitation may lead to either greater snow accumulation or more frequent rainfall events
(Merkouriadi et al., 2017).

90 To better understand how under-ice turbulence and atmospheric forcing alter the balance between autotrophic
and heterotrophic processes at the floe scale, we conducted a 10—day ice drift study in May 2023. The study
captured a storm event during spring sea-ice algal growth in a region influenced by AW, allowing us to assess the
biological consequences of storm-driven changes in snow cover, light availability, and exchange across the ice—
ocean interface. Through linking field data with laboratory studies, we extended NCP determination across our

95 sampling area on the floe.

2. Materials and Methods
2.1. Field sites

The study was conducted within a region of consolidated sea ice surrounding the moored vessel over the eastern

part of the Yermak Plateau north of Svalbard. The drift began at 80.999935° N, 9.475807° E on 17 May 2023,

100 and was completed at 80.647532° N, 9.9684° E on 27 May 2023 (Fig. 1b). Sampling was conducted at three sites

along the drift track: Site 1 (17-19 May) over the Yermak Plateau (950 m water depth), Site 2 (21 May) over the

Sofia Deep (2000 m), and Site 3 (2627 May) over the Svalbard continental slope (950 m) (Fig. 1). Based on the

regional circulation of AW originating from the West Spitsbergen Current, different current branches were likely

encountered during the study period (Koenig et al., 2017; Crews et al., 2019). Site 1, located west of the Sofia

105 Deep over the Yermak Plateau, was most likely influenced by a combination of the Yermak Pass Branch and the

Yermak Branch (Fig. 1a). Site 2 was likely influenced by recirculated AW within the Sofia Deep (Kolas et al.,

2020). Site 3, located south of the Sofia Deep over the continental slope, was most likely influenced by the
Svalbard Branch (Fig. 1a).

The study region of the floe had a size of ca 0.36 km? and consisted of both FYI and SY]I. Sea-ice back-

110 trajectory analyses (Fig. S1) and regional sea-ice transport patterns suggest that the oldest ice floes within the

region likely originated from the Laptev Sea. We therefore infer that the SYI areas of the floe investigated here
3
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was also likely formed in the Laptev Sea and at least some parts had survived at least one melt season.
Standardized sea ice observations were taken in transit through the ice, both before and after sampling and logged
into the Arctic Shipborne Sea Ice Standardization Tool (ASSIST; Norwegian Meteorological Institute). In the first
115  phase of the sampling period the study floe drifted generally eastwards, alternating between southeast and
northeast directions; a change to a southwest drift occurred on 25 May (Fig. 1b) in response to strong northerly

winds (see below).
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Figure 1: Study region and sites: (a) Circulation pattern of Atlantic Water around Svalbard, with the West

120

Spitsbergen Current (WSC), the Svalbard Branch (SB), the Yermak Branch (YB) and the Yermak Pass Branch

(YPB). Regions are denoted by Yermak Plateau (YP) and Sofia Deep (SD). Bathymetry is from the International
Bathymetric Chart of the Arctic Ocean, IBCAO-v3 (Jakobsson et al., 2012). The pink box indicates the zoom in

in panel (b) Figure adapted from Koenig et al. (2021). (b) Sampling locations, ice floe drift and chlorophyll @ (chl

a) in the bottom 5 cm of ice. The chl a concentration for 22 May is an average of the two sites sampled. Both

5
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125 water and bottom ice were sampled 27 May. (¢) Map of the sea ice sampling site distributions on the ice floe with
locations of the MSS deployment and transect lines overlain on a drone photo taken 24 May. White areas were
not covered in the drone image. Light blue shaded region shows first year ice (FYI), with remaining ice estimated

as second year ice (SYI).
2.2. Sampling routine

130 Sampling of the sea ice and underlying water column down to 25 m depth was completed in approximately 100—
120 m distance from RV Kronprins Haakon at three (Site 1, 2 and 3) different sites on the study floe (Fig. 1c).
For each sample site, water collection was carried out on the first day, and ice and snow sampling on the second
day, with day 3 dedicated to lab work. At Site 3, water and ice were sampled on the same day. Under-ice water
was collected near-to the area of ice sampling but far enough away to prevent flooding of the ice-sampling site.
135 Adverse weather conditions halted on-ice work between Sites 2 and 3, delaying the resumption of sampling. Due
to drifting of the floe over time and the alternating days of sea ice and under-ice water collection, the coordinates

of ice and water samples of each site differ (Table 1).

Table 1. Sampling dates and oceanographic settings for under-ice water collection and sea-ice sampling

Date under—ice

Site . Date ice sampling Localisation Ocean Current
water collection
1 18 May 19 May Yermak Plateau Yermak Pass
Branch and
Yermak Branch
2 Thick snow 21 May 22 May Sofia Deep Atlantic Water
Boundary current
recirculation
2 Thin snow 21 May 22 May Sofia Deep Atlantic Water
Boundary current
recirculation
3 27 May 27 May Svalbard Svalbard Branch
continental slope
140
2.3. Wind and hydrographic data
Atmospheric conditions were continuously recorded during the cruise by the ship’s weather station. The wind
speed and direction were recorded by a Vaisala WMT702 sensor on top of the mast (35 m). A Vaisala HMP155
meteorological temperature and humidity probe mounted on the bridge (13.5 m) recorded air temperatures.
145 Temperature, Salinity and Depth (CTD) profiles were obtained from 2 to 250 m depth using a

Microstructure Sensor Profiler (MSS, Sea and Sun Technology) deployed from the ice (Koenig et al., 2023 and
Schulz et al., 2024) at approximately 120 m away from the ship. MSS casts were completed daily from 18 May
to 27 May, with no casts on 25 May, from the same ice hole maintained open under a tent (Fig. 1c). The profiler
had precision conductivity, temperature, and pressure sensors as well as microstructure sensors including two
150 airfoil shear probes, a fast response thermistor, and a micro conductivity sensor, all sampling at 1024 Hz. Data
processing follows Meyer et al. (2017b). Final processed profiles include 0.1 m vertically averaged temperature

and salinity, and 2-2.5 m vertical resolution turbulent dissipation rate estimates. Reported accuracies of the
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sensors by the manufacturer were 0.1 m, 0.0028°C, and 0.003 mS cm™! for depth, temperature, and conductivity,

respectively. The estimated accuracy of the MSS salinity measurement is 0.01 on the practical salinity scale.
155 2.4. Ice and snow thickness, and floe-wide estimates

We characterized ice thickness and snow depth variations along two separate transects, 500 to 1100 m long, on
the floe (Fig. 1c; short and long transects). Sea ice thickness was estimated by electromagnetic induction with a
GEM-2 (Geophex Ltd) and snow thickness was measured by Magnaprobe (SnowHydro Ltd) (Itkin et al., 2023).
For sea ice thickness, the footprint of the GEM-2 is several meters, with precision estimated to 0.1 m. The absolute

160  precision may be affected by fast-fluctuating ambient temperatures that can influence the electromagnetic
measurements. The GEM-2 data were calibrated using thickness measurements from drill holes at the coring sites
(Itkin et al., 2025). Sea ice thickness was derived by subtracting the snow depth from the estimated snow and ice
thickness, which was a direct point measurement. For the snow depth profiles, measurements were done every 1—
1.5 m along the transect line (Fig. 1c).

165 Four snow pits were made to determine vertical profiles of snow temperature, structure and density
(Macfarlane et al., 2023). The first was adjacent to the Site 1 ice sampling site, with three additional snow pits
made near to the MSS deployment (Fig. 1c), two before the storm of different snow thicknesses and one after the
storm. Sea-ice age was inferred from a combination of ice-core salinity profiles (Fig. S2) and snow-pit
observations (Fig. S5). The lower salinities observed in the upper part of the ice cores are characteristic of SYI,

170  reflecting desalination during at least one summer melt season. This interpretation is supported by the complex
snow stratigraphy observed at the SYT site, which suggests snow accumulation predating the most recent freeze-
up and the influence of multiple warm-air intrusion events during winter. This point information was then
extrapolated to the entire sampling area based on the ice type areal coverage estimated from ship radar images

(Fig. S3), drone orthophoto mosaics, snow depth and ice thickness collected along the transect lines (Fig. S6).
175 2.5. Determination of Photosynthetically Active Radiation (PAR) irradiance

Measurements of transmitted, surface downwelling and upwelling irradiance within the PAR spectral region (as
photon flux density, pmol photons m2 s™') were taken immediately prior to ice—core collection, corresponding to
a local time between approximately 10:00 —14:00. Measurements were recorded with a LI-COR LI-1500 logger
and the upwelling/downwelling surface irradiance was consecutively recorded using LI-COR LI-190R 2n

180 quantum sensor approximately 0.6 m above the undisturbed snow surface and towards the sun. Under-ice
transmitted irradiance was recorded using LI-193 4z underwater quantum sensor supported by a mechanical arm,
which was positioned approximately 0.1 m below the ice—ocean interface and 1 m away from the deployment
hole. Together the values from surface downwelling and under-ice transmitted irradiance were used to determine
point measurements of transmittance (%).

185 The resultant transmittance values were subsequently used alongside hourly All Sky Surface Total PAR (MJ
m~2 hr!) data (NASA Langley Research Center's Prediction Of Worldwide Energy Resources (POWER), version
2.5.22) to calculate hourly under-ice transmitted irradiance throughout the study period. Values were obtained
from the period 19 May through 28 May, 2023 in local time using Latitude 80.9664 N and Longitude 10.2446 E,
with the resolution of the model covering the full sampling area (Fig. S9). For each sampling site, modelled

190 downwelling PAR was scaled using the ratio between in situ LICOR measurements and the corresponding
7
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modelled downwelling value at the time of sampling. The resulting corrected hourly irradiance in the PAR range

time series was combined with measured ice transmittance to estimate hourly under-ice transmitted irradiance.
2.6. Sample Collection
2.6.1. Water collection

195 During each water sampling event (May 18, 21, 24 and 27), discrete water samples were collected from zero (i.e.

sea ice—ocean interface and hereafter referred to as interface water), 0.2, 1, 5, 10 and 25 m beneath the sea ice.

The interface and 0.2 m water were collected using a peristaltic pump (Masterflex), while all other samples were
obtained using a HYDRO-BIOS Ruttner water sampler.

Samples from all depths were analysed in triplicates for inorganic nutrient concentrations, including

200 silicic acid (Si(OH)s), nitrate and nitrite (NO3+NO;), and phosphate (PO,). To assess whether nutrient

concentrations in any interface water source were markedly different from the others, Dixon's Q tests were

conducted separately for each nutrient (n=3) in R (version 2025.09.2+418) using the outliers package. The

analysis was interpreted for differences in nutrient concentrations amongst potentially distinct water masses.

Additional interface water was collected from each water sampling site and filtered through 0.2 pm (Millipore

205 Express Plus Membrane) within 24 h of collection and stored in the dark at room temperature and hereafter

referred to as FSW.
2.6.2. Seaice coring

During each ice coring day (Site 1, 2 and 3) approximately twelve cores were collected using a 9 cm Mark 11
Kovacs core barrel. Sampling for biogeochemical analyses was focused to snow depths of 0.3 m or less, to ensure
210 sufficient light for photosynthesis and make data from various sampling sites more comparable. These cores were
collected and processed following a diluted melt procedure where the bottom 5 cm of ice of five to six ice cores
were pooled together in insulated containers and melted in a dark Coleman cooler box over 24 h with FSW added
at a volumetric ratio of three parts FSW to one part ice (Campbell et al., 2019). These salinity-buffered core
sections are hereafter referred to as the bottom ice and are the basis of biogeochemical analyses within this study,
215 including chl a, particulate organic carbon (POC), particulate organic nitrogen (PON), abundances by flow
cytometry and light microscopy, and NCP. All reported data have been corrected for dilution by measuring the
final melted volume and subtracting the volume of FSW added; the ratio of total to actual ice volume was then
calculated accordingly.
Sea ice cores were also collected for assessment of bulk-ice nutrients and were melted without the
220 addition of FSW. The bottom 0.1 m of these cores was sectioned at a 0.025 m resolution, then melted in darkness
within vacuum sealed plastic bags (Menuett) at room temperature (Hu et al., 2018). Two cores were taken at
approximately 9:00 local time during each sea ice sampling event to measure temperature and bulk salinity.
Temperature was measured immediately after core retrieval using a Testo 720 with robust stainless-steel probe
inserted a few centimeters into the ice, every 5 cm along the core. The salinity core was cut into sections of 0.1 m
225 in length and were melted at room temperature before measurement (WTW Cond 3110 with a WTW TetraCon
325 probe).
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2.7. Laboratory Procedures
2.7.1. Inorganic nutrients, chlorophyll a, and particulate organic carbon

230 Nutrient samples were filtered through combusted 0.7 um Whatman GFF filters using a10% HCI washed syringe
and Swinnex filter holder. The nutrient samples were stored at —20°C in 10% HCI acid washed polypropylene
vials (Falcon) before analysis within four months on a Seal Analytical XY-2 Sampler QuAAtro 39 Continuous
Segmented flow AutoAnalyzer and following thawing at 60°C for 15 mins (Cauwet, 1999; Hansen and Koroleff,
1999).

235 Chlorophyll a, POC and PON were subsampled by vacuum filtration onto non combusted (chl @) and
combusted (POC/PON) 0.7 um Whatman GFF filters, respectively. Chlorophyll a was determined in pseudo-
duplicate by fluorescence following dark extraction in 90% acetone at 4°C for 18—24 hours. A Turner Designs
Trilogy Fluorometer with Chl-A unit was used for measurement at room temperature of blank (90% acetone)
corrected chl a fluorescence before and after acidification with 5% HCI (Strickland and Parsons, 1972). The

240  POC/PON filters were frozen at —20°C before analysis within eighteen months. After thaw, they were dried for
24 hours in a 60°C oven before fuming in concentrated HCI for 24 hours to remove inorganic carbon, followed
by an additional 24 hours in a 60°C oven. Filters were then packed into tin capsules and analysed on a Control

Equipment Corporation 440 Elemental Analyzer (Gordon Jr., 1969).
2.7.2. Flow cytometry and microscopy

245 We defined algal size groups as microeukaryotes (20-200 pm), nanoeukaryotes (2 to 20 pm), and picoeukaryotes
(less than 2 um in size). The abundances of photosynthetic pico- and nanoeukaryotes were analysed by flow
cytometry according to Gasol et al. (2016). Subsamples from interface water and diluted melt were fixed with
glutaraldehyde to a final concentration of 0.1% and then stored at —80°C. Samples were analysed on a BD Accuri
C6 Plus flow cytometer within seven months of collection. Algae populations were identified using forward scatter

250 and red fluorescence.

Samples for determination of abundance and species composition of nano- and microeukaryotic algae in
the diluted bottom-ice melt were fixed with acidic Lugol’s solution at 0.4% concentration (Parsons et al., 1984)
before storage at 4°C and analysed within one year of collection on a Leica Leitz DM IL inverted microscope. Ice
algae were identified to the lowest possible taxonomic rank by size and morphology using Poulin and Cardinal

255 (1983), Medlin and Priddle (1990), and Tomas (1997) as references. Due to preservation constraints, flagellated
taxa were grouped into a single “flagellates” category for analysis. Cells were assigned to protist groups of pennate

diatoms, centric diatoms, dinoflagellates, flagellates or other (Campbell et al., 2018).
2.7.3. Collection and growth of cultured algae

Additional NCP experiments were conducted on sea-ice algal species, that had been collected and isolated on the
260 2025 MicroSHIFT project cruise north of Svalbard and subsequently cultured at UiT The Arctic University of
Norway. Mixed community cultures were collected from the bottom 0-5 cm of sea ice after slow thaw. Single
cell algae isolates were extracted for monocultures of Nitzschia frigida and Pseudonitzschia sp. into sterile F/2

growth media containing silicic acid (Andersen, 2005). These were grown at 4°C (INCU-Line 150R Premium

9
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Incubator) and 30 pmol photons m™ s~! for five months prior to use. These incubations were conducted to
265 determine if highly abundant species within the most dominant functional group observed (pennate diatoms) in

the ice would contribute differently to NCP rates.
2.7.4. Net community Production (NCP)

Following Campbell et al. (2016), oxygen-based photosynthesis-irradiance (PI) curves were constructed from
incubations on the pooled bottom-ice samples and cultured algae. We modified the original procedure which used
270 four 4500 ml incubation flasks to measure the rate of oxygen consumption or production (i.e. NCP) by using eight
to ten 120 ml airtight glass bottles with Pyroscience robust oxygen optodes. Bottom-ice samples were incubated
with light intensities ranging from 0 (dark bottle) to 240 pmol photons m s™! measured with a Walz US-SQS/L
scalar PAR irradiance probe and logger (Walz model ULM-500). Bottom-ice samples were pre-filtered with 350
pm Nitex mesh to remove potential grazing organisms and incubations were 14-80 hours long.
275 For the cultured algae, experiments were conducted in exponential growth phase (Fig. S4), at a specific
growth rate of 0.24 d'. Chlorophyll @ concentration was determined at the time of transfer to the incubation
bottles, with the exception that samples were not pre-filtered through Nitex mesh. Samples were incubated for 86
hours at seven light intensities ranging from 0 up to 327 umol photons m2s™'.
Oxygen optode sensors were calibrated prior to each incubation using 0% and 100% dissolved oxygen
280 standards of 0.17 M sodium dithionite (Na,S,04) and air saturated seawater, respectively (Bagshaw et al., 2011).
Temperature measurements within each incubation chamber were taken by a Pyro Science temperature probe and
ranged from —1.1 to —1.4°C over the different sampling events but were constant throughout each incubation. The
oxygen concentration was recorded for each bottle continuously at 2 second intervals under stirring, and hourly
averages were calculated. The NCP for each bottle was calculated (umol O> I"' h™") from the slope of the linear
285 change in oxygen concentrations from the starting concentration (T), with changes in the black bottle representing

dark respiration.
2.8. Model fitting and estimates
2.8.1.  Curve fitting for net community production

Photosynthesis—irradiance curves were fitted using non-linear least squares regression in Matlab version R2024b
290  software, applying the exponential model of Jassby and Platt (1976), and the photoinhibition model of Platt et al.
(1980) as modified by Arrigo et al. (2010). Photosynthetic parameters were calculated relative to chl a biomass
for the bottom ice at each site and included:
P¢, maximum photosynthetic rate (mol Oz [g chl a]™' h™!)
a*, photosynthetic efficiency (mol Oz [g chl @] h™! [umol photons m2 s7']™)
295 P, uptake or release of O, at zero irradiance (mol O; [g chl a]™' h™)
I¢, compensation irradiance (pmol photons m2 s™")
I, the photoacclimation parameter (umol photons m=2 s™!)

B, photoinhibition effect (mol O, [g chl @]' h™! [umol photons m2 s~']™")
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300 For the field data, hourly NCP rates were computed from transmitted PAR irradiance (Sect. 2.5) and the
above exponential model (Arrigo et al., 2010) and summed over 24 h to obtain daily rates (mmol O, m2 day™").
Oxygen production values were converted to carbon fixation rates using a CO»:0; ratio of 1.2, assuming 1.2 moles
of CO, fixed per mole of O, produced (Fenchel and Glud, 2000). Carbon fixation rates were subsequently

converted from molar units to milligrams of carbon.
305 2.8.2.  Vertical flux estimation

The dissipation rate of turbulent kinetic energy per unit mass, €, was estimated using the isotropic relation and
by integrating the turbulent shear spectra. Shear spectra were calculated using record lengths of 6 s (sliding by 3
s) and FFT lengths of 2 s (50% overlapped). Vibration-coherent noise is removed using the method of Goodman
et al. (2006). A final dissipation rate estimate is obtained by averaging the estimates from the two probes when

310  they agree within 95% confidence intervals (Lueck et al., 2022), or the minimum estimate if they do not. The
noise level of the dissipation rate measured by the MSS is about 1-3.10~ W kg™!. Ocean microstructure

measurements are available from Koenig et al. (2026). The turbulent heat flux Fy; (in W m) was calculated as:

Fu = —poCoky 2o )

Where p, = 1028kg m™ is the seawater density, C, = 3991.9J kg™! K! is the specific heat of seawater, 0 is the

315 background temperature and K, is the diapycnal eddy diffusivity. We thus assume that turbulence diffuses the

fine scale temperature gradient at the same rate as the density gradient. The sign convention is that positive heat

fluxes correspond to upward heat fluxes in the water column. An upper bound for diapycnal diffusivity was
obtained using the Osborn (1980) relation:

K, =T )

320  With the mixing coefficient set to I =0.2, the recommended value for the oceanic applications (Gregg et al., 2018).

The buoyancy frequency or Brunt Vaisala frequency, N, was calculated using N? = —pi% where g is the
0

gravitational acceleration and oy the potential density anomaly referenced to surface pressure. Background

vertical gradients (for temperature and density) were taken over a 10 m length scale.

325 Using vertical gradients between successive depths of water sampling vertical separation, we obtain
"coarse" turbulent fluxes of nitrate (here NO3+NO;). The coarse turbulent nitrate fluxes, Fyo, (in pmol m2s?!)

are estimated as:

ACNo,

Frno, = _Poﬁ Az 3)

330 Where Cyo, is the nitrate concentration. To be consistent with the coarse vertical spacing between the consecutive

sampling depths Az of nitrate concentration estimates, K,, is obtained by averaging K, over Az. The discrete

ACNo,
A

estimate of the gradient between two nitrate data points, .

, resulting estimates of nitrate fluxes are assigned

to the mid-depth between two water sampling depths.
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335 2.8.3. Floe wide net community production estimate

Provided the known link of NCP to light availability (Castellani et al., 2022), it is interesting to consider the
metabolic balance of NCP at the floe scale. Following the exponential decay framework of Veyssiére et al.

(2022), total under-ice transmittance can be expressed as a function of snow, ice, and algal attenuation:

340 Ty = (1 — ag)e™ Kshs ~*ihi —xBdz 4)
Where K is the snow extinction coefficient (m™), h; the snow depth (m), Ty the light transmission, a4 the snow
albedo, k; is the sea ice extinction coefficient (m™), h; the ice thickness (m), kgis the is the spectral attenuation

coefficient due to algae in the bottom ice (m™') and &, is the thickness of the algal layer (m™).

345 Assuming stable ice optical properties and negligible changes in basal absorption due to algal biomass,
variability in transmittance can be attributed primarily to changes in snow depth and albedo. Such a simplification
is motivated by the much higher optical extinction of snow relative to sea ice, meaning relatively small changes
in snow thickness can strongly influence under-ice irradiance (Grenfell and Maykut, 1977; Fukami et al., 1985;
Katlein et al., 2019). Under these assumptions, “Eq. (5)” reduces to an exponential dependence on snow thickness

350 alone “Eq. (6)”, using our measured transmittance:

T, (1—as)e_"5h2"‘ihi_"352 5
E - (1—ag)e™ ¥shi = Kihi—kpdz ()
T2 _ ,—ks(ha—h
r= e~ Ks(hz = h1) (6)

Where T, is the transmittance where NCP becomes negative, T; is the measured transmittance, h, is the measured

355 snow depth (m) and h, is the unknown snow depth (m).

While this approach neglects variability in ice optical properties and snow structure, it provides a useful
framework for evaluating the influence of snow depth on under-ice light transmission and NCP estimates.
Assuming a median literature snow attenuation coefficient of kg= 20 m™' (Mundy et al., 2005; Perovich, 2007;

360 Veyssiere et al., 2022), we estimated the snow-depth threshold at which modelled NCP becomes negative. To do
so, we first determined the reduction in PAR transmittance required to decrease the 24-hourly irradiance values
used in the NCP calculations such that the resulting daily NCP equalled zero. This yielded a threshold
transmittance (T,). We then used “Eq. 6”, together with Ty, hy, and the assumed k, to solve for the snow depth
(h;) required to produce T,. Snow depths greater than h, were therefore predicted to result in negative daily NCP,

365 allowing us to estimate the relative extent of net autotrophic and net heterotrophic conditions across the study

region of the floe.

3. Results

3.1. Environmental conditions

The wind speed varied between approximately 2 to 18 m s™! throughout the drift. Sustained winds over 15 m s

370  were observed from 25 May 1:00 lasting until 26 May 12:00 (Fig. 2). They meet the criteria of a storm (Cohen et
12
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al., 2017) and accelerated the floe's southward drift, with speeds exceeding 0.53 m s™'. From 19 May, the air
temperatures increased from —6.8°C to near zero by 22 May (Fig. 2). Temperatures peaked at 3.9°C midday on
24 May before the storm system arrived (Fig. 2). Temperatures then began to drop, reaching a minimum of —

10.5°C at the end of the storm period, when temperatures then began to increase again (Fig. 2).
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Figure 2: Hourly averaged atmospheric conditions measured above the ice during the sampling period including,
(a) air temperature (°C) and (b) windspeed (m s™).
380 Hydrographic conditions varied among sampling sites, with differences in temperature and salinity

observed within the upper 200 m of the water column (Fig. 3). At Sites 1 and 3, AW (T > 2°C; Sundfjord et al.,
2020) occupied depths between approximately 100 and 200 m, and the mixed layer depth was 80 m. In contrast,
Site 2 was characterized by a shallower mixed layer (30 m) and a warmer AW core, with temperatures reaching
2.8°C (Fig. 3).
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Figure 3: Hydrography of the upper water column over the duration of the study while located in the different
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390

395

400

405

oceanographic regions of YP: Yermak plateau. SD: Sofia Deep. CS: Continental Slope, including: (a)
Temperature and (b) Salinity, (c) Nitrate + nitrite (NO3+NO>), (d) Phosphate (PO4) and (e) Silicic acid Si(OH)s.
Note that panels (c), (d) and (e) show the upper 25 m of the water column (indicated by the pink thick dashed line
in panels (a) and (b)). The grey dots in panels c—e are the depths that water was collected at 0, 0.2, 1, 5, 10 and 25

m beneath the sea ice.

The nutrient concentrations in the water column varied throughout the drift (Fig. 3c—¢), along with the
differences in the origin of the AW. The under-ice water concentrations in the upper 25 m were 3.7-4.1 pmol L~
"and 7.4-9.5 umol L' for Si(OH)s and NO3+NO,, respectively. Phosphate concentrations were between 0.6 to
0.7 umol L. Site 3 exhibited a significantly elevated NO3+NO, concentration in the interface water relative to
the other sites (Dixon's Q test, p = 0.04). Silicic acid decreased over sampling but not significantly while PO4
interface water concentrations were not changing significantly (Dixon's Q test, p > 0.05).

The diapycnal diffusivity was enhanced in the upper 30 m of the water column and was at the noise level
below that depth (not shown). The diapycnal diffusivity was significantly larger in the upper 25 m of the water
column as the storm ended (around 102 m~ s! on 26 May) before decreasing to values similar to the beginning
of the drift (around 10~ m™ s~! on 27 May; Fig. 4). The heat fluxes averaged in the upper 5 m of the water column
were 2 W m at the beginning and at the end of the drift, and 18 W m™ as the storm ended (Fig. 4). The nitrate
fluxes at the sea ice—ocean interface were larger right after the storm (0.15 mmol m~ d™') and were close to zero

otherwise (Fig. 4).
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Figure 4: Vertical Profiles of Diapycnal Diffusivity K,,, Turbulent Heat Flux Fy;, and Turbulent Nitrate Flux Fy,,.
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(a) Diapycnal diffusivity, (b) Vertical turbulent heat fluxes and (c) vertical nitrate (nitrate+nitrite) turbulent fluxes
410 in the upper 25 m along the duration of the drift (18 May to 27 May, from dark blue to yellow). A storm event
began early on 25 May and ended by mid-afternoon on 26 May.

The transects of the study region on the floe showed average snow depths from 0.17 £ 0.11 m to 0.31 +
0.14 m over FYI, and 0.42 + 0.17 m to 0.48 + 0.20 m over SYI, with sea ice thickness ranging 1.75-2.05 m in
415 FYIand 1.65-1.85 m in SYI (Table S1). It is likely the FYT area at the study floe formed in the beginning of the
winter (October to January) in a refrozen lead (Fig. S1). Heavy snowfall occurred in the first half of the winter,
resulting in differences in snow accumulation between SYI and FYT (Fig. S1). Additional snowfall in April/May,

caused snow cover on both ice types to become similar through wind established equilibrium.
Based on the bulk salinity from the sea ice cores (Fig. S2), snow pits and transect data, we estimate that
420 70% of the research area on the floe consisted of SYI, while the remaining 30% was seasonal FYI formed from a
frozen lead (Fig. S3). It was estimated that Site 1 ice samples were FYI, while Sites 2 and 3 were of SYI. The
physical characteristics of the biogeochemical ice sampling sites of the floe are summarized in Table 2. Three

sites were sampled for ice, with the comparison of two adjacent sites of differing snow depths at Site 2.

425 Table 2 Snow depth and ice thickness from biogeochemical ice coring, concentrations of particulate organic

carbon and nutrients in the bottom—ice

Site / POC PON NO;+NO, PO4 Si(OH)4
ice type Snow depth (cm)  Ice thickness (cm) (mg L") (mgL"') (umolL"') (umolL')  (umolL™)
1/ FYI 9.1+ 1.5 206.1 + 1.8 5.73 0.85 3.57 0.84 1.00
2/8Y1 299+09 130.7+2.3 3.62 0.58 537 0.46 0.55
2/8YI 17.3+2.5 138.7+£22 272 0.43 321 0.46 0.97
3/8SYI 229+21 143.9+3.0 2.86 0.50 2.14 0.39 0.44

3.1. Algal abundance and taxonomy in the bottom—ice

Total photosynthetic cell abundance (flow cytometry) in the bottom ice was highest at Site 1 with approximately
430 90 x10° cells mI™! and lowest at Site 3 with 36 x10* cells mI™! (Fig. S7). The largest differences in abundance
were observed in the nanoeukaryote size class, which ranged from 66 x10* cells ml™! (Site 1) to 20 X 103 cells mI~
! (Site 3). Abundances of microeukaryote (23 X 10° cells ml™! to 15 x10° cells ml™") and picoeukaryote (1.4 X103

cells ml™! to 0.7 X 10° cells mI™!) were also observed to be lower between Sites 1 and 3 during sampling.
Based on light microscopy, the most common taxonomic group at all sites were pennate diatoms,
435 contributing 58-73% of the microalgal community abundances (Text S1). Centric diatoms contributed
consistently 12—13%, flagellates 9-23% (with the largest percentage being at the Site 2 thin snow), and
dinoflagellates 3—7%. The most common genus was Nitzschia spp., with the colony forming Nitzschia frigida,
making up 21-28% of the pennate community combined. Pseudonitzschia spp. was highly abundant (20% of the
pennate diatom population) at Site 1 but contributed only 3—6% to the pennate community on other sampling

440 dates.
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3.2. Net community production (NCP) in the bottom—ice

The PI parameters derived from the NCP models are shown in Table 3. The average I was 2.68 + 0.81 umol

photons m™2 s~!, with all sites demonstrating photoinhibition (Fig. S8).

445
Table 3. Photosynthesis—irradiance (PI) parameters for bottom—ice incubations
Site / . Daily integrated Chlorophyll a
) @ (X107 I Iy P; (X107 PE(X107) (X107
ice type NCP (mgm™)
1/ FYI 1.80 2.86 7.28 0.452 1.31 0.66 0.74 7.07
2/8SYI 3.57 1.72 9.63 0.579 3.44 8.87 0.37 557
thick snow
2/8YI 2.13 3.67 10.04 0.700 2.14 6.42 -0.27 5.01
thin snow
3/8YI 5.47 2.48 11.55 1.252 6.31 3.31 3.21 3.93
a*, photosynthetic efficiency (mol O> [g chl @] h™' [umol photons m™2 s~'™)
I¢, compensation irradiance (umol photons m=2s™")
I, the photoacclimation parameter (umol photons m2s™!)
450 P, production at zero irradiance (mol O [g chl a] ' h™!)

P¢, maximum photosynthetic rate (mol O [g chl a]! h™')
B, photoinhibition effect (mol O, [g chl @]! h™! [umol photons m~ s~']™")

NCP, net community production (mmol O, m2 d")

455 Daily bottom-ice NCP, calculated from the PI parameters (Table 3) and hourly transmitted irradiances in the PAR
range (Table S2 and Fig. S9), was highest at Site 3, with Site 2 showing the lowest estimates. The NCP was
generally positive (i.e. net production of oxygen) except at Site 2 under thin snow where it was negative (indicating

net consumption of oxygen).
3.3. Laboratory experiments relative to field incubations

460 Algal PI responses for the two cultured species were very similar (Table 4 and Fig. S10). The a* (1.29 + 0.33
%1073 mol O, [g chl a]™ h™! [umol photons m™2 s7']™") were lower than those of the bottom-ice communities, while
the I (average 6.60 £1.83 umol photons m? s™') and I (22.13 + 5.61 pmol photons m~2 s™!) were higher (Tables
3 and 4). Values of P¢ (2.77 £ 0.01 X102 mol O, [g chl a]™! h™') and P§ (0.74 £ 0.02 x 1072 mol O [g chl a] ! h~

') were intermediate to the bottom-ice values, being lower than Site 3 sampling (Tables 3 and 4).

465
Table 4. Photosynthesis—irradiance (PI) parameters for cultured incubations
. Chlorophyll a
Culture a* (X107) I Is Py (X107)  P5 (X102 BT (X109
(ugL")
Nitzschia frigida 1.06 7.89 26.09 0.753 2.76 0.71 79.8
Pseudonitzschia sp. 1.53 5.31 18.17 0.727 2.77 0.29 73.0

a*, photosynthetic efficiency (mol Oz [g chl a]™' h™! [umol photons m?2 s~'])
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I¢, compensation irradiance (umol photons m=2 s7')

I, the photoacclimation parameter (umol photons m=2 s™')
470 P, production at zero irradiance (mol O> [g chl a]™' h™")

P¢, maximum photosynthetic rate (mol Oz [g chl a]™' h™")

B, photoinhibition effect (mol O, [g chl @]! h™! [umol photons m= s~'T™)
3.4. Floe-wide net community production estimate

Daily NCP was predicted to become negative when snow depth increased from 0.17 m to approximately 0.26 m,
475 reducing transmittance from 2.56% to a critical threshold of 0.40%. This reduction lowered under-ice PAR
irradiance from 7.03-22.3 to 1.10-3.49 pumol photons m™ s™'. Snow depth remained relatively constant over SYI
but increased over FYI following the storm (Table S1). On 27 May, snow depths less than 0.30 m were observed
predominantly over FYT, where mean snow depth was 0.31 + 0.14 m, and FYI comprised approximately 30% of
the study area (Sect. 3.1.). Applying the snow-depth threshold for negative NCP (0.26 m) to the observed snow
480 distribution indicated that less than 1.1 x 10° m? of the study area could support net autotrophy, whereas

approximately 2.5 x 10° m? was predicted to remain net heterotrophic.

4. Discussion: drivers of the variability in the algal community.

Throughout the drift, under-ice NO3+NO, concentrations and transmitted irradiance varied, both of which are
important controls on sea-ice algal production (Castellani et al., 2017; Leu et al., 2015). As NO3+NO; availability
485 and irradiance varied over time, we observed changes in the magnitude of chl a concentration and NCP, driven
by the combined influence of these environmental factors. In addition, the occurrence of a storm introduced further
changes, modifying conditions of the ice floe and underlying water column. Here, we examine the individual roles
of changing sub-ice nutrient dynamics, shifting light regimes, and the impact of the storm event forcing in shaping

the observed patterns of ice algal biomass and production.
490 4.1. Nutrient dynamics under the ice

Nutrient conditions for ice algae and phytoplankton in the Arctic Ocean are often considered limiting due to
stratification and supply of nutrients relative to biological demands (Bluhm et al., 2015; Ahmed et al., 2025). The
continental slope and adjacent Yermak Plateau region north of Svalbard have the potential for enhanced primary
production due to the proximity of nutrient-rich North Atlantic surface waters, which stimulate the growth of both
495 ice algae and phytoplankton (Assmy et al., 2017; Ehrlich et al., 2021). In addition, the nearby continental shelves
may serve as a source of algal cells, facilitating their transport and colonization of sea ice in the region (Oziel et
al., 2020). However, upward heat flux from AW, particularly in open and semi-open ocean regions, contributes
to sea-ice melt in both the Eurasian Basin and the Barents Sea (Duarte et al., 2020). This influence is expected to
intensify in the coming years due to ongoing Atlantification of the Eurasian Basin and global warming (Ingvaldsen

500  etal., 2021).
We observed differences in NO3+NO, but consistent PO4 and an insignificant decrease in Si(OH)4

concentrations in the upper 25 m of the Polar Surface Water as the study floe first drifted north-eastward and then

18
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south-westward (Fig. 3). These observations suggest that differences in nutrient concentrations within the Polar
Surface Water were influenced by the nutrient characteristics of the underlying AW, which were transmitted
505 upward through vertical mixing. Differences in concentrations may be a result of known differences in the
NO;+NO; concentration between different branches of the underlying Atlantic waters as they flow north of
Svalbard (Koenig 2021). Here, the Yermak Pass Branch and the Yermak Branch (Site 1) featured the lowest
NO;+NO; concentrations in the upper 25 m. Site 2 (Sofia Deep) was more influenced by water from the Atlantic
Water Boundary Current, with NO3;+NO, concentrations intermediate between the Yermak and Svalbard
510 branches, reflecting mixing between these two sources. Site 3 was enriched in NO3+NO, compared to the other
sites (Dixon's Q test, p = 0.04), it was influenced by the Svalbard Branch, which originates from west of Svalbard
and is younger than the water found over the Yermak Plateau (Fig. 1a; Koenig et al., 2017; Meyer et al., 2017a).
Although nitrate is often considered the primary limiting nutrient for phytoplankton growth in AW
(Krisch et al., 2020), there was evidence of Si(OH)4 limitation in our study, consistent with previous findings
515 (Duarte 2021; Renner, 2023). Relative to expected stoichiometric Redfield ratios (Brzezinski, 1985), N:Si ratios
in the sea ice and under-ice water of this study were elevated, and Si:P ratios were lower. Given the bottom ice
consistently exhibited higher N:Si and lower Si:P ratios than the underlying water column (Table S3), it is likely
that Si depletion within the ice was due to biological incorporation into the frustules of diatoms, which were the
dominant taxonomic group (Text S1). Consistent with these ratios, bottom-ice nutrient concentrations normalized
520  to interface-water salinity showed Si(OH)4 depletion, except at the thin-snow site (Table S3). Variability in AW
influence likely contributed to these patterns, with high N:Si and low N:P ratios indicating potential co-limitation

by nitrogen and silicate (Table S3) (Krause et al., 2018; Vonnahme et al., 2021).
Despite indications of potential Si(OH)s limitation across all sites, we found little evidence that
variability in Si(OH)s availability explained differences in productivity. Although Site 1 exhibited the
525 highest interface-water Si(OH)4 concentrations, Si(OH)s concentrations differed little among sites. However, Site
1 was distinguished by the lowest NO3+NO, concentrations, highest POC:PON molar ratio (7.91), and the lowest
Ps. Together, these observations indicate lower productivity and reduced incorporation of organic nitrogen at the
time of sampling. In contrast, Site 3 exhibited higher NO3;+NO, interface water concentrations, coinciding with
lower POC:PON ratios (6.67) and elevated Pg, suggesting that nitrogen was not limiting at this site and a stronger
530 influence of nitrogen availability on productivity (Geider & La Roche, 2002). This interpretation is further
supported by salinity-normalized bottom ice nutrient concentrations indicating enrichment of NO3+NO in the
bottom ice relative to expected stoichiometric relationships with Si(OH)4. Previous studies have shown that
diatoms can reduce their cellular silica requirements under elevated environmental N:Si ratios, thereby alleviating
Si(OH)4 limitation (McNair et al., 2018). Increased NO3+NO; availability may facilitate this response by
535 supporting the protein requirements of silicic acid transport systems (Durkin et al., 2013), and reduced Si(OH)4
availability does not necessarily constrain phytoplankton growth (Thielecke et al., 2026). Collectively, these
observations suggest that NO3+NO, availability exerted a stronger influence on productivity than Si(OH)4

availability during our study.
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540 4.2. The changing light environment of bottom ice communities of first year- and second year ice

Chlorophyll a concentrations in the present study (75-130 pug L") were approximately one to two orders of
magnitude higher than previously reported values (<0.5 — 9 ug L") in April-June for the region (Kowalczuk et
al., 2017; Olsen et al., 2017; Ehrlich et al., 2020). However, part of this difference likely reflects methodological
variation among studies. Kowalczuk et al. (2017) integrated chl a over the bottom 20 cm of the ice, while Ehrlich

545 et al. (2020) and Olsen et al. (2017) sampled the bottom 10 cm of SYI. In contrast, our measurements were
restricted to the bottom 5 cm of both FYI and SYI. Nevertheless, the substantially higher concentrations observed
here suggest considerable interannual variability in ice algal biomass.

The study floe consisted of older SYI with a snow cover that was, on average, approximately 0.2 m
thicker compared to FYI locations. Given the strong negative relationship between ice—snow thickness and light

550 transmission (Nicolaus et al., 2013), the differences in ice thickness and snow cover associated with ice age across
our floe would have drove variability in light environment that is likely reflected by the variability in bottom-ice
chl a. Here, the highest chl a (7 mg m™) was in the bottom of FYI sampled under 0.09 m of snow at Site 1, while
values were 10-43% lower at the SYT Sites 2 and 3, which had thicker snow covers of about 0.17 to 0.30 m.

We also observed variability in the community composition amongst sites/ice ages, though pennate

555 diatoms dominated all bottom-ice communities (Supp. Text 1). The FYI site contained a greater abundance of
nanoeukaryotes, primarily small pennate diatoms, than the SYT sites (Supp. Text S1). The community composition
of Site 1 (FYI) had a higher proportion of Pseudonitzschia spp. compared to the other sites where N. frigida was
more abundant. This difference may have driven NCP variability between sampling sites (Rochet et al., 1986;
Campbell et al., 2022). However, in our laboratory experiments of Pseudonitzschia spp. versus N. frigida, their

560 PIresponses were nearly identical under the same growing conditions (Table 4), and as a result, species variability
was unlikely to be the main driver of NCP variability between these sample sites.

Bottom ice communities in the northern Barents Sea and coastal Arctic are often dominated by Nitzschia
frigida (Lewis et al., 2026), comprising more than 75% of total cell abundance in ice thicker than 120 cm and
showing a significant positive association with snow depth (Hegseth & von Quillfeldt, 2022). In contrast, other

565 diatom taxa may become dominant under conditions of greater light availability and nutrient supply (Hegseth &
von Quillfeldt, 2022). This suggests that species differ in their environmental optima and that shifts in community
composition may reflect changes in competitive advantage under varying environmental conditions (Croteau et
al., 2021; Croteau et al., 2022). The similar physiological responses observed in our nutrient-replete monoculture
experiments indicate that species turnover within the diatoms may have limited consequences for NCP when

570 environmental conditions select for the most competitive species. We suggest that variability between taxonomic
groups (i.e. especially between different snow covers at Site 2) was likely important for the magnitude of NCP,

whereas variability within a taxonomic group (i.e. between species) was not.
4.2.1. Net community production due to light availability

Sampling of two adjacent snow covers (thick and thin) over SYT at Site 2 highlights the spatial variability in both
575 the magnitude of NCP across the study floe. Although under-ice water NO3+NO, concentrations were higher than
at Site 1, NCP was lower, suggesting that nutrient availability was not the only factor limiting production at this

site. Instead, the thick snow cover, low downwelling irradiance on the sampling date, and accumulation of

20
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NOs3;+NO> in the bottom ice suggest that the bloom was at an earlier stage of development and had not yet

progressed to nutrient limitation (Fripiat et al., 2017; Henley et al., 2020). The relatively elevated NO3;+NO;

580 concentrations in the bottom ice beneath the thicker snow cover may also reflect enhanced nitrification under low-
light conditions (Shiozaki et al., 2019; Clark et al., 2020), or intracellular nutrient storage (Mundy et al., 2025).

In contrast, NCP was negative beneath the thinner snow cover despite greater light availability. We

hypothesize that the community composition at this site could have been a factor in driving the net heterotrophic

conditions. Here, we documented a higher relative abundance of flagellate cells (Supp. Text S1), which are

585 typically comprised of heterotrophic and/or mixotrophic taxa. This scenario is further supported by the thin-snow

site being the only location where salinity-normalized bottom-ice Si(OH)4 concentrations exceeded those of the

ice—water interface (Table S3), potentially suggesting limited uptake of this diatom-associated nutrient.

Additionally, incident irradiance on the sampling date was more than 30% lower than during previous sampling

periods because of heavy cloud cover, which further reduced the calculated daily integrated NCP. These

590 observations highlight how variability in community composition and snow cover may collectively influence sea-

ice NCP.
4.2.2. Photoacclimation under variable snow cover

Due to the inherent variability in sea ice algal PI parameters (Barlow et al., 1988; Kvernvik et al., 2021), and our
limited sampling of three locations, it is challenging to draw conclusions on the drivers of spatiotemporal
595 variability in algal photophysiology. However, we do find examples of PI responses that likely represent light
acclimation. The thinnest snow cover was at Site 1, corresponding to the lowest a* (Table 3), which is
characteristic of algal photoacclimation to increasing light intensities (Cota, 1985; Wolf et al., 2022).
Photoinhibition was also lowest at this site, indicating a tolerance of comparatively high light exposure (Lund-
Hansen et al., 2020). These findings were further corroborated by the relatively high—light acclimated laboratory
21

600 culture incubations, which were initially grown at 30 pmol photons m , and produced similar a* and f values.

4.3 Short-term drivers of bottom-ice communities: Storms

The storm event on 25-26 May represented a period of intense short-term forcing that altered both the physical
and biological conditions at the ice—ocean interface. Enhanced water-column mixing during the storm, reflected
by elevated diapycnal diffusivity (Fig. 5), increased upward nutrient fluxes into the bottom ice and likely enhanced

605 nutrient availability for bottom-ice algal communities. In particular, the large flux of NO3+NO; into the ice on 26
May suggests that the storm was an important driver of nutrient supply to the bottom ice. While increased
NO;+NO; availability at Site 3 reflected the influence of the underlying Svalbard Branch of AW on the overlying
surface waters (Sect. 4.1), storm-driven mixing associated with the rapid southward drift of the floe likely
reinforced this nutrient enrichment on short timescales.

610 Evidence for a biological response to the enhanced nutrient supply at Site 3 is evidenced by greater NCP
here than at the other Site (Table 3). The combination of elevated water-column NO3;+NO, concentrations and
increased nutrient flux during the storm likely contributed to this enhanced production, consistent with modelling
studies highlighting the importance of turbulent nutrient supply for sustaining ice algal production (Duarte et al.,

2022). When converted to carbon units, daily net community production at Site 3 reached 46.3 mg C m2 d!,
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615 exceeding the highest previously reported primary production rates from this region (34.5 mg C m2 d'; Ehrlich
et al., 2021). The higher values of a”, Is, and Ps at Site 3 further support the influence of greater nutrient
availability, as these photophysiological parameters are known to increase under nutrient-replete conditions
(Campbell et al., 2016).

At the same time, the storm likely contributed to the loss of algal biomass from the bottom ice. Prior to

620  the storm, above-freezing air temperatures and a warming snowpack (Fig. S5) had produced a nearly isothermal
ice column at Site 3 (Fig. S2), with visual evidence of bottom ice melt (pers. Comm. P. Itkin). Storm-driven heat
fluxes into the ice (Fig. 5) would have further weakened the skeletal layer and promoted basal melt. This
interpretation is supported by the simultaneous occurrence of elevated productivity and lower algal biomass (Table
3), a pattern previously observed during periods of bottom ice deterioration when active production continues

625 despite ongoing biomass loss (Demers et al., 1989; Rysgaard et al., 2001; Lavoie et al., 2005). Although the
relative contributions of basal melt, brine drainage, and turbulent mixing cannot be distinguished here, each of
these processes can increase the connectivity of the ice matrix or physically dislodge cells from the ice, thereby
facilitating the release of sea-ice algae to the underlying water column. Such release is recognized as an important
source of carbon export in the region (Dybwad et al., 2022).

630 The storm also modified snow conditions. Snow accumulation increased on FYI while remaining
relatively unchanged on SYI (Table S1), consistent with storm-driven snow redistribution processes (Mallett et
al., 2022). Following the event, snow depths became more uniform across the floe, reducing light availability over
FYI Concurrently, FYI experienced a decrease in ice thickness whereas SYI thickness remained relatively stable,
indicating enhanced basal melt of FYI (Table S1). The higher salinity of FYI lowers its melting point, while

635 thinner snow cover provides less insulation (Merkouriadi et al., 2020), likely increasing its susceptibility to melt.
These effects made the initially higher algal biomass in FYT particularly vulnerable to loss during the period of
elevated heat flux. Together, these observations suggest that spring storms can simultaneously enhance nutrient
supply and productivity while accelerating biomass loss through warming, melt, and physical disruption, with

potentially stronger impacts on FYI than SYI.
640 4.3. Floe-wide NCP estimate

Despite the temporal and spatial heterogeneity in sea-ice NCP observed across our study floe, it remains necessary
to estimate production at larger spatial scales. Because the under-ice light field is highly heterogeneous (Lange et
al., 2016), spatially averaged PAR measurements provide a more representative characterization of light
availability than individual point measurements (Matthes et al., 2020). We therefore used the observed snow-
645 depth averages to upscale our auto- heterotrophy threshold analysis across the floe, as snow thickness controls
under-ice irradiance and thus whether bottom-ice communities are predicted to be net autotrophic or net
heterotrophic. Applying the calculated critical snow-depth threshold of 0.26 m suggested that net autotrophy was
likely concentrated in FYI regions, whereas much of the SYI area remained net heterotrophic (Table S1). We
estimated floe-wide NCP during a period of relatively higher observed downwelling irradiance and following
650 elevated nitrate flux into the ice, conditions that were relatively favourable for sea-ice algal productivity. Although
we acknowledge that rates may vary with community composition and local environmental conditions across the

floe, based on this approach, we estimate that the study region was likely net heterotrophic during sampling.
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Though estimates of snow depth across the Arctic are limited, average April snow depths have been estimated

at approximately 17 cm on FYI and 27 cm on SYI (Kwok et al.,, 2020). These values are consistent with our
655 observations of thinner FYI snow covers, indicating that autotrophic light conditions are more likely to occur

under FYI. During our study, snow thickness remained relatively unchanged on SYI, whereas storm-driven

redistribution increased snow accumulation on FYI. Snow redistribution acts to equilibrate snow cover between

adjacent ice, particularly in rough SYI where snow thickness is highly variable (Mallett et al., 2022). Because

snow depth strongly regulates light transmission through sea ice, these redistribution events can alter NCP by
660 shifting the balance between photosynthesis and respiration.

Recent studies highlight that sea-ice ecosystems can remain net heterotrophic under a range of environmental
conditions. Campbell et al. (2022) reported consistently heterotrophic conditions across both FYT and multiyear
ice floes, whereas McKay et al. (2026) found that regional patterns of autotrophy and heterotrophy depended
strongly on sub-ice mixing. Our observations further emphasize that algal biomass may continue to accumulate

665 even when community respiration exceeds gross photosynthetic production, indicating a decoupling between algal
growth and net community metabolic balance. Such conditions may arise when heterotrophic respiration is
supported by previously produced or allochthonous organic matter (Dezutter et al., 2020; Raymond & Bauer,
2001), or when short-term measurements capture transient periods of net heterotrophy within a broader interval

of positive algal growth (del Giorgio et al., 2005).

670 5. Conclusions

We observed distinct nutrient regimes within the water column as our study floe drifted, with corresponding
impacts on NCP in bottom-ice communities. In cases of Si—N co-limitation, nitrate availability may exert a greater
control on productivity and photoacclimation. These findings highlight the importance of nutrient fluxes, rather
than nutrient concentrations alone, in regulating sea-ice productivity, with enhanced nitrogen delivery potentially
675 supporting increased production. Changes in the light environment further influenced chl a accumulation and the
balance between heterotrophic and autotrophic processes across different ice ages. Even when nutrient
concentrations are high, rapid environmental changes such as cloud cover can shift NCP towards heterotrophy.
Given the complexity of the natural sea-ice environment, it remains challenging to disentangle the relative
importance of these interacting drivers on algal community dynamics. However, this dataset provides an excellent
680 foundation for future modelling efforts aimed at identifying the primary controls on the system.

Our results demonstrate that sea-ice NCP is highly dynamic and spatially heterogeneous at the floe scale
in spring. The findings of this study also underscore the influence of upward nutrient and heat fluxes on sea ice in
the region north of Svalbard. The high rate of NCP observed during the storm event, which exceeded the limited
previous productivity estimates available for the region, suggest that episodic mixing events may contribute

685 substantially to sea-ice production. Determining the frequency and spatial extent of such storm-enhanced
production will be critical for assessing its contribution to regional sea-ice productivity and whether these
processes may become increasingly important farther into the Eurasian Basin as Atlantification strengthens. While
increased oceanic exchange can enhance nutrient delivery to bottom-ice algae, the associated heat fluxes may
promote basal melt and reduce overall sea-ice community size, underscoring the potentially contradictory effects

690 of mixing on sea-ice ecosystem productivity (Campbell et al., 2014; Renner et al., 2023).
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Although the storm supplied additional nutrients to the sea ice, widespread heterotrophy persisted within
the bottom ice due to light limitation. Our results show that even mid spring, heavy drifting snow can limit sea-
ice algal production by reducing light to levels that drive oxygen consumption (net negative NCP). As open water
and FYI increase with climate change, enhanced turbulence is expected alongside reductions in sea ice thickness

695 and changes in snow cover (Lannuzel et al., 2020; Timmermans and Marshall, 2020; Chen et al., 2024). These
competing processes are likely to widen the knowledge gap in sea ice NCP, with the potential to enhance NCP
through increased nutrient supply and light availability, while also reducing it via increased snowfall, a reduction

in seeding from older ice, habitat loss and melt—associated processes.
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