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Sea-ice ridge formation fuels Arctic
pelagic food webs during the polar night
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There is no light for photosynthesis by phytoplankton and sea-ice algae during the polar night, but
microbial grazers remain active through the dark winter months in the Arctic Ocean. Where the energy
to sustain these organisms comes from is unknown. Here we observed active tintinnid ciliates during
the polar night, heterotrophic protists known to feed on phytoplankton and smaller heterotrophic
protists. Our calculations indicate that the pelagic microbial loop transferring energy from bacterial
production through microbial grazers was not sufficient to sustain the observed tintinnid biomass.
However, the sea ice contained frozen-in particulate organic carbon produced during the previous
growth seasons. We show that enough food particles can be released by mechanical break-up during
sea-ice ridging, which together with bacterial production, sustained the observed tintinnid biomass in
the water column. This is an important but overlooked mechanism for winter survival of plankton in the

Arctic Ocean.

The basic structure and functioning of the microbial food web of Arctic
Ocean surface waters is the same as in other oceans. The main primary
producers are photosynthetic phytoplankton, but with a substantial,
regionally highly variable contribution from ice algae'. Depending on their
size, algae are primarily consumed by metazoan (e.g., copepods) or protist
grazers (ciliates and dinoflagellates). Algae and their grazers release dis-
solved organic matter, which is an energy source for pelagic heterotrophic
bacteria, which subsequently are food for heterotrophic pico- and nano-
flagellates which again can be food for heterotrophic ciliates and dino-
flagellates, forming a microbial loop™”.

The temperature in the surface waters of the ice-covered Arctic Ocean is
around the freezing point of seawater (—1.8 + 1 °C) all year round". Micro-
organisms adapted to the Arctic Ocean can grow at these temperatures™”.
However, at latitudes above 84°N the sun is 18° below the horizon at winter
solstice and the dark period lasts up to 177 days. During this long period
without direct sunlight, often called the polar night, virtually no phototrophic
primary production is possible due to insufficient irradiance for
photosynthesis®”. Thus, one major challenge for pelagic consumers during

the polar night is the lack of photosynthetic primary production, i.e., the lack
of freshly produced organic energy input to the food web.

During the SHEBA expedition in the western part of the central Arctic
Ocean, Sherr et al.'’ observed that the abundances of bacteria and hetero-
trophic protists doubled in concert with an increase in phytoplankton bio-
mass from winter to summer. Gosselin et al." confirmed that heterotrophic
dinoflagellates dominated protist biomass in the central Arctic Ocean in the
summer, in abundance ranges same as Sherr et al."’ measured. The low, but
still persistent stocks of microbes recorded during winter, were dominated by
prokaryotes and heterotrophic protists, mainly dinoflagellates, reaching
biomasses about half of summer concentrations'’. Vaque et al." also observed
adominance of prokaryotes and heterotrophic protists in the winter plankton
with biomasses about half of the summer values while the winter stocks of
phototrophs amounted to only 20% of the summer biomass during their
seasonal CASES study in Franklin Bay in the western Arctic. Ciliates had
generally low abundance but persisted through the winter with a biomass
close to summer levels. Bacterial abundance and production were maintained
at 30% and 10% of summer levels, respectively, throughout the winter. While
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Fig. 1| Map of the Arctic Ocean showing the MOSAiC drift track. The drift track is
indicated with one circle for each day. The white circles indicate the period with field
sampling for this study (December 13,2019, to February 23, 2020), and green circles
the period when we observed active tintinnids in the water column under the ice
using a plankton net attached to a remotely operated vehicle (ROV) (January 25 to
February 8, 2020). The basemap used is Arctic Bathymetric Contours (IBCAOv4/
GEBCO_2020)".

the higher bacterial production in summer was correlated with photo-
synthetic activity, the observed abundance and activity levels in winter can to
some extent be supported by refractory dissolved organic matter remaining
after the productive season'” sufficient to sustain bacterivory by heterotrophic
flagellates < 5 um". Ciliates cannot starve for more than a few days before
dying or forming resting spores, while heterotrophic dinoflagellates can live
without feeding for periods of several weeks". Therefore, the persistence of
active ciliate populations through the polar night suggests there must be food
sources other than the winter microbial loop characterized by bacterivorous
flagellates consuming a low bacterial production.

Sea ice can contain substantial amounts of organic matter '’ and is a
porous medium because salts in seawater are concentrated into brine
channels and pockets during freezing'®. How open and connected these
channels are, is determined by ice temperature and sea-ice bulk salinity'’.
First-, second- and multi-year sea ice that does not completely melt during
summer becomes relatively warm, thin, and very porous. This “rotten” ice
can thus get loaded with algae and various heterotrophic organisms from the
water column and from growth within the ice. When this ice grows due to
low temperatures in the autumn and winter the organic matter is locked up
in a colder and thus impermeable layer in the upper part of the ice where
porosity is low'”, seemingly inaccessible to the protists in the water column.
However, the pack ice is constantly breaking up into ice floes or rubble fields
due to surface ocean currents and wind stress'®. Ice floes frequently collide
and form pressure ridges'’. Modeling suggests that sea-ice ridges constitute
around 30% of the total Arctic sea-ice volume™ and 25 to 45% of the area”.
According to long-term ice thickness records in Fram Strait, a major export
area of sea ice from the central Arctic Ocean, the fraction of ice that has
experienced mechanical deformation amounted to 37 + 8%,

During ridge formation, level sea-ice floes are broken up into ice blocks
which, when submerged, form the keel of a ridge"” and are subsequently

14,15

warmed up to the ambient seawater temperature of about —1.8 °C. With a
typical (practical) salinity of first-year ice ridges around 3-5, such tem-
perature is well above the sea-ice percolation threshold of —5 °C at a bulk
salinity of 5, enabling connection of brine channels through the ice making it
permeable"’. This means that organic particles inside the level ice that were
previously trapped can be released into the water surrounding the ridge keel.

The Multidisciplinary drifting Observatory for the Study of the Arctic
Climate (MOSAIC) expedition**** (Fig. 1), provided a unique opportunity
to study seawater and ice-associated biological processes, including sea-ice
ridges™, over a seasonal cycle in the Arctic Ocean (Fig. 2). Our observations
during the polar night confirmed that heterotrophic dinoflagellates dom-
inate the microbial food web biomass in the water column underneath the
sea ice. More surprisingly, we also observed an active epipelagic population
of the tintinnid ciliate Ptychocylis obtusa, which is a common species in the
Arctic Ocean”. Dinoflagellates were presumably prey for the tintinnids;
however, it was surprising that another trophic level was seemingly main-
tained by bacterial production (Fig. 3), which we measured to be very low.
Based on our field data and basic modeling efforts, we elaborate on this
winter heterotrophic activity by focusing on two research questions:

1) Could pelagic bacterial production sustain the stocks of hetero-
trophic protists that persisted during the polar night?

2) Is ice-associated organic matter, released by sea-ice deformation
(ridging), an important additional food source for heterotrophic protists in
the Arctic Ocean during the polar night?

Results And Discussion

Did bacterial production sustain protist grazers in the

polar night?

From late January to early February at around 87°N there was no sunlight
and close to zero primary production in the water column below sea ice”,
reflected by very low chlorophyll a (Chl a) concentrations (Table 1) in the
same range as previously found in the polar night °. The winter protist
community, dominated by the dinoflagellate (D), mostly Gymnodiniales
(Supplementary Fig. 1), also confirmed abundances (Table 2) reported from
other polar night expeditions'*"". In addition, we observed a monospecific
population of tintinnid (T) ciliates, consisting of active Ptychocylis obtusa
(Fig. 3 and Supplementary Fig. 2). Their abundance in the water below the
icewas 14.7 + 2.7 cells L' (avg. + SE) (Table 2) similar to the total tintinnid
abundances, including Ptychocylis sp., in the Chukchi Sea™’, and Ptycho-
cylis obtusa in the Barents Sea, during summer in periods with considerably
higher primary production’’. Whereas some heterotrophic dinoflagellates,
like Gymnodinium sp., which can endure starvation for several weeks,
ciliates only survive a few days without food"’. The relatively high polar night
abundance of tintinnids was therefore very surprising.

Although tintinnid abundances were similar to summer data reported
elsewhere, this did not apply to other members of the microbial loop. The
measured abundances of bacteria (B) and heterotrophic bacterivorous
nanoflagellates (F; Table 2) were only about one tenth of what has been
observed in summer in the Arctic Ocean'"". Bacterial carbon production
was on average as low as 49 + 1.5ng C L™ d ™' (Table 2) and in agreement
with previous polar night observations®. Arctic pelagic bacterial production
rates are often related to primary production and/or algal biomass and are
therefore expected to be low in the winter season and especially during polar
night, when small heterotrophic bacteria like SAR11 and chemoautotrophic
archaea and bacteria dominate'*”, while higher rates in the order of 1 pg C
L' d" are observed in summer™. Berge et al. (Berge et al. 2015) concluded
that microbial activity and maintenance of the microbial community
through the polar night, although in low concentrations, are likely sustained
by organic matter produced during the previous summer.

To assess whether the low bacterial production we measured could be
sufficient to sustain the observed heterotrophic protist food web culmi-
nating in tintinnid ciliates, we used steady state mass balance calculations
(Egs. 1-5). The low and stable values for chlorophyll concentration (phy-
toplankton biomass) and abundances of organisms at each trophic level
during the study period (Tables 1 and 2), the low bacterial growth rate
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Fig. 2 | Locations of coring sites and ice mass
balance buoys at the sea-ice ridge studied. a Coring
sites and ice mass balance buoys (IMB) at the studied
ridge (Fort Ridge) shown on a contour plot of snow
or ice freeboard (height over water level) on 7 Jan- s,
uary, measured by an airborne laser scanner *. b The %40 (Level ice
ice draft on 7 January was measured by a multibeam Eelila
sonar”. ¢ Schematic overview of the sea-ice ridge

observatory (SIRO) set up at Fort Ridge, with the
sampling sites, the sampling methods and the var-
ious samples taken. A simplified characterization of 0
ridge structure and sample types through a core
taken in the ridge keel as described in Methods is
also shown. See Fong et al.” for a map of sampling
sites in the MOSAIC Central Observatory ice floe.
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(Table 2), and the stable environmental conditions, e.g., temperature and
irradiance during the polar night, suggest that the microbial ecosystem in
the water column was close to steady state. In a steady state the growth rate of
prey organisms is determined by predation, i.e., the clearance rate (CR) of
the predator, derived from carbon demandas shown in Egs. 1-5. We esti-
mated the carbon demand for each trophic levels/ functional groups of the
microbial food web as observed in this study. In general, carbon biomass
production (P; g CL™" d™") is given by:

P=uN 1

where L is specific growth rate (d™') and N is carbon biomass (g CL™"). Then
the carbon demand (I; g C L™* d ") for all organisms is given by:

P
I=? (2

where Y is the growth yield, i.e., the fraction of carbon intake turned into
predator biomass. The carbon demand (I) can also be expressed as:

I= (CRpredatarN predutur)N prey (3 )

where CR is carbon biomass specific clearance rate (L gC™' d™') and N is
carbon biomass. Then

Loredar
CR = predator ( 4)
N predaturN preys

where S is the selectivity coefficient for the prey (tintinnid selectivity for
bacteria: TSB and for flagellates: TSF, and dinoflagellates selectivity for
bacteria: DSB), as a fraction of full selectivity. The growth rates of the prey,
i.e., flagellates and bacteria, is given by the biomass specific clearance rate
and biomass of their predators, tintinnids and flagellates, respectively:

= CRp N predator (5)

redator

lu prey

Because the growth rate of the tintinnids was unknown we inserted a
range of growth rates to calculate the carbon demand (Fig. 4a), and the
clearance rate needed to obtain that amount of carbon from prey organisms
(Fig. 4b), which again determined the growth rate of the prey (Fig. 4c)

We assumed that the tintinnids (T) were feeding on dinoflagellates (D)
which had an optimal prey size, with a selectivity coefficient of one, and
assumed their selectivity coefficient for nanoflagellates (F) being 0.5 (TSF,
tintinnid selectivity for flagellates) due to their smaller and less optimal size.
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The tintinnid selectivity for bacteria (B) was set to 0.01 (TSB, tintinnid
selectivity for bacteria) because of their even smaller and less optimal size™.
We further assumed that D fed on F with a selectivity of one and on B with a
selectivity of 0.2 (DSB, dinoflagellates selectivity for bacteria)™, and F fed
only on B (Fig. 4d). We set the growth yield (Y) i.e., fraction of carbon intake
turned into predator carbon, for tintinnids, flagellates and dinoflagellates to
0.4 and to 0.5 for bacteria®®.

The maximum clearance rate (CR) previously measured for tintinnids
is approximately 0.5 mL cell ' day "*’. We set CRy to this 0.5, and in Fig. 4
added guidelines showing that the steady state equations then give a tin-
tinnid growth rate of 0.09 d " (Fig. 4b). This is equivalent to a doubling time

Fig. 3 | The active organisms dominating the epipelagic microbial food web
during the polar night. The groups of active organisms at different trophic levels
include heterotrophic bacteria (B), heterotrophic nanoflagellates (F), heterotrophic
dinoflagellates (D) and tintinnids (T) of the species Ptychocylis obtusa. At the right
side is shown an aggregate of various cells and organic matter frozen into sea ice.

of 7.7 days. The CRyp, is then 0.382 pL cell ' day ™" (Fig. 4b), which is within
the CR measured for 20 um diameter Gymnodinium sp. by Jakobsen and
Hansen (1997). However, the CRg needed to sustain the carbon demand of
D would be 0.128 uL cell™" day ', which is considerably higher than the
range previously measured for bacterivorous nanoflagellates of 0.025 to
0.050 pL cell ' day "***. Under steady state conditions, this predation rate
infers a bacterial growth rate of 0.013 d™' (Fig. 4c), same as the growth rate
calculated from measured bacterial production (BP/biomass) of
0.013 +0.0004 d~". This implies a bottleneck in the flow of carbon from B to
higher trophic levels at the level of F (Fig. 4d), where F can, at the maximum,
deliver about one-third of the carbon demand according to the known
maximum CRg.

Our growth yield parameter (Y) is equivalent to gross growth efficiency
(GGE). Y only affects the bacterial carbon demand and not the carbon flow
to higher trophic levels in the steady state model, so it is not discussed
further. The yield value of 0.4 set for all the predators is an approximation
based on the literature for protists including tintinnids, dinoflagellates and
bacterivorous flagellates™ . To account for the possible variation of Y we
performed a sensitivity analysis with a parameter sweep where Y varied
between 0.2 and 0.8 for F, D and T, respectively, one at a time while it was
constant at 0.4 for the other two and the predation selectivity coefficients
were held constant at the values shown in Fig. 4. CRy was held constant at
0.5 mL cell ™" day™". Increasing Yr gives an increased growth rate for T but
does not affect growth rates or CR for the other trophic levels (Supple-
mentary Fig. 3). Increasing Yp, results in reduced growth rates for F and B
because the carbon demand for D is reduced, and it gives a reduction in CRg
because the carbon flow through F is reduced. At an unrealistically high
Yp=0.8, CRg equals 104 nL cell”" d™' (Supplementary Fig. 3), ie, it is
reduced but still double the maximum values measured previously’>*.

A parameter sweep for the prey selectivity coefficients shows that the
effect of increasing the selectivity of T for F and B (TSF and TSB) gives an
increased growth rate of T when CRy is constant but have only small effects
on growth rate or CR of F and D (Supplementary Fig. 4). Increasing D’s
selectivity for B (DSB) had a more marked effect on the CR of both D and F,
which was reduced because D obtained more carbon from B. CRp was
reduced to 87 nL cell”' d™' when DSB =1, i.e.,, maximal selectivity (Sup-
plementary Fig. 4). D consisted mostly of Gymmnodinium sp.

Table 1 | Range of chlorophyll a (Chl a) concentrations in sea-ice and water

Sample site Chla (mg m™) Description

Water 20 m 0.006-0.017 (7) Weekly ship CTD rosette samples 9" Jan to 10" Feb

Ridge ice 0.28-3.03 (11) HAVOC study ridge keel samples 10" Jan (9) and 24™ Jan (2)
Ridge void 0.001-0.031 (6) HAVOC study ridge keel void on 10" Jan (3) and 24" Jan (3)
Level ice 1 0.15-3.61 (10) Level ice on one side of study ridge on 3 Jan

Level ice 2 0.12-1.37 (7) Level ice on other side of ridge on 3™ Jan

The number of samples included is shown in parentheses. See Fig. 2 for sampling sites at Fort Ridge, the HAVOC-MOSAIC study ridge.

Table 2 | Abundance and biomass of tintinnids, dinoflagellates, heterotrophic nanoflagellates and bacteria and bacterial

production below the sea ice

Organism Abundance? (cells L) Biomass®(ngCL™")  Production’(ngCL"'d") Sampling depth below Sampling dates (dd.mm.2020)
ice (m)

Tintinnids® 14.7+2.7 (4) 44 +8 11and 101 25.01 02.02 08.02

Dinoflagellates® 19 +£4-10° (6) 896 + 140 0.01,20¢202° 18.01 22.01 24.01

Flagellates® 90 +11-10% (3) 850+ 17 20 23.01 30.01 07.02

Bacteria® 134 +3-10° (3) 2940 + 147 49+15(9) 20 22.01 23.01 30.01 07.02

Samples for tintinnids (Ptychocylis obtusa) were collected using a plankton net attached to a remotely operated vehicle (ROV). Samples for dinoflagellates were collected with a ROV suction pump close to
the ice underside and from 20 m depth at Fort Ridge, with a bilge pump (Supplementary Fig 1A) from internal void in Fort Ridge, and with a Niskin bottle on Jan 22. from 20 m depth at Ocean City. For

flagellates and bacteria samples were collected with Niskin bottles attached to the ship CTD rosette on RV Polarstern. See Fong et al*°. for a map of the sampling sites in the MOSAIC Central Observatory.
2average + SE, number of samples in parentheses, ®microscopy counts, “flow cytometry counts, “sampled with suction pump close to ice underside and from 20 m depth at Fort Ridge, °sample from ridge

keel void.
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Fig. 4| Carbon flow, clearance and growth rates as 20 le—7 a) d)
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(Supplementary Fig. 1) which have been shown to feed on cyanobacteria
with similar size as heterotrophic bacteria. According to Strom*' however,
there is a threshold level for bacterial biomass concentration of 20 pg C L™
below which the dinoflagellates ingested little bacteria. In our case, the
concentration of Bwas 3 ug C L™ (Table 2), i.e., far below this threshold and
even if we set the selection for bacteria at maximum in our steady state food
web, the calculated CRy would still amount to almost double the theoretical
maximum, in order to provide enough carbon to higher trophic levels in
the model.

To conclude, the steady state model indicates that pelagic bacterial
production alone could not supply all the organic carbon to maintain the
microbial food web we observed with tintinnids as top predators, because of
a bottleneck in the carbon transfer at the level of bacterivorous flagellates.

Can organic matter inside sea ice become available to pelagic
protists during the polar night?
The only place where we recorded a substantial amount of biomass with a
potential to serve as an additional food source at this time of the year, was
within sea ice (Table 1). We observed internal algal biomass layers in level ice
at both sides of the studied ridge (Fig. 5) as well as in ice cores from the first-
year ice (FYI) coring site (Supplementary Fig. 5). As described above, such
layers consist of protists and other organic matter trapped in the ice during
the previous growth season'*'”. We suggest that sea-ice deformation and
warming during ridge formation might provide a mechanism whereby this
material can become available to protists in the under-ice water column.
The brine volume fraction (BVF) of sea ice determines its micro-
porosity and permeability and is a function of temperature and bulk
salinity””. With BVF > 5% the brine channels are connected, i.e., sea ice is

considered permeable, and brine percolation is possible with exchange of
brine and biomass across the ice-water interface. At low temperatures the
BVF decreases', and the material trapped in the brine channels gets locked
in the ice. In the level ice adjacent to the ridge the BVF was lower than 5%
down to below the algal layer (Fig. 5a, b), i.e., this biomass was located in the
impermeable part of the level ice during the winter which reduces the
possibility of this material to be released from the ice. We have previously
suggested that algae are released from the ice in spring due to warming of the
ice”. Here we argue that some material can also be released in winter during
ice deformation and the formation of sea-ice ridges or rubble. When sea-ice
ridges form, ice blocks are submerged forming the ridge keel (Fig. 2). Once
submerged the ice blocks would reach the same temperature as the sur-
rounding seawater. A big part of the keel (below the consolidated layer) had
a temperature close to the seawater temperature of —1.8 °C, i.e,, the freezing
point of seawater, and thus a BVF » 5% (Fig. 5¢). The combination of higher
BVF after the mechanical breakup of the level ice and submerging of ice
blocks during ridge formation may allow release of material from the ridge
keel ice blocks to the under-ice water. During our ridge keel coring in
January, we observed soft, slushy, and porous ice warmed up to the seawater
freezing temperature, from 2 m depth downwards (Fig. 2).

We have several observations supporting our hypothesis that algae and
other organic matter are released to the water column in winter during ridge
formation. Firstly, the similarity of the aggregates of algae and organic
matter in the ridge ice, level ice and the under-ice water column studied by
light and scanning electron microscopy (SEM) (Supplementary Figs. 2,
6 and 7). These included silicoflagellates, typical sea ice diatoms like Nitz-
schia frigida and Fragilariopsis sp., and resting cysts, mainly from chryso-
phytes and dinoflagellates. Secondly, the community composition of
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Fig. 5 | Brine volume and algal abundance in ice
core profiles. a, b First-year level ice cores from both
sides of Fort Ridge. ¢ Ridge keel ice core. Color show
brine volume fraction (BVF, color scale in ¢) and
white dashed lines show algal abundance. Error bars
are counting precision calculated as the 95% con-
fidence limit. The range of chlorophyll a (photo-
synthetic pigment) for the profiles in (a-c) are given
in Table 1 as Level ice 1,2 and Ridge ice, respectively. '€
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protists and bacteria seen from 18S and 16S gene profiling suggests that the
species composition in the water column at 20 m depth was similar to the
species composition in first-year sea ice (Supplementary Fig. 8). The ROV
suction pump sample taken directly at a ridge ice block with visible brownish
aggregates had a much higher abundance of protists, especially diatoms,
than samples taken from the bottom of level ice or from the water column
(Supplementary Fig. 1), which indicates the potential for material being
released due to increased porosity because of increased ice temperature after
ridging. Because the ice cores from the ridge were melted without seawater
addition due to the need to also take salinity samples from the same cores,
the osmotic shock during melting may have resulted in an underestimation
of biomass and biodiversity in these samples**.

Interestingly, as tintinnids have a food size preference of 20-30% of
their lorica oral diameter (LOD)**, and we measured a mean LOD of
Ptychocylis obtusa of 56 um (n = 10) suggests that their optimal food size is
12-18 um, which is larger than bacterivorous flagellates, typically with a
diameter of around 5 pum’, leaving only the dinoflagellates as an optimally
sized prey. However, a large part of the presumably sea ice originating
particles we found in the water column were in the size range 10-40 pm
(Supplementary Fig. 9). Most of the dinoflagellates were 10-20 um (Sup-
plementary Fig. 1), but Gymnodinium sp. can feed on particles their own
size™*, so it is possible they also exploited the sea-ice food source, and
themselves were a food source for the tintinnids. Dolan et al.”” observed that
the abundance of tintinnids in the western Arctic Ocean was an order of
magnitude lower in open waters in August 2011 compared to ice-covered
waters in August 2012. The tintinnid community in 2012 was composed of
species with larger LOD, including Ptychocylis sp., i.e., they preferred larger
prey than those dominating in 2011. The authors proposed that the phy-
toplankton community associated with the summer sea ice was distinct

from the one in the ice-free year and thus influenced the tintinnid com-
munity composition. It is possible this reflects a similar release of food
particles from the ice as we propose for winter, only here consisting of a
more active ice algal community in summertime.

Plausibility of a winter food web supported by ridge formation
We were not able to directly measure the release of particles from the ice
following ridge formation. To check the plausibility of our hypothesis we
created a theoretical scenario based on our observations and scientifically
justified assumptions. The first two main events of the scenario are outlined
in Fig. 6.

Asa starting point for our estimate of the dispersal of the particles in the
water column we assume they are released in the immediate vicinity of the
ridge keel (Fig. 6).

With the dispersal rate we obtained from the Lagrangian simulation
with Open Drift (Supplementary Fig. 10), with spread of particles
(m) =774t + 0.02 (R* = 0.97), where t is time (days), we calculated the area
increase of the patch (Fig. 7a). With the sinking rate set to 1 md™” as an
approximate average value for organic particles” in the size range of interest
(diameter 2-40 um) we obtained a formula for patch volume (PV) increase
by fitting a polynomial function:

PV, = 38.7t + 39.7t + 1 (6)

where t is time (days) and PV is set to 1L for the convenience of
further calculations. We then use this to calculate the particles per volume as
a function of time in the patch (Fig. 7b).
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Fig. 6 | Ridge formation and particle patch for-

il

mation. Schematic illustrating the sequential steps
of sea-ice ridge formation, particle patch formation
and particle dispersal in the water column. Ice drift
and ocean current can have any direction relative to
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Our question is whether these patches of food particles can sustain the
tintinnids. We describe the change in tintinnid abundance with the equa-
tions:

(T/L), = (T/patch),/PV, (7)
(T/patch), = ((T/patch),_,xGR) + TB,_, 8)
(TB), = (PV,, — PVOx(T/L), ©9)

where T/L is tintinnids per liter, PV is patch volume (L), t is time (days), TB
is the background tintinnid abundance in the patch (tintinnids per patch),
GRis growth rate ("), and r is specific growth rate. For the calculation we set
TB to the abundance we observed so that (T/L),, = 14.7 (Table 2), and (T/
patch), = 14.7 when we set PVy;=1L. The specific growth rate (r) is a
function of food particle concentration™:

1= (fe (P—P))/(k + P—P) (10)
where 1, is the maximum growth rate, set to 1 d " for tintinnids™, P is the
particle concentration, P’ is the minimum particle concentration that can
sustain growth, and k - P’ is homologous to the half saturation constant in
saturation kinetics. We set P” to 1 ng C mL™"*.

We observed an abundance of tintinnids of 14 +2.7 cells L™ over a
period of 14 days (Table 2) during a drift of 0.9-11km, on average
6.3 0.9 km (avg. £ SE) per day, and in total 88.1 km (Fig. 1). This suggests
that the geographical distribution of the population could be at least in the
order of hundred kilometers. Can patch formation by ridging sustain tin-
tinnids over a large area for a long period? We approach this question with
an idealized ridge model that corresponds approximately to the ridge
properties measured during MOSAIC * with a keel width of 30 m (Sup-
plementary Fig. 11) and, according to typical first-year ice ridges, a keel
depth of 7 m and a macroporosity of 30%**".

The 30-day running mean of convergence observed within 5km
around the MOSAIC ice floe from Sentinel-1 Synthetic Aperture Radar
(SAR) satellite, suggests that on average 1% of the ice area was consumed by
ridge formation each day in December and January’'. While we are aware
that deformation has an intermittent character, we use this simplified
approach of a mean daily deformation rate for an idealized model setup.
Given the assumption on the size and porosity of the ridges stated above, this
results in the daily loss of 1 km? level ice in a 100 km? area, because a 30 m
wide ridge keel need ice from an approximately 100 m wide area (Supple-
mentary Fig. 11). For our scenario we let the ridge form as a straight line
which cross a quadratic 100 km® area perpendicularly (Fig. 7a). Sea ice

typically deforms along long lines (linear kinematic features) which can
extend for hundreds of kilometers®"*.

Using Eqs. 7-10 we can calculate how much particulate carbon must be
released during ridge formation to maintain the tintinnid abundance above
the initial concentration until an area is covered by the patches, i.e., a semi
stable abundance. We set the area to 100 km’ because this matches
approximately the area on which deformation rates were measured by
satellite, as well as the area of our tintinnid observations. With 1 patch
forming every day this would take 4.5 days according to our estimated
dispersal rate (Fig. 7a). Then, the needed initial carbon concentration
immediately after release is 347 mg C m~> (Fig. 7d). To our knowledge there
are no published studies on the release of particles from sea ice during ridge
formation. As a first approach we assume that for particles to be released the
ridge ice blocks should first become permeable, i.e., reach a temperature
close to that of the surrounding seawater. We use a simple analytical solution
of when ice blocks reach seawater temperature depending on block
thickness > which was validated in the laboratory **. When the temperature
in the center of an ice block approaches the seawater temperature, it is in
thermal equilibrium (Fig. 7c). Then, assuming that the part of the ice block
that reached seawater temperature during ridge formation released all its
particles due to increased permeability and possibly due to increased tur-
bulence inside the ridge >, the amount released depends on the con-
centration in the ice and the total ice volume warmed up.

According to our measurements in level FYI cores from the MOSAiC
ice floe from the period of this study, the average concentration of parti-
culate organic carbon (POC) was 276+24mgC m™ (Supplementary
Fig. 5). We simplify and assume the POC was evenly distributed in the ridge
keel ice. Since the level ice blocks forming the ridge were randomly broken
up and assembled into the keel this should be a reasonable approximation.
To have a starting concentration for the particle patch we defined that
immediately after ridge formation all particles were released into a zone of
about 1 m depth under the ridge keel, so that under 1 m” of sea ice there was
one m’ volume of water into which the particles are released initially. Then,
under a 1 m thick slice of the ridge keel which is 118 m® with a surface width
of 30 m, there was a 30 m’ water volume receiving the particles from the slice
(Supplementary Fig. 12). In order to have an initial concentration of
347 ugC L™} 12 % of the ice blocks in the keel must have reached the
seawater temperature and released its particles, i.e,, 12 cmintoa 1 m° cubic
iceblock from all sides. According to the thermodynamic model this process
would take about 2 h (Fig. 7¢), whereas after 0.5 or 1 h the carbon release
would be sufficient for maintaining abundance above the initial for 3.5 and
4 days, respectively (Fig. 7d). We know from observations during the
MOSAIC expedition that ridges can form in a few hours, thus the almost
instantaneous release of up to 347 ug C L™ appears to be possible, although
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Fig. 7 | Particles patch formation and tintin- a)

nid growth. a Increase in patch area with time
(days, d1-d4) starting with linear patch
stretching over the entire 10 km length across,
with the expansion rate derived from Lagran-
gian dispersal simulation (Supplementary

Fig. 10). b Particle patch volume from Eq. 6 (PV,
dashed line), and particle concentration (P,
solid line), i.e., dilution by dispersal, as a func-
tion of time. ¢ Analytical solution (curved line)
of time before ice blocks reaches seawater tem-
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the longer the time the less instantaneous the release. The concentration of
the food patch decreases relatively fast, and a positive growth rate is sus-
tained for 1.5-2.5 days (Fig. 7d). Because of the fast dispersal of particles,
tintinnid consumption has very little impact on the particle density. How-
ever, with the release of patches of particles over older patches, the popu-
lation of tintinnids can reach a higher peak concentration, and the period
with an abundance above the initial abundance is prolonged. This is mainly
due to the higher initial abundance of tintinnids (Fig. 7e, f).

To evaluate our assumptions on the ridge formation in the idealized
model, we compared the ridged ice area fraction with observations from the
surroundings of the MOSAIC floe using ICESat-2 satellite altimeter data
(see Methods). For the location of the MOSAIC ice floe, the ICESat-2 ridge
spacing decreased from 460 m in October to 160 m in May (Supplementary
Fig. 13A). Assuming a ridge width of 36 m *, this gives an increase of ridge
areal fraction from 8 % in October to 22 % in May (Supplementary Fig. 13C).
This estimate corresponds to an average increase of ridge area by 2.3 % per
month *. The 1% of the area converging every day we used for our model
would give an increase of about 9% per month. This discrepancy could be in
part because all convergence might not form ridges but rather rubble fields
and rafted ice. The SAR data shown by refs. 51" 7 indicates that these
convergence events were intermittent, with a few days with convergence up
to 10% followed by quiet periods of a few days. Thus, if the release from the
ice was the only food source for tintinnids, one should probably expect a

larger variation in the abundance than our model simulation indicates. But if
we also take into consideration that the microbial food web could deliver
about 1/3 of the carbon demand of the tintinnids (Fig. 4), the two sources
combined should be sufficient to maintain a stable population.

Satellite observations show that ridge formation is abundant arctic-
wide >, and this is also evident of direct observations of Arctic ice draft from
sonars”>**”. Direct observations at three sites in the Beaufort Gyre pack ice
over a full year, indicated that ridge keel areal fraction was about 30%
(Brenner et al,, 2021), suggesting that ridge fraction during MOSAIC was
representative for the Arctic Ocean. Accordingly, the mechanism we have
described may apply to the entire pack ice region of the Arctic Ocean.

Conclusions
Neither the microbial food web fueled by bacterial production, nor the
release of organic matter from the sea ice during ridge formation alone was
sufficient to explain the stable presence of an active population of tintinnids
we observed in the Arctic Ocean during the polar night. However, combined
these two food sources were enough. In addition, it is also possible that the
released organic matter was a food source for dinoflagellates, flagellates and
bacteria, giving short transient boosts to the microbial food web.

We present evidence that material from the sea ice was indeed present
in the water column and that this mechanism appears to be important in
maintaining active populations of planktonic protists through the polar
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night. Our upscaling exercise based on observed ridge formation rates
suggests that such release of food particles can supply extra energy during
the polar night to the pelagic food web in the entire Arctic Ocean. It follows
from this that the predicted ice-free summers in the Arctic Ocean due to
global warming®, may have implications for the protist community at the
base of the food web, because the winter food reservoir in the sea ice will be
very much reduced if there is no sea ice to accumulate it during the most
productive summer period'>".

Methods
Study area
This study was conducted in the central Arctic Ocean during leg 2 of the
Multidisciplinary drifting Observatory for the Study of the Arctic Climate
(MOSAIC) expedition when the research vessel RV Polarstern was drifting
with an ice floe from 86.6 °N, 118.4°E on December 13, 2019, to 88.6°N,
61.3°E on February 23, 2020 (Fig. 2) in the eastern Amundsen Basin™.
The sampling for this study was performed entirely on or from the
MOSAIC ice floe in the first central observatory (CO1)*. The oldest ice of
the floe was formed shortly after freeze-up in 2018%% A sea ice ridge
observatory (SIRO) was established in late December 2019 at a ridge on the
MOSAIC floe named Fort Ridge. The ridge keel was approximately 100 m
long and 20-30 m wide (Fig. 2 and Supplementary Fig. S11). The ridge was
formed from 0.1-0.8 m thick blocks, most likely during October 2019’ and
its average sail height was 1.5-2.0 m. The maximum sail height was 2.7 m,
while the maximum keel depth was 6.4 m. Ridge ice salinity (practical
salinity, dimensionless) was 3.9 + 1.8, while the bulk salinity of adjacent
0.9-1.0 m thicklevel icewas 4.1 + 1.2 and 4.8 + 0.4 on either side of the ridge.

Water sampling with Remotely Operated Vehicle (ROV)
Abundances of plankton were estimated based on samples collected with a
plankton net mounted on an underwater remotely operated vehicle (ROV).
The ROV used in this study is described in Katlein et al.*, and a general
description of the ROV biological sampling during MOSAIC is found in
Anhaus et al.*® and Fong et al.”’. During the period 25" January to 8"
February four horizontal net hauls were performed providing samples for
plankton analysis. The net hauls were taken with a nylon net with a rec-
tangular opening of 10 x 15 cm and a mesh size of 30 um ®. The net was
mounted on the ROV and towed in a horizontal transect at a depth of 1 m
below the sea ice, and at 2" of February at both 1 and 10 m depth, after
which the sample was taken from the cod end of the net. During the net tow,
the ROV was moving steadily at a speed of 0.1-0.2 knots. To estimate the
volume of water that passed through the net, we used the area of the net
opening combined with the length of the net tow transect calculated from
the speed and time of the transect. For ROV suction sampling at Fort Ridge a
Sea Bird low-speed suction pump was attached to the ROV, and the samples
were collected through a 1 cm diameter silicone tube protruding at the front
of the ROV enabling simultaneous observation with the ROV front camera.
One dive mission with suction sampling at four sampling points at Fort
Ridge was performed on 18" of January 2020: 1) on the surface of a ridge keel
ice block with brownish material assumed to be algae, 2) in a crevice between
two blocks of ice near the bottom of the ridge keel, 3) on the bottom surface
of level ice close to the ridge, and 4) in the water column at 20 m depth.

Sampling of ice and water from ridge and level ice

Ice coring was performed at Fort Ridge, both on level ice on both sides of the
ridge and in the ridge keel (Fig. 2). Additional ice coring was performed
weekly at the designated MOSAIC first-year ice (FYI) coring site™”. Ice
cores from ridge and level were extracted with KOVACS Mark II coring
system with 9 cm inner diameter. For the MOSAIC main coring program,
the ice cores were sectioned and treated further for various sub samplings
according to Nicolaus et al** and Fong et al.”’. In short, 3-4 cores were
pooled per depth section and melted with addition of 0.2 pm filtered sea-
water (50 mL for each 1 cm of core to give a final salinity of approximately
20) to reduce osmotic shock and microbial cell loss****’. Core sections for
nutrient samples were melted without addition. The ice core and water

samples extracted specifically for this study are described in the following.
Three missions to Fort Ridge for biological sampling from level ice, ridge ice
and water from water-filled ridge keel voids were performed during January
2020. On Jan 3™ three replicate cores were sampled on level ice close to the
ridge on both sides (Fig. 2). The whole cores were cut into 10 cm long
sections. For biology-related sampling, the three replicate core sections were
pooled to have sufficient volume for subsampling. These core sections were
melted without adding filtered seawater (final salinity approximately 4) in
order to secure samples for salinity measurements because of the difficult
conditions for coring the ridge during the winter conditions. Samples for
protist counts by light microscopy, flow cytometry (FCM) counts of bacteria
and protists, chlorophyll a (Chl a), scanning electron microscopy (SEM),
nutrients and salinity were collected from the melted ice sections. The
measurement of particulate organic carbon (POC) in the sea ice used for our
estimation of POC release from the ice during ridge formation was from the
MOSAIC main coring and therefore with buffered melting. We do
recommend melting ice cores with added seawater for biological samples.

The first coring of the ridge keel at Fort Ridge was performed on
January 10, The sampling point was close to the middle of the ridge sail
(Fig. 2). Two cores through the ridge keel were extracted. On Jan 24" a
second coring with extraction of one core of the ridge keel was performed at
a site approximately 8 m away from the Jan 10® coring site. The cores were
packed individually in plastic bags, brought to the ship and stored at —20 °C
until sections were cut for sub-sampling in a cold lab onboard. The sections
were melted without addition of seawater and samples were taken for bulk
salinity and the biology-related variables as listed for the level ice cores
above. Since voids in the ridge keel had been detected during coring, water
from one selected water-filled void on each coring mission was pumped with
a manual bilge pump with a silicon tube with diameter 20 mm into pre-
washed polyethylene containers.

Ice cores for measuring sea-ice temperature were taken weekly at FYI
and SYT sites™®. A full-length core was extracted, and temperature was
measured with a temperature probe in holes drilled every 5 cm from top to
bottom. In the ridge, temperature was monitored using three ice mass
balance buoys deployed through the ridge keel®”". They were set up in early
January, i.e., at the beginning of our observations (Fig. 2). Ridge temperature
from buoys and level ice temperature measured manually from ice cores,
along with salinity measurements, were used to calculate the brine volume
fraction (BVF) of the level ice and ridge keel ice following Cox and Weeks".

Samples of under-ice water were taken with Niskin bottles attached to a
CTD rosette on the on-ice operated CTD at the Ocean City (Jan 22) site on
the MOSAIC floe” and with the ship CTD weekly on Polarstern. For this
study samples were taken at 20 and 1000 m depth below ice (Fig. 2).

Flow cytometry

Subsamples for flow cytometry were prepared by filling triplicate cryotubes
with 1.8 mL of the sample. The samples were fixed with glutaraldehyde at a
final concentration of 1% at 4 °C in the dark for 2 hours and then flash
frozen in liquid nitrogen and stored at —80 °C until analysis. Bacterial
abundance was determined with a FACS Calibur (Becton Dickinson, San
Jose, Calif. USA) flow cytometer. The fixed samples were diluted with 0.2 um
filtered TE buffer (Tris 10 mM, EDTA 1mM, pH 8), stained with the
fluorescent nucleic acid dye SYBR Green I (Molecular Probes, Oregon,
USA) and incubated for 10 min at 80°C”. The stained samples were
counted with a flow rate of approximately 60 uL min~". Gating was applied
on bi-parametric plots of green fluorescence vs. side scatter as described in
Marie et al.” to discriminate bacteria from other particles (Supplementary
Fig. 14). Abundance of bacteria were converted to carbon biomass with 20 fg
C per cell’. Heterotrophic nanoflagellates (HNF) were counted with an
Attune® NxT, Acoustic Focusing Cytometer (Thermo Fisher Scientific)
with a 20 mW 488 nm laser. The cells were stained with SYBR Green I
(Molecular Probes, Oregon, USA) and quantified according to the protocol
of Zubkov etal.””, (Supplementary Fig. 15). The biomass was calculated from
equivalent spherical diameter (ESD) and the conversion factor of Barsheim
and Bratbak™.
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Light microscopy

Protist samples were filled in 200 mL amber glass bottles and fixed with 25%
glutaraldehyde and 20% hexamethylenetetramine-buffered formaldehyde
solution to final concentrations of 0.1% and 1% (vol/vol), respectively. The
samples were kept at 4 °C in the dark until the cells were identified and
counted by light microscopy. For microscopy counts the cells were settled in
Utermdhl sedimentation chambers (HYDRO-BIOS®, Kiel, Germany) for
48 h and identified and counted in an inverted light microscope (Nikon Ti-
U). A minimum of 50 cells of the dominating species were counted, giving a
maximal count uncertainty of + 28% . In addition, unfixed samples of 3 or
10 mL from melted ice cores and seawater samples were settled in Uterméhl
sedimentation chambers onboard Polarstern and examined in a Nikon
TS100 microscope. Cell abundance was converted to carbon biomass from
biovolume * with published volume to carbon conversion factors”.

Scanning electron microscopy

Samples for scanning electron microscopy (SEM) were collected by filtering
seawater samples and melted ice samples onto 0.6 um polycarbonate filters
with a 47 mm diameter, which were air dried and stored inside 50 mL
polyethylene falcon tubes until analysis. Sub samples of the dried filters were
attached to aluminum stubs with carbon tape and coated with gold/palla-
dium before examination and imaging in a FEI Quanta 450 or a Zeiss Supra
55 VP scanning electron microscope. After the scale of the SEM image was
set, the particles on the filter were detected and counted by manual
thresholding and the particle analysis routine in the image analysis software
NIH Image]. All particles detected with a major axis < 10 pm were removed
from the analysis because it was difficult to differentiate between particles
and the structure of the filter at the magnification used (Supplemen-
tary Fig. 7).

Chlorophyll a

Seawater and melted sea-ice samples for chlorophyll a (Chl a) were filtered
on 25 mm GF/F filters using mild vacuum (Whatman). Chlorophyll a was
extracted in 90% acetone for 12 hat 5 °C and measured with a Turner 10 AU
Fluorometer (Turner Design, Inc.). Phaeopigments were measured after
acidification with 5% HCI*.

Particulate organic carbon (POC) concentrations in the sea ice
Melted sea ice was filtered on pre-combusted Whatman GF/F filters with
low vacuum pressure ( < 30KPa), freeze dried and carbonates were removed
by contact with HCl fumes for 4 h in a vacaum-enclosed system. Filters were
packed into tin cups and analyzed with an elemental analyzer (Flash 2000,
Thermo Scientific, Milan, Italy) at the University of La Rochelle, France
(Littoral, Environment and Societies Joint Research Unit stable isotope
facility).

DNA extraction, PCR and lllumina 18S and 16S sequencing
Water samples (250-500 mL) from 20 and 1000 m depth (10.02.2020), from
a water-filled void inside the ridge (at 204-224 cm below the ice surface;
24.01.2020), a horizontal net tow (08.02.2020) and melted sea ice samples
from FYT (50-80 cm, 03.02.2020), SYI (60-70 cm, 70-80 cm, 80-93 cm;
13.01.2020) and ridge ice above and below the water-filled void
(157-204 cm; 224-260 cm; 24.01.2020) were filtered onto a 0.22 um Dur-
apore® Membrane Filter (@ 47 mm, Merck-Millipore) and the filters
transferred into 2 mL cryovials and stored at —80 °C until analysis.

DNA was extracted from the filters using the DNeasy Power Soil Kit
(Qiagen), following manufacturer’s instructions and the extracted DNA was
stored at —20 °C until PCR amplification (two-step nested PCR approach
using HotStarTaq Master Mix (Qiagen) for the bacterial/archaeal 16S rRNA
gene [519F: CAGCMGCCGCGGTAA™; and 806RB:
GGACTACNVGGGTWTCTAAT®; and for the eukaryotic 185 rRNA gene
[EukA7F:  AACCTGGTTGATCCTGCCAGT®;  and  Euk570R:
GCTATTGGAGCTGGAATTAC®;. For the first PCR, conditions were as
follows: initial denaturation of 15 min at 95 °C, followed by 25 cycles of
95 °C for 20 s, 55 °C for 30 s, and 72 °C for 45 s and a final extension step of

72 °C for 7 min. The second PCR was done to add unique eight-nucleotide
barcodes to the first PCR products with following PCR reaction conditions:
initial denaturation of 15 min at 95 °C, followed by 12 cycles of 95 °C for
205, 62 °C for 30 s, and 72 °C for 30 s, followed by a final extension step of
72°C for 7 min. The final PCR products were purified with Agencourt
AMPure XP magnetic beads (Beckman Coulter Inc., CA, USA), quantified
using Qubit 3.0 Fluorometer and pooled in equimolar concentrations and
sequenced at the Norwegian Sequencing Center (Oslo, Norway) using the
MiSeq Reagent Kit v3 (Illumina, CA, USA). The sequencing data is available
at the European Nucleotide Archive (ENA) under study accession number
PRJEB75226. A total of 10 samples were analyzed for 16S and 18S com-
munity composition and the retrieved sequence data (16S: 293568 reads and
18S: 397804 reads) was processed using the R package DADA2 (Divisive
Amplicon Denoising Algorithm 2, version 1.2.4%; in R (version 4.2.2%°). For
this, sequences were trimmed, filtered based on quality scores, dereplicated
and amplicon sequencing variants (ASVs) inferred. For 16S sequences, both
forward and reverse reads were denoised and merged before chimeric
sequences were removed, while for 18S data, due to bad quality of the reverse
read, only the forward read was used for analysis. Taxonomy was assigned
using the 168 silva database (version 138)*” and the 18S pr2 database (ver-
sion 4.12.0)*) for 16S and 18S sequences, respectively. For ordination
analysis (multidimensional scaling, MDS), Bray-Curtis dissimilarity was
calculated based on relative abundance data (square-root transformed) of all
ASVs for both 16S and 18S rDNA gene sequences using the R
package vegan.

Bacterial production

Bacterial production was estimated from the incorporation of *H labeled
leucine according to the method of Smith and Azam®. 1.5 mL subsamples
were incubated in triplicate with added [*H]leucine (3.93 TBgq/mmol) at a
final concentration of 50 nM for 10 hours in the dark at 1 °C in an incubator
onboard. For each sample one control was prepared in the same way but
metabolic activity was stopped by addition of 100% trichloroacetic acid
(TCA) to a final concentration of 5% before the addition of [*H]leucine. The
incubation of the triplicates was stopped with TCA in the same way as for
the control. The bacteria were harvested from the samples by centrifugation
and washed with TCA according to Smith and Azam". Scintillation cocktail
(Ultima Gold) was added before incorporated *H was measured in a
Packard Tri-Carb scintillation counter.

Simulation of particle patch dispersal in the water column

To estimate the horizontal spreading of a particle patch released from ridged
ice we performed Lagrangian simulation in the modeling environment
Open Drift” with a modified version of the Pelagic Egg Drift model. The
simulation was performed with 2000 particles, each with a cell diameter of
20 um. They were set to be neutrally buoyant in order to simulate only the
horizontal spread of particles of a size representative of the particles released
from the ice. Turbulence was modeled in Open Drift parameterized
according to a random walk model as explained in Dagestad et al.”. The
starting point of the particle patch, representing organic matter released by
the formation of a pressure ridge, was set at 5 m depth with a 50 m radius.
For the simulation we used the average current speed measured under the
sea ice at 20 m depth during January and February 2020 of 3-5cms .
Environmental variables used in the simulation were sea floor depth, sali-
nity, sea water temperature, x and y sea water flow in the location from
Topaz4™, and x and y wind speed from MEPS (MetCoOp Ensemble Pre-
diction System). From the simulation the latitude and longitude vs. time
were used to calculate the distances from the origin with the Haversine
formula, and from the geometric center at each time step for the simulated
particles (Supplementary Fig. 10). The spread distance was defined as the
standard deviation of the distances from the geometric center at the final
time. From the Stokes equation with spherical particle diameters of
2-40 um, sea water density 1.025 g cm ™, particle density 1.085 gcm™, an
average value for senescent diatoms*” which we found to be most similar to
the material we observed in the ice, and a dynamic viscosity of 0.019 gcm™
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s7'%, we set the average sinking rate to 1 m per day. From the width of the

patch, the length and the depth we calculate the volume of the patch as a
function of time.

Sea-ice deformation measured from Synthetic Aperture Radar
(SAR) satellite images

Sea-ice deformation quantifies how much a sea-ice covered area expan-
ded, compressed or sheared which creates open water (leads) and ridges.
Convergence, i.e., area compression, serves as a useful proxy for the
amount of sea-ice area that underwent ridging. Thanks to the increasing
availability of Synthetic Aperture Radar (SAR) satellite images in the
Arctic, we can derive sea-ice deformation at daily, kilometer-scale reso-
lution. In this study, we used sequential ESA’s Sentinel-1A/B scenes along
the drift track of the MOSAiIC Central Observatory to calculate regularly
gridded, daily sea-ice drift and deformation fields with a spatial resolution
of 1.4km following the methods described in von Albedyll et al.” and
Krumpen et al.”.

Ridge areal fraction measured from Airborne Laser Scanner
surveys and estimated from ICESat-2 elevation

In this study, we used 27 Airborne Laser Scanner (ALS) surveys conducted
from 2 October 2019 to 22 July 2020 during MOSAIC covering 41 + 24 km™.
Helicopter-based ALS Riegl VQ-580 provides values of snow surface or
snow-free ice surface freeboard with kilometer-scale areal coverage, at a
spatial resolution of 0.5m, and an elevation uncertainty of 0.05 m. Free-
board conversion from ALS elevation measurements was performed using
an automated open water detection scheme using differences in open water
reflectance described in Hutter et al.”. We identified ridge sails usinga 0.5 m
threshold above the modal snow freeboard following Ricker et al.””. To
estimate ridge keel areal fraction from the sail areal fraction measured by
ALS, we co-located ridge surface from ALS and bottom topography from a
multibeam sonar mounted on a ROV*. A multibeam sonar (DT101,
Imagenex, Canada) mounted on a ROV (M500, Ocean Modules, Sweden)
provided measurements of ice draft over an area of 350 m in diameter with
0.05m vertical accuracy and 0.5m horizontal resolution. A multibeam
survey at a depth of 20 m was performed under Fort Ridge on 7 January
2020. Ridge keels were identified using a 0.5 m threshold below the modal
ice draft. After 21 March, we used co-located surface and bottom topo-
graphy of another ridge described in Salganik et al.”, as Fort Ridge disin-
tegrated. For each survey, we estimated the keel and sail area for the selected
ridge, and we used the sail-to-keel ratio to estimate the keel areal fraction.
The estimated keel-to-sail ratio gradually decreased from 4 in October to 2
in May and increased up to 6 during summer melt due to preferential snow
accumulation around ridge sails in winter”’, that makes the sails look larger
(wider) since the ALS will detect the snow surface (and thus the apparent sail
to keel ratio will decrease).

To upscale estimates of ridge areal fraction, we used 25x 25 km?
gridded pan-Arctic ridge sail spacing and sail height estimates derived from
ICESat-2 ATLO7 sea ice height data using a 0.2 m threshold from Mche-
dlishvili et al.*’. The ridge areal fraction was estimated as a fraction of keel
width and ridge spacing. The keel width was assumed to be 36 m following
the review of Arctic sea-ice ridge morphology by Strub-Klein and Sudom™.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The MATLAB code for Fig. 2ab is available at: https://github.com/esalganik/
Pelagic_food_webs. Environmental DNA sequencing raw data are available
at the European Nucleotide Archive (ENA), from ridge samples under
accession number PRJEB90852 and for non-ridge samples under
PRJNA895866. Other source data used in this study are available at Fig-
Share: https://doi.org/10.6084/m9.figshare.31865323. The source data are
from the full MOSAIC datasets available at PANGAEA as follows: Cruise

track: Haas, C. Links to master tracks in different resolutions of POLAR-
STERN cruise PS122/2, Arctic Ocean - Arctic Ocean, 2019-12-13 — 2020-
02-24 (Version 2). 21022 data points PANGAEA https://doi.org/10.1594/
PANGAEA.924674 (2020). Under ice water current: Baumann, T. et al.
Under-ice current measurements during MOSAIC from a 75 kHz acoustic
Doppler profiler. 36.7 MBytes PANGAEA https://doi.org/10.1594/
PANGAEA.934792 (2021). Sea ice physical and chemical properties:
Katlein, C. et al. Sea-ice draft during the MOSAIC expedition 2019/20. 114
data points PANGAEA https://doi.org/10.1594/PANGAEA.945846 (2022),
Oggier, M. et al. First-year sea-ice salinity, temperature, density, oxygen and
hydrogen isotope composition from the main coring site (MCS-FYT) during
MOSAIClegs 1 to 4 in 2019/2020. 7847 data points PANGAEA https://doi.
org/10.1594/PANGAEA.956732 (2023), Oggier, M. et al. Second-year sea-
ice salinity, temperature, density, oxygen and hydrogen isotope composition
from the main coring site (MCS-SYI) during MOSAIC legs 1 to 4 in 2019/
2020. 9395 data points PANGAEA https://doi.org/10.1594/PANGAEA.
959830 (2023), Granskog, M. A. et al. Temperature and heating induced
temperature difference measurements from the sea ice mass balance buoy
SIMBA 2020T60. 4 datasets Preprint at https://doi.org/10.1594/
PANGAEA.924269 (2020), Salganik, E. et al. Temperature and heating-
induced temperature difference measurements from Digital Thermistor
Chains (DTCs) during MOSAiC 2019/2020. 24 datasets Preprint at https://
doi.org/10.1594/PANGAEA.964023 (2023), Salganik, E. et al. Sea ice cores
photos from Fort Ridge during MOSAiIC 2019/20. 252 data points PAN-
GAEA https://doi.org/10.1594/PANGAEA.962537 (2023), Salganik, E. et al.
Drill-hole ridge ice and snow thickness and draft measurements of ‘Fort
Ridge’ during MOSAIC 2019/20. 2258 data points PANGAEA https://doi.
org/10.1594/PANGAEA.960347. Quantification of microorganisms by flow
cytometry: Miiller, O. et al. Flow cytometry dataset from CTD casts showing
the abundance of microorganisms (smaller than 20 um) during the Arctic
MOSAIC expedition. 13768 data points PANGAEA https://doi.org/10.
1594/PANGAEA.963430 (2023), Miiller, O. et al. Flow cytometry dataset
from first year sea ice (FYI) core bottom 5 cm sections showing the abun-
dance of microorganisms (< 20 um) during leg 2, 3 (February, March and
April 2020) of the Arctic MOSAIC expedition. 226 data points PANGAEA
https://doi.org/10.1594/PANGAEA.963560 (2023).Quantification of pro-
tists by microscopy: Assmy, P. et al. Sea-ice protist (including ice algae)
abundance and biodiversity data from ice coring at the main coring sites
(MCS_FYIand MCS_SYTI) and ridges during MOSAIC legs 2 to 4 in 2019/
2020. 51603 data points PANGAEA https://doi.org/10.1594/PANGAEA.
957637 (2023), Assmy, P. et al. Pelagic protist (including phytoplankton)
abundance and biodiversity data collected from the water column and water
filled voids inside ridges during MOSAIC legs 2 to 4 in 2019/2020. 20913
data points PANGAEA https://doi.org/10.1594/PANGAEA.957640 (2023).
Quantification of chlorophyll a: Hoppe et al. (2023): Water column
Chlorophyll a concentrations during the MOSAIC expedition (PS122) in
the Central Arctic Ocean 2019-2020 [dataset]. PANGAEA, https://doi.org/
10.1594/PANGAEA.963277.
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