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scales, future research should use approaches that can contrast the outer,
unconsolidated parts and the inner, seasonally and event-driven con-
solidated parts of ridges. Increased bacterial activity in the consolidated
ridge ice in summer indicates that freezing may enhance rather than inhibit
prokaryotic carbon degradation, consistent with the observed shifts in
metabolic potential linked to carbon processing. The contribution of ridges
to the Arctic marine carbon cycle remains unresolved but could be sub-
stantial due to their large habitat volume and high biomass reservoir in
terms of Chl-a. Our estimates show, for example, that ridges contain up to
80% of the ice algal biomass, thus being important for central Arctic primary
production, but also as a food source for higher trophic levels. Given this
potentially large contribution to overall Arctic sea-icebiomass, it is crucial to
focus more sea-ice research on ridges to understand how the Arctic eco-
system functions and predicting how it will change in the future. Here,
research should also look beyond the unicellular components to elucidate
currently unknown food web interactions and related biogeochemical
processes within the various ridge habitats.

Methods
Study area
The year-long MOSAiC ice drift (October 2019 to September 2020), with
the research vessel RV Polarstern serving as the base, started in the
eastern Eurasian Basin and crossed the Amundsen and Nansen basins
towards the Fram Strait (Fig. 1) (e.g., refs. 61,62). One dedicated research
project (Ridges—safe HAVens for ice-associated flora and fauna in a
seasonally ice-covered Arctic Ocean (HAVOC)63) performed detailed
and interdisciplinary observations of ridges during MOSAiC. During the
drift, three different ridges were sampled at different times of the year.
The changes between ridges were necessary, as logistical challenges and
ice dynamics prevented the sampling of the same ridge throughout the
entire period (see below), highlighting the difficulties associated with
studying ridges. The first ridge (R1) was investigated in winter, the sec-
ond ridge (R2) was investigated in spring, and the third ridge (R3) was
investigated in summer (Figs. 1 and 9 and Table 3). Based on their
macrostructural physical properties, the three ridges were similar in
characteristics. They formed during the MOSAiC drift (i.e. they were of
similar age) and were composed of thin ice blocks, with similar sail
heights (1–2 m) and average keel depths (3.2–4.3 m).

The ridge in winter (R1, named Fort Ridge in the field) was approxi-
mately 90–100 m long and 20–30 m wide. It was estimated to have formed
in September–October 2019 based on surface laser scanning64. The max-
imum keel depth measured by drilling was 6.8 m (7.4 m from sonar), the
maximum sail height estimated from drilling was 1.3 m (closer to 3 m from
surface laser scanning), and the average snow depth was 0.4 m. The rubble
macroporosity was 26–33% determined from drilling in January, and
9–46% derived from three ice mass balance buoys, installed in the middle
and flanks of the ridge, from January to March, showing high spatial
variability in macroporosity. R1 was sampled twice for biological variables
on January 10 and 24 at around 87°N in the eastern Amundsen Basin
(Table 3 and Fig. 1). Because R1 was not logistically accessible in spring and
summer, other ridges were chosen for sampling. The ridge studied in spring
(R2, named Ridgey McRidge Face in the field) formed in mid-March during
a period of repeated dynamic ice movements29. No instruments were
installed in R2, but void water and adjacent ice (void roof and floor) were
sampled twice for physical and biological variables in late April and early
May at about 84°N (Fig. 1 and Table 3). From surface laser mapping, the
typical sail height was 1.2 m, with a maximum of 2.2 m. At the location of
sampling, the snow depth ranged widely between 0.12–0.8 m in late April
and 0.3–0.44 m in May, but was thick compared to level ice with an average
snow depth of 0.14 m65. R2 disintegrated during a very dynamic period
around mid-May and could not be investigated further. The ridge sampled
in summer (R3, named Jaridge in the field) formed in early February and
was studied repeatedly over a period of about 1 month (late June to late July
2020) when the ice floe drifted from 82 to 80°N (Fig. 1 and Table 3)26,40.
Based on extensive sonar mapping, the ridge had an average keel bottom
depthof 4.6 m and a keel width of 42 m, with a mean sail height of 0.5 m and
a sail width of 15 m estimated from drilling. The average snow depth above
the ridge in early July was 0.5 m and the average macroporosity of the keel
and the rubble was 4% and 15%, respectively. Based on drillings, this ridge
had lower macroporosity than R1 in January and had experienced sub-
stantial consolidation. There was also substantial melt of the ridge keel, with
1.7 m maximum melt loss at the keel and 4.5 m at the ridge flanks40. The
ridge melted about 3 times faster than the surrounding level FYI in July,
mainly due to enhanced bottom melt. Sampling for biological variables of
void water, void roof and floor ice, ridge bottom ice and under-ice water was
done at four time points in July at different locations of the ridge (Table 3

Table 3 | Sampling events and depth for biological and physical variables at the three ridges investigated during the MOSAiC
expedition

Ridge R1 R2 R3

Date (2020) 10.01. 24.01. 22.04. 05.05. 03.07. 10.07. 18.07. 24.07. 24.07.

Specifics Frozen voids Ridge flank

A—ice void roof X (153–184) X (157–204) X (122–132) X (118–128) X (179–189) X (74–84) X (172–184)

B—upper void X (184–214) X (204–224) X (132–147) X (128–145) X (189–199) X (95–105) X (184–196)

C—ice
void floor

X (214–243) X (224–261) X (147–157) X (145–155) X (199–209) X (121–131) X (196–207)

D—ice void roof X (349–385) X (277–287) X (170–180) X (128–139)

E—lower void X (287–369) X (192–202) X (193–203)

F—ice
void floor

X (420–460) X (366–376) X (284–294) X (267–279)

G—algae
inclusion

X (383–393) X (183–188)

H—ice ridge
bottom

X (550–560) X (391–401) X (511–522) X (503–513) X (425–435)

UiW-ridge X X X

UiW-FYI X X X

The letters specifying the type of ridge sample correspond to those provided in Figs. 3 and 10. The X indicates when these samples were taken. A boldX indicates samples that were takenwhen thewater-
filled voids were frozen, and hence, ice sections corresponding to the frozen void and the roof or the floor of the void were not as clearly defined as for the other coring events when water-filled voids were
encountered. For R1, the sampled ice sections were between 30 and 50 cm and for R2 and R3 sections were 10 cm long. Sampling depths (cm) from the water surface (corrected for ice draft) are given in
brackets.
UiW under-ice water.
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and Fig. 10). The entire MOSAiC ice floe, including R3, disintegrated on 31
July, less than 50 km from the ice edge66, and no further sampling was
possible.

Sampling of ice and water from ridges and level ice
Ice cores for temperature and salinity measurements as well as biogeo-
chemical variables were extracted with a 9-cm (Mark II) internal diameter
ice corer (Kovacs Enterprise, USA). Ice temperature was measured in situ
using a Testo 720 thermometer in drill holes with a length of half-core
diameter at 5–10 cm vertical resolution. Ice bulk salinity was measured from
melted ice core sections using a YSI 30 conductivity meter (the conductivity
is converted to salinity and reported on the Practical Salinity Scale 1978,
PSS-78, which is dimensionless). The relative brine volume fraction of each
section was calculated following Cox and Weeks67 and Leppäranta and
Manninen68 for in situ conditions using the ice temperature profile mea-
sured in the field and the bulk salinities. We also used temperature mea-
surements from ice mass balance buoys (SIMBA69, DTC70) to study the
temporal evolution of thickness and temperature. These buoys had a chain
of temperature sensors with a 2–4 cm sensor spacing and recorded tem-
perature every 6 h with an accuracy of 0.1 °C. Three ice mass balance buoys
were installed at R1, and one ice mass balance buoy was installed at R3.

Ice cores collected for biogeochemical variables were cut into 10 cm
long sections in the field and collected in sterile plastic bags, with the focus
on the three habitats: the ice of the roof and the floorofwater-filled voids, the
bottom of the ridge, and, when present, the frozen void and algae inclusions.
Biogeochemical variables were, when possible, derived from pooled ice core
sections of three replicate cores (R3), and during challenging weather per-
iods (R1 and R2) from single ice cores. The core sections were kept dark and
cool, transferred to the laboratory on board and melted in the dark after the
addition of filtered seawater: 50 mL of 0.22 μm filtered seawater was added
per cm of sea ice thickness, and the sea ice samples melted within 24–36 h in
the dark at around4 °C. Whenpossible, thewater (20–30 L) inside the voids,
below the ridge and below level ice, was sampled using a manual bilge pump
with a silicon tube with a diameter of 20 mm into prewashed polyethylene
containers. When two different void locations were sampled during the
same sampling event (R3: 03.07.2020), due to the complexity and inter-
connectivity of voids, we cannot exclude that the sampled water was only
fromone individual void andpotentially amix fromneighboring, connected
voids. However, due to the large vertical distance (1 m) between the upper
and lower voids, we can exclude vertical cross-contamination. From both
melted sea ice and water samples, sub-sampleswere taken for determination
of inorganic nutrients, biogenic silica (BSi), particulate organic carbon
(POC), chlorophyll a (Chl-a), bacterial production (BP) and abundance and
diversity estimates of protists and bacteria through flow cytometry (FCM),
light microscopy and molecular analysis, as described in more detail below.

Comparative data from first-year and second-year level ice (FYI and
SYI) used in this study are from ice cores taken as part of the MOSAiC main
level ice coring program, where ice cores were retrieved, sectioned, and
treated in a similar way as described above. For further details, see Nicolaus
et al.61 and Fong et al.62.

Nutrient analysis
Samples collected for nutrient measurements were analyzed onboard
(January–May 2020), and samples stored frozen (June–July 2020) were
analyzed at a shore-based lab. In either case, analyses were conducted col-
orimetrically using an AA3 continuous flow auto analyzer (Seal Analytical)
following best practices adopted from GO-SHIP recommendations71,72.

Biogenic and lithogenic silica
Bio- (BSi) and lithogenic (LSi) silica were analyzed using a combination of
previously publishedmethods. Given the high lithogenic silica content of ice
and water samples during this campaign, a commonly used sequential
sodium hydroxide and hydrofluoric acid digestions for water-column BSi
and LSi would have been unsatisfactory (e.g., ref. 73). Sodium hydroxide
digestions can dissolve some LSi in field samples; many studies assume this

to be up to 15% and apply a correction factor (e.g., ref. 73). Given the
expected (and realized) LSi loads, a 15% LSi correction would overcorrect
the BSi signal. Hence, we applied a more laborious time-course digestion
protocol, which uses 0.1 molar sodium carbonate (as done previously for
turbid Arctic coastal water samples in Varela et al.74) and allows for better
isolation of the BSi signal from the solubilized LSi. This is similar to time-
course digestions used in marine sediments75. Post sodium carbonate
digestion, the LSi in the remaining material was solubilized using dilute 2
molar hydrofluoric acid and quantified as dissolved silicic acid (colorimetric
molybdate method). BSi is determined as the y-intercept of the time-
course75 and the total LSi reported is the sum of phases quantified in both the
sodium carbonate- (total liberated Si minus that from only BSi) and
hydrofluoric acid digestions.

Particulate organic carbon (POC)
Between0.3 and 2 L of the sampled water or melted ice was filteredontopre-
combusted Whatman GF/F filters under a low vacuum pressure (≤30 KPa).
Filtered quantity was adjusted depending on the coloration of the filter. The
filters were folded and frozen at −80 °C until analysis. Before the analysis,
filters were first dried overnight at 60 °C, and afterwards acid-fumed with
hydrochloric acid for 24 h before they were dried again for 24 h at 60 °C. For
the measurement, the dried filters were then packed in tin capsules and
measured with an elemental analyser (Flash 2000, Thermo Scientific, Bre-
men, Germany) at the stable isotope facility of the joint research unit Lit-
toral, Environment and Societies (CNRS-University of La Rochelle), France.

Chlorophyll a (Chl-a) analysis
Water samples and melted sea ice samples were filtered on 25 mm GF/F
filters (Whatman) using a low-pressure vacuum. When possible, triplicates
were taken (water samples), while one sample was taken per ice core section,
and volumes ranged between 0.2 and 0.5 L for ice samples and 0.5 and 2 L
for water samples. The filters were then transferred into 2 mL Eppendorf
tubes and frozen at −80 °C. Due to a mistake, the filters from ridge samples
were dried overnight at 60 °C for transport and, following arrival at the lab at
the University of Bergen, kept frozen at −80 °C. As this procedure com-
promised the samples, a thorough test was performed to evaluate the
potential effect of the drying on Chl-a concentration, which is described in
detail in Supplementary Fig. 9. In short, independent of algae biomass, the
dried filters had consistently 1.8 times less Chl-a than the non-dried stan-
dard treated filters, and hence this correction factor was applied to the ridge
samples (Supplementary Fig. 12). For further analysis, the samples were
extracted in 90% acetone overnight at 4 °C and subsequently analyzed on a
calibrated Turner Design 10-AU fluorometer (Turner Designs, USA),
including an acidification step (1 M HCl) to determine phaeopigments76. All
filtration, extraction, and measurement steps were performed with dimmed
lights.

Flow cytometry counts
Triplicate subsamples of 1.8 mL from water or melted sea ice samples were
fixed with 36 μL 25% glutaraldehyde (0.5% final concentration) for 2 h at
4 °C, flash-frozen in liquid nitrogen, and stored at −80 °C until analysis.
Abundances of pico- and nanosized phytoplankton, and heterotrophic
nanoflagellates (HNF) were measured using an Attune® Acoustic Focusing
Flow cytometer (Applied Biosystems by Thermo Fisher Scientific, Wal-
tham, MA, USA) with a syringe-based fluidic system and a 20-mW 488-nm
laser. Autotrophic microorganisms were counted directly after thawing of
the sample, and the different phytoplankton groups were discriminated
based on their red fluorescence (BL3) vs. orange fluorescence (BL2) and
orange fluorescence (BL2) vs. side scatter (SSC) as in Paulsen et al.77. For the
measurement of HNF abundance, once thawed, the samples were stained
with a green-fluorescent nucleic acid dye (SYBR Green I; Molecular Probes,
Eugene, OR, USA) for 2 h in the dark, and then 1.5 mL measured at a flow
rate of 500 μL min−1 following the protocol of Zubkov et al.78. Bacteria were
measured on a FACS Calibur (Becton Dickinson) flow cytometer. Samples
were first thawed, diluted 10 times with 0.2-μm-filtered TE buffer (Tris
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10 mM and EDTA 1 mM, pH 8), stained with SYBR Green I, and incubated
for 10 min at 80 °C in a water bath79. The samples were counted at a flow rate
of around60 μL min−1 anddifferent groupsdiscriminatedonabiparametric
plot of greenfluorescence (BL1) vs. side scatter (SSC) to distinguish different
bacterial groups, including low nuclear acid (LNA) and high nuclear acid
(HNA) bacteria. A figure exemplifying the gating strategy is provided in
the Supplementary Information (Supplementary Fig. 13).

Light microscopy
For the preservation of protist samples, 200 mL of water and melted sea ice
were fixedwith a Lugol-formaldehyde mixture with a fewdrops (2–3 mL) of
acidic Lugol solution and hexamethylenetetramine-buffered formalin
solution at a final concentration of 1% and kept at 4 °C in the dark. Before
counting, the cells were settled for 48 h in Utermöhl sedimentation cham-
bers (HYDRO-BIOS©, Kiel, Germany) and identified and counted using an
inverted light microscope.

Bacterial production
Bacterial production was measured based on the incorporation of 3H-
leucine according to Smith andAzam80. Samples (seawater ormelted sea ice)
were distributed into four replicates of 1.5 mL using2 mL Eppendorf vials.A
total of 80μL of 100% trichloroacetic acid (TCA) was immediately added to
one replicate, which served as a control. All replicates were then incubated
with 25 nM 3H-leucine (final concentrations) for 2 h at in situ temperature,
before they were stopped by adding 80 μL of 100% TCA. Samples were kept
cold at 4 °C until analysis. Samples were centrifuged for 10 min at
14,800 rpm, the supernatant was removed, and the pellet was subsequently
washed with 1.5 mL 5% TCA. This stepwas repeated twice, and after the last
centrifugation step, once the supernatant was removed, 1.5 mL of scintil-
lation liquid (Ultima Gold) was added. The radioactivity in the samples was
then counted on a Perkin Elmer Liquid Scintillation Analyzer Tri-Carb
2800TR. The measured leucine incorporation was converted to μg carbon
incorporated per L per day (presented as mg C m−3 d−1), using a conversion
factor of 1.5 kg C per mole of incorporated leucine, based on the specific
activity of the isotope and the constants 1797 (grams of protein produced
per mole of incorporated leucine) and 0.86 (the weight ratio (g:g) of total
C:protein in bacteria) according to Simon and Azam81, assuming no isotope
dilution82.

DNA extraction, PCR, Illumina 16S/18S rRNA gene and meta-
genome sequencing
Both melted sea ice and water samples were filtered through a Sterivex
0.22 μm filter or, when volumes were <500 mL (three sea ice samples), onto
0.22 μm Durapore filters. The filters were directly flash-frozen in liquid
nitrogen, stored at −80 °C, and at the end of the campaign, shipped to the
University of Bergen on dry ice. DNA from Sterivex filters was extracted
using the Qiagen PowerWater DNA kit, and the DNAfrom Durapore filters
was extracted using the QIAGEN DNeasy Power Soil kit following the
manufacturer’s instructions. The extracted DNA was stored at −20 °C until
PCR amplification for amplicon sequencing (16S and 18S rRNA gene) or
shipment to the Joint Genome Institute (CA, USA) for metagenome
sequencing using 151 base pair paired-end reads with an Illumina NovaSeq
S4 device, retrieving 42 HAVOC metagenomes. Metagenome data were
assembled using the JGI MAP pipeline83, where samples were filtered for
quality with BBDuk, error corrected using BBCMS, assembled using
SPAdes84, and reads mapped back to contigs using BBMap (v38.8685).
Metagenomic datawere analyzed to compare functional gene profiles across
samples. Annotated gene abundanceswere groupedaccording to Clusters of
Orthologous Groups (COG) pathways. Gene abundance tables were nor-
malized to account for differences in sequencing depth. Principal Compo-
nent Analysis (PCA) was used to explore patterns of variation in COG
pathway abundance among samples. Metagenome assembled genomes
(MAGs) recovered from the HAVOC metagenomes (PRJNA1160706), as
described in ref. 86, were analyzed using METABOLIC v4.087 to infer
metabolic potential and using dbCAN488 to identify and annotate

carbohydrate-active enzymes using the Carbohydrate-Active EnZymes
database (CAZy)89.

For amplicon sequencing a two-step nested PCR approach using
HotStarTaq Master Mix (Qiagen) was applied targeting the bacterial/
archaeal 16S rRNA gene (519 F: CAGCMGCCGCGGTAA90; and 806RB:
GGACTACNVGGGTWTCTAAT91) and targeting the eukaryotic 18S
rRNA gene (528iF: GCGGTAATTCCAGCTCCAA92; and 964iR:
ACTTTCGTTCTTGATYRR92). The first PCR, performed in triplicates,
was done at the following conditions: 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. With the second PCR, unique eight-
nucleotide barcodes were added to the first PCR products using the fol-
lowing conditions: initial denaturation of 15 min at 95 °C, followed by 12
cycles of 95 °C for 20 s, 62 °C for 30 s, and 72 °C for 30 s, followed by a final
extension step of 72 °C for 7 min. Finally, PCR products were cleaned with
Agencourt AMPure XP magnetic beads (Beckman Coulter Inc., CA, USA),
quantified using Qubit 3.0 Fluorometer, and pooled in equimolar con-
centrations before sending for sequencing to the Norwegian Sequencing
Center (Oslo, Norway) using the MiSeq Reagent Kit v3 (Illumina, CA,
USA). All ridge-associated sequences are available at the European
Nucleotide Archive (ENA) under project number PRJEB90852. 18S
sequences from seawater (28), first-year ice (FYI: 13), and second-year ice
(SYI: 10) were obtained from the Alfred-Wegener Institute and can be
found at ENA under the project number PRJNA895866.

In total, 34 ridge samples (including ice, void water, and seawater just
below the ridge) were analyzed for 16S and 18S rRNA gene-based com-
munity composition, and in addition, 28 seawater samples, 13 FYI, and 10
SYI were analyzed for 18S community composition. The retrieved sequence
data were processed using DADA2 (Divisive Amplicon Denoising Algo-
rithm 2, version 1.32.093) in R (version 4.4.194). In short, sequences were
trimmed, filtered based on quality scores, dereplicated, and amplicon
sequencing variants (ASVs) inferred. Forward and reverse reads were
denoised and merged before chimeric sequences were removed, and tax-
onomy was assigned using the 16S silva database (version 13895) and the 18S
pr2 database (version 4.12.096) for 16S and 18S sequences, respectively. The
resulting ASV tables (16S and 18S), along with taxonomic annotations, were
used for all subsequent diversity and community composition analyses.
Relative abundance was calculated per sample by dividing each ASV count
by the total number of reads.

Statistical analysis
Statistical analyses were done using the R package vegan and the programs
Primer-E version 6 (Plymouth, UK) and Canoco 597. Among others, Bray-
Curtis dissimilarities, principal component analysis (PCA), and linear
regressions were calculated using these tools. The connections between
environmental variables were determined using PCA, performed on nor-
malized data using centered log-ratio transformation98. The coordinates of
the scores and loadings for the PCA plots were illustrated using GraphPad
Prism version 10.1.2 for Windows (GraphPad Software, USA, http://www.
graphpad.com/). For the ordination analysis (NMDS) of the sequencing
data, the relative abundance at the genus level was used, and the table was
normalized using a square-root transformation before Bray–Curtis dis-
similarity was calculated to assess community similarity among samples.
For 16S datasets, all chloroplast sequences and for 18S datasets, all Crustacea
sequences were removed prior to analysis. For the network analysis, Bray-
Curtis dissimilarity was calculated using the R package vegan, converted
into a similarity matrix (1 − distance), and an adjacency matrix was gen-
erated by applying a similarity threshold of 0.4. An undirected network
graph was constructed with the R package igraph, and node degree (the
number of sample connections) was calculated. The network was visualized
using the R package ggraph to assess sample connectivity.

Estimate of ice surface area and brine volume in ridges
To our knowledge, there have been no attempts so far to estimate the
ice surface area in ridges (the sum of all ice block surfaces in a ridge keel).
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Based on typical values of first-year ice ridge keel depth (6–8 m4,7),
rubble macroporosity (30%7), block thickness (0.2–0.4 m4), and a block
length to thickness ratio of 3.5, we estimate that the initial per unit surface
area of ridge keels is about 20–30 times larger than for level ice. The ratio of
the surface area of the ice blocks in the rubble Srbl and the horizontal
projection of the ridge keel Sli can be estimated as (Eq. (1)):

Srbl

Sli
¼ hrbl 1 � μ

� �

hblb
lb þ 2hb

� � ð1Þ

wherehrbl is the rubble thickness,μ is the rubblemacroporosity,hb and lb are
the block thickness and length. This will decrease with consolidation, but
means that younger unconsolidated ridges with a 5% aerial fraction would
typically provide an equal ice surface area as that of all of the level ice.

The brine volume of submerged ice blocks in the unconsolidated part
(rubble) of the keel also adds to the habitable space in ridges, given that they
are close to the seawater freezing point and are thus more porous than the
colder level ice. The ratio of the total brine volume of the ridge Vb;rdg and
level ice Vb;li can be estimated as (Eq. (2)):

Vb;rdg

Vb;li
¼ hcl

hli
þ hrbl 1 � μ

� �

hli

vb;rbl

vb;li
ð2Þ

where hcl , hrbl and hli are the thicknesses of the consolidated layer, the
rubble, and level ice, respectively, and vb;rbl and vb;li are the brine volume
fractions of rubble and level ice, respectively.

The excess brine volume fraction of ridges can be estimated as a
function of ice temperature and salinity from, e.g., Frankenstein and
Garner99, giving rubble a brine volume of 10% and level ice a brine volume of
5% assuming an ice surface temperature of −10 °C, rubble salinity of 4, and
first-year ice salinity of 5. For a typical level ice thickness of 1.5 m100 and
rubble porosity of 30%, Eq. (2) gives a ratio of ridge and level ice brine
volume of around 8 during winter. After the onset of melt, both the ridges
and the level ice become isothermal, and this leads to a lower ratio of unit
brine volume of around 4 between ridge rubble and level ice.

On the large scale, observations indicate that the aerial coverage of
ridged ice is around 30–40%3,101, but up to 60% in heavily deformed areas2.
Hence, the ice surface area in ridges can be multifold compared to that
provided by level ice.

Estimatesof ridgeand level ice volumes (FYIandSYI) tocalculate
Chl-a and POC concentrations in different ice types
For such estimates, it is practical to estimate unit volumes, i.e., volumes
expressed in meters (m3/m2, volume perunit area). These estimates can then
be upscaled using areal fractions of ridge keels, first- (FYI) and second-year
ice (SYI) from airborne surveys (here we used airborne laser scanner sur-
veys). For most estimates here, we used an ice depth threshold of 2.5 m, with
ice of a smaller depth not being considered a ridge. We also ignored the
above-water contribution from ridges (sail) and level ice (freeboard) to the
unit volume estimates, as they cannot serve as an algae habitat. Estimates are
provided for the period from 25 June to 3 July 2020 from R3.

Key values include:
• Ridge block thickness hb ¼ 0:3 m (thickness tape measurements)
• Ridge rubble porosity μrbl ¼ 17% (drilling, 25 June–3 July, n = 8)
• Ridge consolidated layer thickness hc ¼ 2:2 m (drilling, 25 June–3

July, n = 8)
• Mean ridge keel depth hk ¼ 3:9 m (ROV multibeam measurements,

the whole ridge)
• Mean level ice depth (hfyi ¼ 1:4 m and hsyi ¼ 1:5 m, IMBs, n = 7)
• Areal coverage of ice type (ardg ¼ 22%, afyi ¼ 50%, asyi ¼ 28% from

ALS102

Estimates for each ice type:

Ridge void unit volume (rubble thickness by rubble porosity):

vv;rdg ¼ hk � hc

� �
μrbl ¼ 0:29 m ð3Þ

Ridge ice unit volume (consolidated layer and rubble ice fraction):

vi;rdg ¼ hc þ hk � hc

� �ð1 � μrblÞ ¼ 4:1 m ð4Þ

Ridge exterior (10 cm from surface) unit volume (block number by
doubled layer thickness):

vext;rdg ¼ hk � hc

� � 1 � μrbl

hb
2 � 0:1 m ¼ 0:94 m ð5Þ

Ridge interior (excluding the bottom 10 cm) unit volume (block
number by internal layer thickness):

vint;rdg ¼ hc þ hk � hc

� � 1 � μrbl

hb
ðhb � 2 � 0:1 mÞ ¼ 2:67 m ð6Þ

Level ice interior (excluding the bottom 10 cm) unit volume:

vint;fyi=syi ¼ dfyi
syi

� 0:1 m

� �
¼ 1:2

1:3
m

FYI
SYI

� �
ð7Þ

Estimates for all ice types:
To convert volume estimates to their volumetric fraction, the unit

volumes were multiplied by the corresponding ice type areal coverage
(ardg ¼ 22%, afyi ¼ 50%, asyi ¼ 28%) for the area of about 40 km2 around
the MOSAiC icefloe from airborne laser scanner surveys. In total, the largest
unit volume came fromridge ice (0.82 m), followedbyFYI (0.65 m), andSYI
interior (0.39 m). To estimate Chl-a and POC concentrations in the dif-
ferent ice types, we used all Chl-a and POC measurements from the ridge,
first- and second-year ice taken in July. We assigned to each ice or water type
the average Chl-a and POC concentrations (mg m−3) to provide an estimate
of Chl-a and POC per unit ice area by multiplication by the corresponding
total volume fraction (Table 2). Overall, the values used to calculate unit
volumes for the different ice types are representative compared to the lit-
erature. Block thickness is similar to most ridge observations. Rubble por-
osity is lower than typical winter porosities close to 30%4, but similar to
lower porosities of 10–20% observed during the melt season103. Ridge keel
depth is smaller than from drilling surveys4, but similar to moored sonar
observations3. The level ice thickness is similar to pan-Arctic satellite
estimates100. Ridge areal coverage is comparable to moored sonar estimates3,
while the areal fraction of first-year ice is slightly smaller than for the Arctic
Ocean currently, with around 70% of first-year ice104. The ridge spacing
estimated from ICESat−2 laser altimeter for MOSAiC location was around
170 m in March-May 2020, with a pan-Arctic median ridge spacing of
235–280 m105. Thus, the conditions during MOSAiC in terms of the fraction
of different ice types appear rather representative of current Arctic sea ice
conditions. We then combined results from individual ice types to calculate
Chl-a and POC concentrations for ridge ice, FYI and SYI (Table 4). Based on
the ice type-specific areal coverage, we calculated the contribution of the ice
type to the total Chl-a and POC concentration per m2 sea ice (Table 4).

Data availability
The original data used in this study, collected during the MOSAiC expe-
dition, are publicly available and deposited in PANGAEA. All environ-
mental data, including nutrients, POC, biogenic and lithogenic silica,
elemental composition of particles, chlorophyll a, bacterial production, flow
cytometry, and light microscopy counts (simplified) from ridge samples can
be found compiled in one data set on PANGAEA (107; https://doi.org/10.
1594/PANGAEA.983955). Non-ridge data can be found as follows: Dis-
solved nutrients in the water column can be found in Torres-Valdés et al.
(108; https://doi.org/10.1594/PANGAEA.966217). Biogenic and lithogenic
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silica in the level ice and water column can be found in Lemke et al. (109;
https://doi.org/10.1594/PANGAEA.971253). Chlorophyll a concentrations
in the level ice and water column can be found in van Leeuwe et al. (110;
https://doi.org/10.1594/PANGAEA.967448) and Hoppe et al.(111; https://
doi.org/10.1594/PANGAEA.963277). Flow cytometry in the water column
and level ice is available in Müller et al. (112; https://doi.org/10.1594/
PANGAEA.963430) and Müller et al.(113; https://doi.org/10.1594/
PANGAEA.963560). The sequencing raw data are available at the Eur-
opean Nucleotide Archive (ENA), from ridge samples under accession
number PRJEB90852 and for non-ridge samples under PRJNA895866.
Metagenome data are available under JGI Project 1454842 and
Metagenome-assembled genomes (MAGs) recovered from the HAVOC
metagenomes under accession number PRJNA1160706. Light microscopy
counts (taxonomy) of sea ice (including ridges) can be found in Assmy et al.
(114; https://doi.org/10.1594/PANGAEA.957637) and for pelagic samples

(incl. ridge voids) in Assmy et al. (115; https://doi.org/10.1594/PANGAEA.
957640). For R1, drilling data can be found in Salganik et al. (116; https://doi.
org/10.1594/PANGAEA.960347); coring data in Salganik et al. (117; https://
doi.org/10.1594/PANGAEA.962542); ice mass balance buoy data in
Granskog et al. (118; https://doi.org/10.1594/PANGAEA.924269) and in
Salganik et al. (119; https://doi.org/10.1594/PANGAEA.964023). For R2, the
coring data can be found in Salganik et al. (120, https://doi.org/10.1594/
PANGAEA.979884). For R3, drilling data can be found in Salganik et al. (121;
https://doi.org/10.1594/PANGAEA.953880), and the ice mass balance buoy
data in Granskog et al. (122; https://doi.org/10.1594/PANGAEA.938354);
Level first-year ice coring data can be found in Oggier et al. (123; https://doi.
org/10.1594/PANGAEA.971385) and level second-year ice in Oggier et al.
(124; https://doi.org/10.1594/PANGAEA.974764). Multibeam sonar data
can be found in Anhaus et al. (125; https://doi.org/10.1594/PANGAEA.
971872), the airborne laser scanner measurements can be found in Hutter

Table 4 | Chlorophyll a (Chl-a) and particulate organic carbon (POC) concentration in different ice types

Ice type Chl-a per
volume
(mg m−3)

Chl-a per
area
(mg m−2)

Chl-a per ice type
areal coverage
(mg m−2)

Relative amount of
Chl-a per ice type
areal coverage (%)

POC per
volume
(mg m−3)

POC per area
(mg m−2)

POC per ice type
areal coverage
(mg m−2)

Relative amount of
POC per ice type
areal coverage (%)

Ridge 6 ± 4 25 ± 5 6 ± 1 80 ± 20 390 ± 70 1570 ± 140 350 ± 30 41 ± 4

FYI 1.2 ± 0.3 1.5 ± 0.2 0.8 ± 0.09 11 ± 2 340 ± 70 440 ± 30 220 ± 20 26 ± 2

SYI 1.0 ± 0.2 1.4 ± 0.1 0.39 ± 0.04 6 ± 1 730 ± 70 1030 ± 90 290 ± 30 34 ± 3

The estimates are based on Chl-a and POC measurements, taking ice type fraction, ice volume, and areal coverage into account. Values are given as mean ± standard error (SE). SE is calculated as the
propagation of error.
FYI first-year ice, SYI second-year ice.

Fig. 10 | Conceptual visualization of the seasonal evolution of sea ice ridges. The
seasonal evolution of sea ice ridges from winter to summer and relevant processes
shaping ridges (e.g., consolidation, melting), as well as which ridge (R1–R3) and how
often it was sampled for biological variables during the four represented seasons. The

boxes with letters indicate how many and approximately where in the ridge samples
were taken (for more details, see Table 3). The white color indicates snow accu-
mulation and the light green color below the ice increase in phytoplankton con-
centration in the upper water column. UiW under ice water. Credit: Frida Cnossen.
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et al. (126; https://doi.org/10.1594/PANGAEA.950896), the helicopter-borne
RGBorthomosaics can be found in Neckel et al. (127; https://doi.org/10.1594/
PANGAEA.949433), and the core hydrographic data canbe found in Schulz
et al. (128; https://doi.org/10.18739/A21J9790B).

Received: 24 July 2025; Accepted: 23 February 2026;
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