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Arctic sea ice is highly heterogeneous and composed of a mosaic of different

habitats. Our understanding of the impact of climate change on Arctic sea ice

and especially on the ice-associated ecosystems is hindered by both a lack of

data and a limited understanding of the processes associated with different sea-

ice habitats. In particular sea-ice ridges are one of the most under-sampled and

poorly understood components of the Arctic sea-ice system. During a spring

campaign in the Arctic Ocean, we combined a number of sampling approaches

to quantify: 1) the spatial variability of sea-ice algae at single floe andmultiple floe

scales; 2) the contribution of ridges to ice algal spatial variability; and 3) the role of

ridges in shaping the sea ice as a habitat. For upscaling purposes, algal biomass

retrieved from ice cores was compared with biomass estimates based on under-

ice profiles covering a total of 36 km. Our results show that the level-ice spatial

variability measured on a single ice floe can be representative of the larger scale

variability. However, only when ridges are included in the analysis we are able to

obtain a comprehensive picture of the large-scale ice algal biomass variability. In

spring, ridges let more light pass through the ice due to their geometry and their

effects on snow distribution, they thus offer a potentially favorable environment

for algae to grow within, and they can act as funnels of light for pelagic

organisms. On a large scale, ridges contribute more than 50% percent of the

potential habitable space for ice algae for snow-covered Arctic sea ice in spring.
KEYWORDS

sea-ice ridges, habitable space, algal spatial variability, light transmission, Arctic sea ice,
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1 Introduction

Sea ice in polar regions is characterized by significant variability

at many spatial and temporal scales. Such variability remains one of

the greatest challenges in sea-ice studies both from an observational

perspective and for modeling purposes. Variability in sea-ice

physical properties is reflected in the patchiness of sea-ice

biogeochemical properties (e.g., Gosselin et al., 1986; Eicken et al.,

1991; Granskog et al., 2005; Steffens et al., 2006; Castellani et al.,

2020), especially of sea-ice algae (Campbell et al., 2022). Indeed, the

variations at different scales support various existing ecological

niches. The diverse habitats that sea ice can offer for biological

production are still under-sampled, thus assessing the role of sea-ice

algal biomass and primary production for polar ecosystems remains

a challenge. Lange et al. (2017) showed, based on samples collected

during seven ice stations in the central Arctic, that ice core-based

estimates of summertime ice algal chlorophyll a (chl a) do not

capture the spatial variability resolved by under-ice profiling

platforms (Castellani et al., 2020). The above mentioned studies

mainly focus on level ice (sea ice which has not been affected by

deformation, such a ridging or rafting), however sea ice includes

diverse habitats such as meltponds in the Arctic summer,

hummocks, ridges, and infiltration layers (e.g., van Leeuwe et al.,

2018; Fernández-Méndez et al., 2018).

Pressure ridges are characteristic features of the sea-ice cover in

both the Arctic and the Antarctic. They form during sea-ice

deformation events, when ice floes collide and create piles of

broken ice blocks (called rubble) that extend vertically in the

atmosphere and ocean. The portion of ice above the water line is

called the sail, and the portion below the water line is called the keel.

Typically the rubble has a (macro) porosity of about 30% (e.g.

Guzenko et al., 2023), that is voids between the ice blocks filled with

air/snow in the sail, or seawater in the keel. Studies using sonar ice

draft measurements showed that the fraction of ridged ice in the

Arctic can be on the order of 30 to 70% (e.g., Williams et al., 1975;

Melling and Riedel, 1996; Hansen et al., 2014; Brenner et al., 2021).

The sails and keels affect the interaction of sea ice with the

atmosphere (turbulence, accumulation of snow) and with the

underlying ocean (drag, accumulation of melt water) (see e.g.,

Itkin et al., 2018; Castellani et al., 2014; Lu et al., 2011; Castellani

et al., 2018; Salganik et al., 2023). After formation, ridges are a loose

pile of individual ice blocks that, with time, weather and consolidate

due to thermodynamic processes that cause freezing, melt, and

refreezing (e.g., Shestov and Marchenko, 2016; Salganik et al., 2023;

Lange et al., 2023). The edges of the ridges melt, thus assuming a

rounder shape (Kovacs and Mellor, 1971; Høyland, 2002; Wadhams

and Toberg, 2012). These changes in the structure of ridges affect

their porosity, their strength, and their ability to transmit light. The

water-filled voids create habitable spaces for ice-associated

organisms. It is this complexity of structure, variable in time and

space, that makes ridges a unique sea-ice environment with specific

physical characteristics compared to level ice, and thus associated

biological processes. The transition to younger, thinner, and more

mobile sea ice in the Arctic has resulted in a decline in the

proportion of multiyear ice, which typically hosts a greater
Frontiers in Marine Science 02
number of weathered ridges (Maslanik et al., 2007, 2011). At the

same time, deformation events have become more frequent in

thinner ice, yet this has coincided with a reduction in both the

height and density of pressure ridge sails, as recently reported by

Krumpen et al. (2025).

Ridges—particularly before melting and consolidation, when

they still exhibit high porosity with water-filled voids—have been

identified as potential ecological hotspots (e.g., Smetacek et al.,

1990; Fernández-Méndez et al., 2018, and references therein).

According to Fernández-Méndez et al. (2018), ridge-associated

microbes may contribute between 34% and 74% of the total sea-

ice biomass, highlighting that ridges not only concentrate biomass

but also support distinct microbial communities compared to level

ice, thereby increasing biodiversity. Ridges also serve as refugia,

feeding grounds, and dispersal platforms for organisms ranging

from zooplankton to juvenile fish (Smetacek et al., 1990; Hop and

Pavlova, 2008; Gradinger et al., 2010; Gulliksen and Lønne, 1989;

Gradinger and Bluhm, 2004; David et al., 2015; 2016). In the

Antarctic, ridges have been recognized as an important habitat

for the key krill species Euphasia superba (Smetacek et al., 1990;

Meyer et al., 2017). However, sampling sea-ice ridges poses

significant logistical challenges. Conventional drill-based methods

are often difficult and resource-intensive due to the ridges’

structural complexity and large size (Timco and Burden, 1997;

Gradinger et al., 2010; Lange et al., 2017). Moreover, the water-filled

voids within ridge keels are typically inaccessible using standard

sampling techniques. One exception is diver-based sampling, which

allows access to the outer flanks of ridges but not their internal voids

(e.g., Syvertsen, 1991; Fernández-Méndez et al., 2018). As a result,

only a limited number of ridge studies exist with an ecological focus.

The few studies to date have mapped ice algal communities

(Syvertsen, 1991; Fernández-Méndez et al., 2018) or fauna

associated with ridges (Smetacek et al., 1990, Hop and Pavlova,

2008; Gradinger et al., 2010; Gulliksen and Lønne, 1989; Geoffroy

et al., 2023; Meyer et al., 2017).

More recently, ridges have been targeted by under-ice profiling

and modeling studies. Under-ice profile data has identified ridges as

potential hotspots for sea-ice algae compared to the surrounding

level ice (Lange et al., 2017, 2024). A recent conceptual modeling

study suggests that ridges can be a conduit for light (Katlein et al.,

2021) and thus affect light availability for primary producers. For

modeling purposes, approaches exist to reproduce ridging events in

large scale circulation models and their effect on the atmosphere-ice-

ocean coupling (Steiner et al., 1999; Castellani et al., 2018; Martin

et al., 2016), in some cases with biogeochemical modeling as focus

(Castellani et al., 2017). However, the limited number of studies

implies that our understanding of the role of ridges in the sea-ice

ecosystem remains fragmentary, making it difficult to draw general

conclusions or support large-scale assessments (which are currently

based on level-ice observations). Improving our knowledge of ridge

contributions is therefore essential for accurately evaluating

biological productivity and ecosystem functioning in polar seas.

In the present study we combine different methodologies to

conduct a multi-scale comparison of chl a (a proxy for sea-ice algae

biomass) in level sea ice and ridges to asses 1) spatial variability of
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algae from a meter to multi-floe scale to illustrate the effectiveness of

traditional ice core sampling; 2) the contribution of ridges to algal

spatial variability; and 3) the characterization of ridges and their

surrounds with respect to algal habitats. The sampling and the data

set used are described in Section 2. Section 3 presents the results

obtained that are then discussed in Section 4, followed by

concluding remarks in Section 5.
2 Data and methods

2.1 Data

Data were collected during one spring-summer campaign

(PS106, May-June-July 2017, Macke and Flores, 2018) on board

RV Polarstern (Figure 1). The first part of the campaign (PS106.1)

consisted of a drifting ice station, during which Polarstern was

anchored to an ice floe for 14 days. Polarstern reached the ice floe

located at 81° 57.7’ N, 10° 14.6’ E on June 3rd, and drifted with it

until June 16th (Figure 1, thick red track line). Sampling conducted

at the drifting ice station included a spatial variability ice coring

transect, a ridge coring, and an under-ice survey conducted with a

remotely Operated vehicle (ROV; see description in Katlein et al.,

2017). During the second part of the campaign (PS106.2) the

icebreaker sampled in a region north of Svalbard (Figure 1,

maroon track line), conducting sea-ice stations (Figure 1, maroon

circles) during one of which another ridge coring took place, and

also under-ice hauls using the Surface and Under Ice Trawl (SUIT;
Frontiers in Marine Science 03
Figure 1, yellow circles). The latter allows for large scale sampling of

the under-ice environment.

2.1.1 In-situ sampling
2.1.1.1 Ice coring

During the drift station we conducted an in-situ coring study

aimed at investigating the spatial variability of sea-ice habitats and

associated sea-ice algal biomass, including the contribution of

ridges. A transect of ~1200 m was sampled following a (mainly)

straight line crossing the ice floe between two sites identified as site

A and site B (Figure 2a). A total of 38 cores were extracted with a

Kovacs corer (Kovacs Enterprise, Roseburg, OR, United States;

inner diameter: 9 cm), all on the same day. At sites A and B, 10

ice cores at each site were taken at 1 m spacing following the nested

sampling approach recommended by Miller et al. (2015). Between

the two sites, cores were extracted at 100 m spacing. Ice thickness

and snow depths were measured at each site where cores were

extracted. The bottom 5 cm of each core was sectioned on the field,

stored into polyvinyl chloride (PVC) jars and kept in the dark in a

cooling box until transported back to the ship. The bottom sections

were melted in the dark at +4 °C with the addition of 200 ml of 0.2

mm filtered sea water per 1 cm of ice core (Ehrlich et al., 2020;

2021). Once fully melted, samples were filtered through Whatman

GF/F filters. The filters were put into liquid nitrogen and stored at

-80 °C on board. After the expedition, when samples returned to the

host institute in Germany, pigments including chl a were extracted

from the filters with 100% Acetone and homogenized. The chl a

concentrations were retrieved by measuring autotrophic pigments
FIGURE 1

Cruise tracks during the RV Polarstern campaign PS106 superimposed on the sea-ice extent on 25th June 2017 (same date as ice station 45–1 was
visited) from AMSR2 (Melsheimer and Spreen, 2019). The drift of the ice floe during PS106.1 between June 3rd and June 16th 2017 is indicated with a
thick red line. The ice stations (red circles, see also labels Table 1) and SUIT trawls (yellow circles) are also indicated along the track (maroon line)
during PS106.2.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1653882
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Castellani et al. 10.3389/fmars.2025.1653882
using High-Performance Liquid Chromatography (HPLC, for more

details, see Tran et al., 2013).

On the same ice floe two cores for chl a analysis were extracted

from a ridge crossing the transect (Figure 2b, white star). The ridge

was formed due to the collision of a thinner ice floe (hosting site A)

with a thicker ice floe (where site B was located). Differently from

level ice, where algal communities in the bottom 5 cm usually

dominate the total biomass (Tedesco et al., 2025), in ridges ice algae

may be vertically distributed due to their complex structure (e.g.

Fernández-Méndez et al., 2018). Thus in the case of ridges we

sampled, melted, and filtered for chl a analysis a full core.

Five more ice stations were conducted during PS106.2 (see

Table 1; Figure 1). At station 66–5 on July 3rd a second ridge was

sampled. Further sampling of ridges was limited by logistical

constraints related to both the coring process and subsequent

sample handling.

2.1.1.2 Under-ice ROV survey

On June 12th (PS106.1) we conducted a survey to map the ridge

and adjacent level ice (Figure 2b). A snow depth survey crossing the

ridge from site A into the adjacent floe (Figure 2b, green line) was

conducted with a GPS-equipped Snow Depth Probe (Magnaprobe,

Snow-Hydro, USA). Before conducting the snow depth survey,
Frontiers in Marine Science 04
when the environment was still pristine, under-ice surveys for light

transmission and ice draft measurements (Figure 2b, orange line)

were conducted with an ROV equipped with a RAMSES‐ACC‐VIS

spectroradiometer (TriOs GmbH, Rastede, Germany). Another

sensor of the same type measuring incoming radiation above the

ice was used to retrieve transmittance (Katlein et al., 2017; 2019).

Spectral measurements were integrated over the spectral range of

the instruments from 320 to 950 nm. Sea-ice draft was measured by

the difference between the ROV depth (pressure) and the distance

to the ice determined by an upward looking sonar altimeter. No

corrections were applied to the hyperspectral data for the water

between the sensors and the ice bottom due to two factors: (1)

under-ice blooms were absent (average chl a concentration: 0.59 mg

m-3), and (2) a bulk water-column extinction coefficient cannot be

reliably defined under a spatially inhomogeneous ice surface

(Katlein et al., 2016), especially in areas with ridges where

complex geometry increases heterogeneity.

2.1.2 SUIT under-ice profile data
To compare ice core point measurements with variability at the

scale of hundreds to thousands of meters, we mapped the sea ice

with a Surface and Under Ice Trawl (SUIT, van Franeker et al., 2009;

Flores et al., 2012). The SUIT is a net towed behind the ship that
FIGURE 2

Aerial view of (a) the single-floe spatial variability study, and (b) the ridge study that were conducted at the ice drift station during RV Polarstern
expedition PS106.1. The purple stars in a) mark the locations where ice cores were taken. In proximity of sites A and B, 10 cores at each site were
collected with 1 m distance. The black box indicates the ridge that was chosen for the ridge study. In (b) the orange lines indicate the approximate
location of the under-ice ROV dive. The green line indicates the location of the snow transect. The white star indicates the location of the ridge-
specific coring event. Pictures were taken a few days after the ice-core drilling event.
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maintains contact with the underside of the ice through buoyancy.

Its frame is equipped with sensors to monitor sea ice and under-ice

properties. A detailed description of the SUIT and the associated

dataset can be found in Castellani et al. (2020) and the data are

available in Castellani et al. (2019). A detailed schematic of SUIT is

presented in Flores et al. (2012) and in Supplementary Figure S1 of

the Supplementary Material. Our analysis here focuses on a subset

of the data presented in Castellani et al. (2020), in particular: (i) the

sea-ice draft for the retrieval of ridges along the transects and for

calculating the light field in the ridged and in the level ice; and (ii)

the within-ice chl a retrieved by spectral analysis of under-ice light

as described in Castellani et al. (2020) for a comparison with the in-

situ core sampling (see Section 3.1). The total distance covered by

the SUIT hauls during the campaign was 36188 m, with an average

ice thickness of 1.91 m (Castellani et al., 2020).
2.2 Identification of ridge keels along the
SUIT profiles

Ridges feature a sail extending above the sea level and a keel

protruding into the water. As the SUIT provides information on the

sea-ice draft, we identified ridge keels along the hauls. Ridge

identification was performed by adapting the algorithm based on

previous published works which focused either on ridge sails (e.g.,

Castellani et al., 2014; Krumpen et al., 2025) or ridge keels

(Castellani et al., 2015). For a step-by-step explanation of the

algorithm see Section S1 in the Supplementary Material. Given a

profile of sea-ice draft values from a single SUIT haul, the ridge

identification algorithm searched for local maxima (points where

the sea ice was thickest) that satisfied a prominence threshold. We

set the threshold at 1.5 m below the level ice draft in that haul, as the

thickness of the level ice differed based on sampling location and ice

characteristics. For a given SUIT haul, the 25th percentile of ice draft

value determined the level ice draft, so a topographic element was a

potential ridge keel if it exceeded the level ice draft by 1.5 m. For

each local maximum that satisfied the depth condition, starting

from the largest and progressing in descending order, the Rayleigh

criterion (Rabenstein et al., 2010; Castellani et al., 2014, 2015) was

applied to determine whether the maximum represented a single

ridge keel. According to this criterion, new ridge keels must be

separated from previously identified ones by a point that is at least

half the maximum depth. For each potential ridge, the left and right

extents of the keel were determined by selecting the points at half

depth along either side of the keel. We ensured that the width was
Frontiers in Marine Science 05
larger than 5 m. The amount of ridged ice for each detected keel was

defined as that portion of ice contained between the left and right

extents of the keel. In some cases, a new potential ridge keel

overlapped with a previously identified keel, so we resolved the

conflict by imposing the following conditions:
1. If one keel’s boundaries completely contained another’s

(this can be the case of a small local maximum near a larger

one) we kept only the larger keel and its left and

right boundaries;

2. Two local minima could conflict because they were both

part of a larger ridge with a flat bottom edge. We checked if

the mean ice draft between the two minima was greater

than 90% of the deeper of the two ridge keels in question. If

so, the two minima were merged and we kept the left and

right boundaries of the union of the two, otherwise the

point with minimum ice draft between them marked the

separation between two ridges;

3. In the case that two ridges were separated by just a single

point (i.e., only one point between two local minima

satisfied the Rayleigh criterion - this was usually due to

noise in the data with sudden changes in the thickness e.g.,

a sudden point of very thin ice compared to the

neighboring data points), then the two ridges were merged.
By applying this algorithm, we ensured that there were no

overlapping ridges. The applied conditions may not cover all cases

for other ice draft datasets. By visual inspection, we found that for

the present data set this method identified distinct keel-like features

without the need to impose assumptions about their shape and size

apart from those listed above. After the identification of ridges, the

rest of the sea ice along the profile was assumed to be level ice. It is

important to note that the percentage of ridged ice along the

transect is affected by the criterion used to define the ridges. An

example profile is shown in Figure 3. Median depth and width of the

ridges, and median ridge frequency/spacing were computed for

each SUIT haul.
2.3 Under-ice light field and habitable
space

Transmittance T and ice draft zd measured with the ROV

along the ridge transect were used to calculate bulk extinction

coefficients (kb) for parameterizing light transmission through sea
TABLE 1 List of ice stations sampled during PS106.2 with position, mean ice thickness and mean snow depth (± standard deviation).

Station nr. Lat (°N) Lon (°E) Ice thickness (m) Snow depth (m)

45-1 78.11134 30.47859 0.90 ± 0.31 0.07 ± 0.06

50-1 80.50841 30.98369 1.15 ± 0.07 0.06 ± 0.03

66-5 81.65542 32.34167 3.09 ± 0.2 0.07 ± 0.09

73-2 83.66128 31.58055 1.37 ± 0.1 0.07 ± 0.03

80-2 81.30809 16.88646 1.15 ± 0.08 0.02 ± 0.02
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ice (Grenfell and Maykut, 1977) following the approach of Katlein

et al. (2019):

T =
FT
F0

= i0exp( − kb · Hi), (1)

with FT being the light transmitted through the ice integrated

over the wavelength range, F0 the integrated incident irradiance, i0
the parameter accounting for the absorption in the Surface

Scattering Layer (SSL, Castellani et al., 2021; Lebrun et al., 2023),

andHi (m) the ice thickness. In the present we converted ice draft to

ice thickness with a correction factor of g=1.1 (Katlein et al., 2019),

and we assumed a value for the surface transmission parameter of i0
= 0.35. Bulk extinction coefficients (m-1) were thus calculated as:

kb =
−ln( T

i0
)

zd · g
: (2)

After calculating the bulk extinction coefficients for all the draft

points, we separated the ridges from level ice similarly to what was

done for the SUIT data (Section 2.2). With this aim we first

computed modal thickness along the full ROV transect. We then

assigned the label ‘ridge’ to every point that was thicker than the

modal thickness plus a threshold value of 1.5 m. The remainder of

the transect was considered level ice.

By dividing the sea-ice environment between level and ridged,

an extinction coefficient for each of the two environments could be

computed. These two different extinction coefficients were then

applied to the SUIT ice draft profiles with the aim to quantify the

amount of habitable space for sea-ice algae. The habitable space is

defined here by the depth limit at which algae still receive enough

light as PAR (Photosynthetically Active Radiation, 400–700 nm) to

develop a bloom. We note that a bloom is defined as the time when

algal growth becomes exponential. The threshold value for light

used for ice algal bloom was taken from Stroeve et al. (2024) and

Castellani et al. (2017) as 1.78 mmol photons m-2 s-1. It has to be

noted that the recent study by Hoppe et al. (2024) reports a value for

algal growth of 0.04 ± 0.02 mmol photons m−2 s−1. However, this

value was identified as a threshold for initial algal growth at the

transition from polar night into spring. Considering that the season

of the present study is different from the study of Hoppe et al.

(2024) and algae are already acclimated to higher light levels

(Michel et al., 1988; Campbell et al., 2015), and since we are
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interested in algal bloom rather than initial growth, we applied

the threshold value from Stroeve et al. (2024). Incoming light for

each SUIT haul was computed as in Castellani et al. (2020) as the

modeled hourly incoming solar radiation (mmol photons m−2 s−1)

above the surface (1°x1° spatial resolution, daily temporal

resolution, interpolated hourly) based on the radiative transfer

model SBDART (Ricchiazzi et al., 1998) as described in Laliberté

et al. (2016). We then inverted Equation 1 to calculate the depth at

which the transmitted light remains above the threshold value for

an ice algal bloom.
3 Results

3.1 Spatial variability of sea-ice chl a

3.1.1 Ice-core based values
Based on the ice cores extracted along the spatial variability

transect, the drift station ice floe had a mean ice thickness of 1.54 m

and a mean snow depth of 16 cm. However, there was a significant

difference between the two high resolution sites: site A (mean

thickness of 0.7 m and mean snow depth of 2 cm) and site B

(mean thickness of 1.72 m and mean snow depth of 13 cm). This

difference in ice characteristics supports the hypothesis that the floe

sampled was created by the convergence between a thicker floe

(hosting site B) and a thinner one (hosting site A). This deformation

event formed the ridge that was sampled for the ridge study (ice

coring and ROV). The full profile showed a large variability in ice

thickness and snow depth (Figure 4) with ice thickness values

ranging between 0.55 and 3.20 m and snow depths ranging

between 0.05 and 0.75 m. The largest ice thickness was measured

for an ice core extracted close to the ridge in an area where several

ice blocks piled up under the ice. Values of chl a along the entire

spatial variability transect remained low and showed a lower

variability than the physical parameters. The concentration of chl

a varied between 0.12 and 1.2 mg chl am-2. This range is within the

variability measured at both the higher resolution site A (from 0.23

to 0.9 mg chl am-2) and site B (from 0.01 to 0.67 mg chl am-2). Ice

cores collected during PS106.2 ice stations varied between 0.01 and

1.62 mg chl a m-2, thus remaining in a very similar range of

variability as those observed during the drift station.
FIGURE 3

Example of sea-ice draft from SUIT haul 5 (station 66-4) along with identified ridges. The keel of the identified ridges are marked with a colored ‘x’
and the part of the draft belonging to the ridge is highlighted in the respective color. The ice categorized as level ice is plotted with a black line. The
red dashed line is the minimum depth required for a local minimum to qualify as a ridge. For this haul, the level ice draft is -0.96 m and thus the keel
threshold is -2.46 m.
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3.1.2 SUIT values
Chl a values from the SUIT data were retrieved by applying a

Normalized Difference Indices (NDI) algorithm to the under-ice

hyperspectral measurements collected with the Trios Ramses

sensors mounted on the SUIT (see Castellani et al. (2020) for

details). Derived values ranged between 0.00 and 5.77 mg chl am-²,

and thus the majority of the values fall in the range of those taken

during the ice stations (i.e., Figure 4), but some higher values exceed

the in-situ range. A comparison between ice cores and SUIT derived

data is shown in Figure 5. In order to establish a floe scale VS

multiple-floes scale comparison, we compared the variability of the

chl a values along the spatial variability coring transect (Figure 5a,

blue dots) and those at the PS106.2 ice stations (Figure 5a, green

dots), together with the ridges sampled during both legs (Figure 5a,

red diamonds), to the chl a values retrieved along the individual

SUIT hauls. The variability covered by the coring transect, as well as

that covered by the ice stations during PS106.2, (representing

multiple floes) is enough to cover most of the variability

measured with the SUIT. However, along hauls 1, 5, 6, and 19

(Figure 5b) the SUIT profiles present larger values (>2 mg chl am-2)

than observed in any ice cores.
3.2 Ridge characteristics

Chl a in the two samples collected from the ridge along the spatial

variability profile was 0.48 mg chl a m-2 and 0.77 mg chl a m-2,

respectively. These are within the range of the level ice cores from

both PS106.1 and PS106.2. Only the third ridge sample collected at

station 66-5 (PS106.2) shows higher in-ice concentration of 3.68 mg

chl a m-2.

Along the ROV transect (Figure 6) maximum ridge draft was 3

m. The high heterogeneity in the spatial distribution of draft values

(Figure 6b) suggests that the ridge consisted of many separated
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blocks, as typical for first year (FY) ice ridges. The variability in ice

draft is reflected in transmittance, with values ranging from 0.0004

to 0.049, and in bulk extinction coefficients (Figures 6a, c).

Extinction coefficients retrieved with Equation 2 are

systematically high (> 5 m-1) for low ice thicknesses (Figures 6c,

d), whereas for drafts larger than 1.5 m (classified as ridged ice)

values are as low as 1.1 m-1. By splitting the ice between level and

ridged we obtained an average extinction coefficient of 12.1 m-1 for

level ice and of 1.9 m-1 for ridged ice. When considering both ice

types together, the mean bulk extinction coefficient was 4.76 m-1.

Snow depth across the ridge (Figure 6e) varies between 0 on top

(crest) of the ridge and on the side of site A, and 96 cm on the level

ice surrounding the ridge on the site B floe.
3.3 Large scale contribution of ridges to
the sea-ice habitat

We applied the algorithm described in Section 2.2 to retrieve

ridge statistics along each SUIT haul. The density of ridges for each

SUIT profile is listed in Table 2, whereas Supplementary Figure S2

shows the probability density functions for keel depth, ridge width,

and keel spacing for the entire sampling during PS106.2. Apart from

haul 20, which is a short haul (626 m), ridges are present in every

haul. The depth of the keels peaked at about 3 m and 5 m, with the

first peak being in good agreement with what we measured on the

drift station ice floe (see Section 3.2). The median keel depth was

-3.7 m (mean depth -4.1 m). Maximum keel depth exceeded 8 m in

only a few cases, with the deepest keel observed at 14 m. Ridge width

also showed a bi-modal distribution with peaks at 20 m and 45 m,

with a median width of 28.5 m (mean width 44.5 m). Most ridges

were narrower than 100 m, but in a few cases they were as large as

220 m. Such large values can happen e.g., when the algorithm

detects a ridged field, so several ridges are merged together. There
FIGURE 4

In-ice chl a along the spatial variability transect plotted as green dots on top of the corresponding locations where ice cores were extracted
(reference axis on the right side of the panels). The middle panel shows the entire transect (red vertical lines indicate the position along the transect
of the site A and B high resolution sampling), the left and right panels are a close-ups of the high frequency sampling sites A and B respectively. The
dark blue part represents ice, whereas the light blue is the snow.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1653882
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Castellani et al. 10.3389/fmars.2025.1653882
was no distinct relationship between ridge keel depth and width,

which reflects the non-parametric ridge detection algorithm.

Spacing between ridges showed large variability with values as

low as few meters and as large to exceed 1000 m, with a median

spacing of 69 m (mean spacing 141 m). By combining information

of ridge width along the transect, we were able to compute the

fraction of ridged ice for each SUIT haul (Table 2); as a linear

fraction along hauls, about one quarter (24.4%) of the ice is

classified as ridged. We note at this point that the percentage of

ridged ice is sensitive to the assumption on how the width of a ridge

is defined.
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Habitable space is defined as the amount of space between the

ice surface and a particular depth that offers optimal light

conditions for microbial growth. As optimal light conditions we

considered the threshold of light for algal bloom onset chosen as

1.78 mmol photons m−2 s−1 (Stroeve et al., 2024; Castellani et al.,

2017). Since the extinction coefficient for light in the ridges is lower

than in level ice, the habitable space within ridges extends deeper in

the ice. We calculated the habitable space in ridged ice and level ice

for each SUIT haul in the two cases of maximum and minimum

hourly incoming irradiance for each day. An example transect is

presented in Figure 7a, where the yellow shading represents the
FIGURE 5

Comparison between chl a retrieved from coring and derived from SUIT under-ice profiles. (a) SUIT under-ice hyperspectral measurements (each
profile is plotted as a line of different color to distinguish between the different hauls) and ice cores collected during the spatial variability experiment
(blue dots), during the ridge coring (red diamonds), and at the ice stations visited during PS106.2 (green dots). (b) Box-plot of chl a values grouped
according to the single-floe spatial variability (Ice Core 1), the ice stations visited during PS106.2 (Ice Core 2), the samples collected from the ridges
(Ridges) and all the individual SUIT hauls.
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extent of the habitable space, whereas the percentage along each

SUIT haul of habitable space in the two different habitats is shown

in Figure 7b. The depth at which the light threshold is still met is

larger for ridges than for level ice. In some cases, the habitable space

would extend further below the ridges in the water column. This

implies that ridges can let enough light pass through to trigger a

bloom also in the underlying water column. Figure 7b highlights

that the contribution of ridges to the habitable space was always

larger than that of the level ice, and in some cases the contribution

of ridges was more than double.
4 Discussion

4.1 Spatial variability of ice algal biomass

Along the spatial variability coring transect (~1200 m), values of

chl a remained quite low everywhere, despite that the light levels

were high enough to trigger algal growth and bloom (Hancke et al.,

2018; Hoppe et al., 2024). This was true for both those sites

characterized by a thick snow cover (especially site B) and those

characterized by almost no snow (site A), suggesting that in our case
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snow was not the only factor controlling algal patchiness. The lack

of such a relationship between low chl a and snow depth (Gosselin

et al., 1986; Mundy et al., 2005) could be explained by the fact that

by the time we reached the ice floe melt had not started yet, thus the

snow was not solidified and was still redistributed under the action

of the wind. This means that the contribution of different snow

depths might have been homogenized and smoothed out by moving

snow dunes (Liston et al., 2007). However, without direct

measurements of snow redistribution dynamics prior to our

sampling, this remains a hypothesis requiring further

investigation. Low chl a values could also be due to a decrease in

cellular chl a content due to light acclimation (Campbell et al., 2015;

2018), but no algal physiology studies were conducted on these

samples, so we have no means to test this hypothesis. The data

presented here provide only a snapshot of the biophysical system,

and the lack of historical information on the ice and algae

constrains our analysis and interpretation. Although light and

nutrient availability are key factors controlling ice algal growth,

also the past history of the environment e.g., light history (e.g.

Galindo et al., 2017), melt and refreeze cycles of the ice (e.g. Yoshida

et al., 2020), and ice formation and initial algal incorporation into

the ice (e.g., Gradinger and Ikävalko, 1998; Niimura et al., 2000;
FIGURE 6

ROV survey of level ice and ridge. The left panel shows: (a) transmittance, (b) ice draft, and (c) extinction coefficient along a transect crossing the
ridge multiple times. The x and y axes show the distance from the deployment point of the ROV in a local coordinate system where (0,0) is the
deployment position. (d) Scatter plot of ice draft and transmittance together with calculated extinction coefficients (kb), where regressions are shown
for different values of extinction coefficients; (e) Snow distribution along a transect crossing back and forth the ridge (Figure 2).
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Kauko et al., 2018; Różańska et al., 2008; Ito et al., 2025) adds to the

complexity of algal build-up over time. Further, we know even less

about how algae evolve in ridges that have distinctly different

habitats (such as water filled voids) than level ice.

The chl a concentrations sampled during the spatial variability

coring survey on a single ice floe are in agreement with the values of

ice cores collected at other ice stations east and north of Svalbard

during the second leg (PS106.2). This shows that the small-scale

variability is similar to the large-scale variability and that only one ice

floe can be representative of the larger area, if a sufficient number of

ice cores is analyzed (Miller et al., 2015). It is difficult to provide a

definitive minimum number of ice cores needed, since such numbers

may change depending on season and geographical location, but we

argue that at least 15–20 ice cores should be collected, ensuring that

the spacing between cores varies following a nested design (Miller

et al., 2015). With respect to ridges, we collected three ice cores for chl

a samples from two locations. Two of the samples were comparable

with the concentrations observed in the level-ice cores, however, one

ridge had a significantly higher concentration of chl a. This result

agrees with previous studies (e.g., Fernández-Méndez et al., 2018;

Lange et al., 2017) showing that ridges can be biological hotspots, but
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not consistently so. More importantly, our results also show that the

algal biomass within ridges is more variable than in level ice and

ridges need to be included in field sampling if the aim is to collect

representative data of sea-ice biomass.

The chl a values retrieved along the SUIT hauls (covering a total

of 36 km) contain both level ice and ridged ice. The chl a from ice

cores, both along the spatial variability coring transect and those

from the ice stations, fall within the range of the SUIT values,

however, they do not fully cover the SUIT variability. It is indeed

only with the inclusion of ridges that we can really cover the full

variability found by the SUIT. This result shows that ridges should

be included in estimates of algal biomass if we aim at obtaining a

comprehensive idea of the sea-ice biomass on a regional scale. It has

to be noted that the within-ice chl a values from the SUIT were

obtained by applying an NDI algorithm built on level ice samples

only (Castellani et al., 2020), thus the SUIT values could

underestimate the actual algal biomass in ridges. Moreover, algal

communities may be different between the two environments (e.g.

Fernández-Méndez et al., 2018) resulting in different signals in the

spectral shape. However, no studies tackling such differences are

currently available to correct any possible biases.
TABLE 2 Ridge characteristics for each SUIT haul.

Station
nr. (haul

nr.)

Haul
distance

(m)

No.
ridges

Median
keel depth

(m)

Median
keel width

(m)

Median keel
spacing (m)

Median
level ice
draft(m)

Median
ridged ice
draft (m)

Ridge ice
linear

fraction (%)

50-5 (1) 1691 7 -3.32 16.5 57.75 -0.91 -3.16 9.85

63-1 (2) 1309 10 -2.28 17 39 -0.78 -1.93 14.67

65-4 (3) 2213 9 -4.72 69.5 202 -1.84 -2.37 36.74

66-4 (5) 1005 10 -3.2 26.25 74.5 -1.39 -2.39 30.7

67-5 (6) 1466 11 -3.47 19 46.75 -0.91 -1.52 21.07

68-5 (7) 1320 4 -4.26 88.5 126.5 -1.71 -4.22 34.99

69-2 (8) 1158 8 -3.98 10.75 37.5 -1.11 -2.52 23.09

70-1 (9) 2627 7 -3.17 152.5 202.75 -1.71 -2.61 40.01

71-5 (10) 3304 10 -4.29 45 70.5 -2.02 -2.82 25.65

72-5 (11) 2218 8 -2.46 39.25 148 -0.89 -1.85 14.88

73-7 (12) 2948 21 -4.74 25.5 46 -1.59 -2.83 21.39

74-5 (13) 2494 15 -3.78 18 80 -1.32 -1.83 20.61

75-6 (14) 2274 16 -3.87 38.5 108 -1.59 -2.15 23.35

76-4 (15) 2400 19 -4.31 35.5 55.25 -1.61 -2.91 28.48

77-2 (16) 2014 12 -4.76 29.75 62.5 -1.95 -1.72 28.41

78-5 (17) 1422 10 -4.34 17.25 36 -1.68 -4.23 19.23

79-1 (18) 1580 9 -4.33 42 91.25 -1.99 -2.54 18.1

80-3 (19) 2020 10 -3.51 25.5 66 -1.61 -3.07 14.82

83-7 (20) 626 1 -4.64 149.5 – -1.37 -3.49 23.88

83-8 (21) 2104 10 -2.91 41.75 118.5 -1.37 -2.2 30.31
Columns 4, 5, and 6 present the median values for the keels identified. Columns 7 and 8 show the median thickness of the ice classified as ridged and of the level ice. The last column present the
percentage of ridged ice along each transect.
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4.2 The role of ridges in shaping the ice
scape

The mean ridge keel density for the whole SUIT sampling

length (~36 km) is 5.5 per km which is in good agreement with what

Krumpen et al. (2025) showed for ridge sails the same year 2017 in

the Arctic Ocean across the Trans-Polar Drift stream (TPD). The

mean spacing between ridge keels of 106 ± 50 m as inferred from

the present data is also in good agreement with Krumpen et al.

(2025). We can thus conclude that the methodology used here based

on an improved algorithm applied to the SUIT under-ice draft

profiles is able to capture ridge statistics representatively. There is

no possibility to derive ice age from the SUIT data, however, the two

peaks in keel depths at 2.5 m and 4.5 m may represent two distinct

sea-ice types. From Castellani et al. (2020), their Table 4, we infer

that at the stations west of 20°E (hauls 15 to 21) the ice was on

average thicker than in the other hauls (in their case there is no

distinction between level and ridged ice), which may explain the

thicker ridges. Ridged ice accounts for between 10% and 30% of all

ice along the SUIT hauls (Table 2). This is in agreement, but on the

lower end, with data reported in the literature (e.g., Brenner et al.,

2021). We note here that the amount of ridged ice strongly depends

on the assumption made for defining the width of the ridges, thus

we may introduce a bias when we use the width at half depth

compared to e.g., inspecting the profiles by eye and manually

identifying the two edges of the ridges relative to adjacent level

ice. Another potential bias arises from the ship’s tendency to

navigate through thinner, less ridged ice, which may lead to an

underestimation of the actual proportion of ridged ice. Moreover,

ridges are kinematic linear features that can extend for very long
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distances compared to their width, so the transects we collected in

the present work may not be able to fully capture the total

contribution of ridges to the ice scape.

This study presents a quantitative analysis of under-ice profiles

collected beneath a ridge using an ROV, providing new insights into

how ridge presence can alter the surrounding sea-ice environment.

Due to their macroporosity and complex structure, ridges let more

light pass through, indeed their extinction coefficient can be lower

than the one commonly used in modeling studies for level ice (1.5

m-1, see e.g., Castellani et al., 2021 and references therein). This

result is in agreement with the findings of Katlein et al. (2021),

based on a radiative transfer model applied to an artificially

generated ridge. Based on our observations the average bulk

extinction coefficient for ridged ice is six-times smaller than for

level ice. It has to be noted that the coefficients shown here are bulk

coefficients (Katlein et al., 2019), so they include the effect of snow

cover, which accumulates at the sides of the ridges and not on the

crest (e.g., Itkin et al., 2018). This is likely why level ice, despite

being much thinner than the ridges, has a larger bulk extinction

coefficient. Ridges are much thicker than level ice, so light

transmittance at the full depth of the keel decreases significantly

with respect to the surrounding level ice. However, within the ridge

light levels can remain higher than in the surrounding level ice,

making the ridge rubble a favorable environment for algae to thrive

(Fernández-Méndez et al., 2018; Katlein et al., 2021). This was also

supported by studies conducted in the northern Baltic Sea, where

high chl a biomass values were observed within the ice along the

upper sides of sea-ice ridges and within the interstitial spaces,

typically present within the unconsolidated aggregation of the ice

blocks that form the ridge keels (Kuparinen et al., 2007). Smetacek
FIGURE 7

Habitable space in sea ice. (a) Example of habitable space (yellow shading) in the ridged ice and in the level ice along SUIT haul 5 (station 66-4),
same as shown in Figure 3. (b) Percentage of habitable space in ridges (blue color) compared to habitable space in level ice (black) for all the SUIT
hauls. Habitable space is calculated for the maximum level of PAR per day and for the minimum PAR level.
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et al. (1990) observed that ridges in Antarctica can funnel more light

through the ice, attracting aggregations of krill. This suggests that

the influence of ridges on light availability as observed in the present

study may affect not only sea-ice algae but also higher trophic levels.

The current results are based on spring data, a period when snow

cover remains substantial. However, conditions can change

markedly in summer after snow melt, with melt ponds becoming

a dominant feature contrasting with the influence of ridges. Since

spring is particularly critical for algal phenology, this study—

consistent with previous findings (Castellani et al., 2017; Katlein

et al., 2021)—emphasizes the importance of including ridges in both

small- and large-scale modeling efforts, especially those focused on

understanding sea-ice ecological processes.
4.3 Ridges as habitable space

Light is one of the main drivers for ice-associated ecosystem,

especially for sea-ice algae (e.g., Michel et al., 1988; Leu et al., 2015;

Arrigo, 2017). It is thus of particular importance to understand the

light characteristics within ridges and whether this enhances

primary production. For the first time, we introduced the concept

of ‘habitable space’ in ridges defined as the depth at which algae

receive enough light to develop a bloom. Due to the low extinction

coefficients, light can penetrate deeper in ridges compared to the

surrounding level ice. Thus, the contribution of level ice to the

habitable space becomes relatively small and ridges contribute to

over 50% of the habitable space for each SUIT haul, even if the areal

fraction of ridged ice is 10-30%. Thus, besides offering a more stable

environment less subject to melt compared to level ice, as noted by

Gradinger et al. (2010), ridges also offer more space for algae to

thrive. The proportion of multiyear ice and thus of old ridges is

likely to reduce (Maslanik et al., 2007; 2011), whereas younger—and

thus more porous—ridges are likely to make up the Arctic ice pack

in the future (Wadhams and Toberg, 2012; Krumpen et al., 2025).

Whether ridges will play a greater or lesser role in the future Arctic

sea-ice ecosystem remains an open question. However, the present

study highlights their potential to serve as important habitat for sea-

ice algae—an ecological function that may have cascading effects on

higher trophic levels. As the Arctic ice scape continues to change,

the loss or alteration of ridge structures could therefore have far

reaching implications for food web dynamics.

It was argued by Massicotte et al. (2019) that phytoplankton are

exposed to a highly variable light regime while drifting under a

spatially heterogeneous and sometimes dynamic sea-ice surface. In

this context, the present study reveals a novel aspect related to

ridges, in that they can act as funnels of light for under-ice

phytoplankton communities. This is particularly important

during the spring season when the (level) ice is typically snow-

covered, but ridge sail crests are not, and sea-ice pack is still

relatively compact with very few leads or cracks that can allow

even more light to pass through (e.g., Assmy et al., 2017). The

presence of ridges as ‘windows’ of light may create a favorable

condition for early under-ice phytoplankton blooms, similar to how
Frontiers in Marine Science 12
transient leads in a drifting ice pack can help to initiate an under-ice

pelagic bloom (Assmy et al., 2017). The present results could be

even more relevant for the Southern Ocean since snow cover is a

year-round feature characterizing Antarctic sea ice.
5 Summary and conclusion

In this study, we presented a set of Arctic sea-ice cores sampled

for chlorophyll a (chl a) analysis to estimate single-floe spatial

variability of sea-ice algal biomass in spring, and assess the

contribution of ridges. To expand our spatial coverage we took

advantage of an under-ice platform, the Surface and Under Ice

Trawl (SUIT), that can observe variation in sea-ice algal biomass by

using optical proxies. Our results indicate that the observed spatial

variability of chl a on a single ice floe can, in some cases, be

representative of larger-scale patterns. However, to accurately

characterize the spatial distribution of sea-ice algae, it is essential

to include ridges in field sampling efforts. However, existing data

points from ridges are few, given the collection of samples is much

more time- and resource-demanding than working on level ice.

For the first time, we were able to quantitatively evaluate the

role of ridges in shaping the sea-ice environment. In spring, ridges

attenuate less light than the surrounding level ice, primarily due to

snow redistribution around the ridge sails (no snow on the crest of

the sail) and on adjacent level ice. Based on this, we introduced the

concept of habitable space in sea ice, defined as the vertical zone

between the ice surface and a given depth where light conditions are

suitable for algal growth. Our findings show that in spring, ridges

provide a larger habitable space for sea-ice algae than level ice.

Moreover, ridges can potentially act as “light funnels” so that

sunlight can reach both the sea-ice interior and the surface water,

thereby supporting under-ice communities during early productive

periods while sea ice is otherwise snow-covered and allows little

light to be transmitted to the ocean below.

Under-ice profiling platforms such as the SUIT and ROVs have

proven effective in detecting ridge structures and quantifying ridge

density across spatial scales ranging from meters to kilometers.

Their ability to map under-ice light fields and algal biomass

distribution highlights the advantages of these techniques over

traditional point-sampling methods such as ice coring, the latter

also being destructive.

Future research should aim to quantify the role of ridges at larger

spatial scales to determine their influence on the broader under-ice

light environment and their overall contribution to the total ice algal

biomass across different regions and seasons. The current lack of data

from ridges hampers our capacity to predict the overall response of

the Arctic sea-ice ecosystem to environmental change.
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