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A B S T R A C T

In the Southern Ocean, reconstructions of past sea ice conditions remain challenging because of limited proxy 
and calibration approaches. Sedimentary DNA can complement the available proxies for reconstructing past sea 
ice environments and thereby provide additional and/or new insights into past regional and global climate 
evolution. However, its application requires an established relationship between seafloor surface sediment DNA 
composition and modern sea ice conditions. Here we show, using a metabarcoding approach (V9 18S rRNA) on 
45 surface sediment samples from the Weddell Sea, that contemporary sea ice environments are reflected in the 
sedimentary DNA community composition. Our results further reveal that sea ice concentration and water depth 
have a significant effect on community variance. Most relevant for paleoenvironmental applications, our data 
indicates a dominance in relative abundance of Chaetocerotaceae diatom DNA in polynya-related regions, 
agreeing with previous diatom microfossil assemblage studies. These results establish this family as a robust 
molecular proxy for these productive environments. We also show that planktic taxa were more influenced by sea 
ice concentration than benthic taxa, indicating that focusing on planktic taxa for sea ice reconstructions in 
sedimentary ancient DNA may be more effective. We conclude that an environmental genomics approach can 
complement and extend existing proxy records, especially for organisms without a fossil record and areas with 
limited conventional proxy data.

1. Introduction

Sea ice is a critical part of polar and global climate dynamics via its 
role in deep-water formation, the albedo effect, buttressing of ice 
shelves, and as ecological habitat (Crosta et al., 2022; Koch et al., 2023; 
Massom et al., 2018; Roach and Meier, 2025). In order to fully under
stand the role of sea ice dynamics in the climate system, it is imperative 
to look at the evolution of sea ice on timescales beyond the satellite era. 
Observations from space document the evolution of sea ice only since 
the late 1970s, limiting our understanding of long-term trends in sea ice 
extent, concentration or thickness, and ultimately the drivers of such 

change. Information about long-term climate trends and sea ice evolu
tion can be obtained from marine sediments, which are an archive for 
past and present climate and environmental conditions. Sediments 
contain (traces of) organisms or their biogeochemical signatures (e.g. 
biomarkers, DNA), which can be exploited as proxies for e.g. sea surface 
temperature (SST) or sea ice. Before proxies are applied to the geological 
record (e.g. Crosta et al., 2022; Vorrath et al., 2020), they need cali
bration (e.g Cárdenas et al., 2019; Lamping et al., 2021). For the 
Southern Ocean, this has been done for diatom assemblages and bio
markers, but not for sedimentary DNA which has been suggested as a 
new proxy for sea ice reconstruction in the Arctic (e.g. De Schepper 
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et al., 2019; Mayers et al., 2026).
Over the last decade, the analysis of DNA extracted from environ

mental samples such as marine sediments has emerged as a research 
field driven by advances in high throughput sequencing technologies 
(Hugerth and Andersson, 2017; Taberlet et al., 2012). Sedimentary DNA 
is a complex mixture of intracellular DNA (enclosed in intact cells from 
living or dead organisms) and extracellular DNA (released from e.g. 
lysed or degraded cells) originating from various living or dead organ
isms from microorganisms to large size animals (Taberlet et al., 2012, 
2018). It is a mixture of DNA originating from two sources: allochtho
nous DNA transported to the sea floor, including sinking planktic ma
terial from the overlying waters and ice, and autochthonous DNA from 
living and dead epi- and infaunal benthic organisms living in the sedi
ment (Taberlet et al., 2012; Torti et al., 2015). Compared to conven
tional paleoceanographic proxies such as microfossils or biomarkers 
(Coolen and Gibson, 2009), sedimentary DNA holds information about 
entire biological communities, including organisms that do not leave 
behind a test or cyst, and it can thus greatly complement established 
proxies. Metabarcoding, a DNA based method targeting taxonomically- 
informative genes, can be used to screen contemporary community 
composition in seafloor surface sediments (e.g. Cordier et al., 2022; 
Geraldi et al., 2024) and, when applied to older sediment layers, can be 
used to reconstruct past community compositions with sedimentary 
ancient DNA (sedaDNA) (e.g. Armbrecht, 2020; De Schepper et al., 
2019; Ellegaard et al., 2020; Epp et al., 2019).

SedaDNA holds great potential as a new paleoceanographic proxy 
(Armbrecht, 2020; De Schepper et al., 2019; Morard et al., 2017). To 
harness its potential, we first need to assess whether the composition of 
contemporary sedimentary DNA is imprinted by current environmental 
conditions. So far, there is a limited number of studies applying sedi
mentary DNA as an environmental indicator in polar regions (e.g. 
Geraldi et al., 2024; Ørberg et al., 2022; Pawlowski et al., 2011). 
Although the biodiversity of Southern Ocean pelagic ecosystems has 
been documented with metabarcoding (Clarke et al., 2019; Flegontova 
et al., 2023), there exist very few comprehensive assessments of biodi
versity in seafloor sediments using metabarcoding in the Southern 
Ocean (e.g. Learman et al., 2016; but see Brandt et al. (2007) and Grimes 
et al. (2025) for studies based on photo-transects and morphotaxon
omy). To our knowledge no evaluation of the potential of sedimentary 
DNA as sea ice proxy exists for this region.

The Weddell Sea in the Southern Ocean represents a natural labo
ratory for investigating sea ice - sedimentary DNA relationships. The 
region encompasses diverse sea ice regimes from perennial to seasonal 
sea ice environments as well as polynya-related environments (i.e. 
persistent windows of open water within ice-covered ocean) within a 
single oceanographic system. Changes in sea ice conditions, and 
consequently also in primary production in the upper ocean, directly 
affect planktic community composition and indirectly also benthic 
biodiversity via organic matter exported to the seafloor via the biolog
ical carbon pump (De La Rocha and Passow, 2007; Ducklow et al., 2001; 
Iversen, 2023), although the responses act on different timescales. 
Therefore, it can be hypothesized that the planktic community 
compartment retrieved in sedimentary DNA may more strongly reflect 
surface ocean conditions than the benthic compartment.

In this study we investigated surface sediment samples from 45 
stations across different environments in the Weddell Sea and Drake 
Passage using metabarcoding of the V9 hypervariable region of the 
small-subunit ribosomal RNA gene (18S V9). In the first instance, we 
assessed whether eukaryote communities detected in environmental 
DNA from surface sediments (hereafter sedimentary DNA communities 
or eukaryotic communities) can differentiate modern sea ice environ
ments (open water, seasonal sea ice, polynyas and perennial sea ice). We 
then evaluated whether the planktic community signal in sediment 
material was more affected by sea ice conditions than the whole 
community.

2. Study region and sea ice environments

Our study region, the Weddell Sea, one of three major oceanic re
gions in the Southern Ocean (Stark et al., 2019), is situated east of the 
Antarctic Peninsula and bordered by the Eastern and Western Antarctic 
Ice Sheets. It extends from the Polar Front in the Drake Passage in the 
northwest to the South Sandwich Arch in the northeastern Scotia Sea, 
and from the Rønne Basin in the southwestern Weddell Sea to the front 
of the Ekstrøm iceshelf in the southeastern Weddell Sea (Fig. 1). To the 
south, the West Antarctic Ice Sheet extends into the Weddell Sea via the 
Larsen and Rønne ice shelves, while to the southeast and east, the East 
Antarctic Ice Sheet protrudes into the Weddell Sea with the Filchner, 
Brunt and Riiser-Larsen ice shelves (Anderson, 1993; Stark et al., 2019).

The northern extent of our study area (Fig. 1) is defined by the 
Antarctic Circumpolar Current, driven by strong eastward winds and 
shaped by seafloor bathymetry (Klinck and Nowlin, 2001). The Ant
arctic Circumpolar Current consists of three major fronts — the Sub 
Antarctic Front, Polar Front and the Southern Antarctic Circumpolar 
Current Front, each characterized by sharp changes in water properties 
(Orsi et al., 1995; Sokolov and Rintoul, 2009; Stark et al., 2019). In the 
Drake Passage, one of the Antarctic Circumpolar Current's narrowest 
flowthroughs, these fronts compress into a relatively small region, 
creating large environmental gradients (Park et al., 2019). The strong 
currents limit northward sea ice expansion, particularly in the southern 
Drake Passage (Meier et al., 2021), resulting in largely sea ice-free 
conditions. This area generally has a low productivity because of 
iron-limitations but can host phytoplankton blooms related to upwelling 
(Deppeler and Davidson, 2017).

The Weddell Sea hosts three primary sea ice regimes with distinct 
ecological characteristics: regions with perennial sea ice, seasonal sea 
ice and polynyas. Perennial sea ice is most prevalent over the conti
nental shelf, where it persists over multiple melting seasons. Stable 
conditions with low light availability and a cold water column host 
highly specialized and cold adapted organisms. High nutrient concen
trations and iron supply from upwelling circumpolar deepwater, basal 
shelf melting and coastal sediments (Deppeler and Davidson, 2017) 
make these regions productive as soon as there is enough light available. 
Seasonal sea ice covers the Weddell Sea basin adjacent to the continental 
shelf and supports high primary production during the ice-free months 
(Deppeler and Davidson, 2017). Polynyas occur commonly in relatively 
shallow regions close to the coast or ice shelves. Here, open water occurs 
when one would normally expect sea-ice cover (Arrigo and van Dijken, 
2003). Coastal polynyas form due to wind or current stress and are areas 
of continuous ice formation and export (Morales Maqueda et al., 2004), 
that contribute to Antarctic Bottom Water formation (Kusahara et al., 
2017; Morales Maqueda et al., 2004). These areas are hot spots for 
primary production in summer, with high sedimentation rates of organic 
material, followed by nutrient depletion in the surface (Arrigo and van 
Dijken, 2003). The high primary production results in a higher con
centration of higher trophic level organisms as well as diverse benthic 
communities (Arrigo and van Dijken, 2003).

3. Material and methods

3.1. Surface sediment collection

Surface sediments were collected using multicorers (MUC) or 
boxcorers during expeditions PS61 (ANT-XIX/4, Fütterer et al., 2003), 
PS97 (Lamy, 2016), PS111 (Schröder, 2018), PS118 (Dorschel, 2019) 
with RV Polarstern, and expeditions JR244 (Larter et al., 2011) and 
JR17003a (Linse, K., scientists of Larsen-C Benthos, February–March 
2018, 2026) with RRS James Clark Ross. Details on sampling locations 
can be found in Fig. 1 and Appendix Table A.1. The boxcores were 
subsampled on board using pushcores. These subcores and all MUCs 
were frozen on board (− 20 ◦C), transported back to either the Alfred 
Wegener Institute in Bremerhaven, Germany, or the British Antarctic 
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Survey in Cambridge, UK, where they were stored frozen (− 20 ◦C). 
Surface sediment samples from cruises JR17003a and PS61 were 
directly collected onboard, stored in 2 mL tubes, and frozen at − 80 ◦C 
until further processing at our ancient DNA laboratory in Bergen, 
Norway.

To minimize contamination risk, we implemented strict sediment 
sampling protocols. We processed all cores at the respective institutes 
using appropriate personal protective equipment (PPE). Work areas 

were thoroughly cleaned with 10% bleach or Decon 90 (Decon Labo
ratories Limited) and Chemgene™ HLD4L (Medimark International™) 
before processing of each core. Sampling controls, consisting of sterile 
tubes with MilliQ water, were taken for every day in the lab, placed with 
lids open in the sampling area, and later pooled into three sampling 
control pools (one pool per sampling event). These sampling controls 
were later subjected to the same DNA extraction and polymerase chain 
reaction (PCR) amplification as the sediment samples to assess potential 

Fig. 1. A: Study area and bathymetry in the Drake Passage and Weddell Sea. Labelled points indicate sampling stations with different shapes for each cruise 
(Appendix Table A.1). Bathymetry from GEBCO Bathymetric Compilation Group (2023), overlain with the Antarctic Circumpolar Current (ACC) in transparent grey. 
White dashed lines depict the average positions of the ACC fronts after Park et al. (2019); Northern Boundary (NB), Sub Antarctic Front (SAF), Polar Front (PF), 
Southern Antarctic Circumpolar Current Front (SACCF), Southern Boundary (SB). Coastal and (shelf) ice outline from SCAR Antarctic Digital Database (ADD) Version 
7.0, retrieved via R package SOmap version 0.6.2.9005 Maschette et al. (2019). B: Sea ice environments (regions) simplified after Raymond (2014), Appendix 
Table B.2. C: Summer (February 2018) sea surface temperature (SST) overlain by sea ice concentration (SIC, values below 0.1 not shown). D: Winter (August 2018) 
SST overlain by SIC (values below 0.1 not shown). SST from NOAA/NCEI 1/4 Degree Daily Optimum Interpolation Sea Surface Temperature (OISST) Analysis, 
Version 2.1 (Huang et al., 2021) and SIC from OAA/NSIDC Climate Data Record of Passive Microwave Monthly Southern Hemisphere Sea Ice Concentration (Meier 
et al., 2021).
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contamination (Section 3.2).
Cores were thawed at room temperature, and any ice or liquid pre

sent on the sediment surface was removed using sterile equipment. 
When cores were still partially frozen, we sliced the uppermost cm (0–1 
cm) off each core (1–2 cm for PS118/12–2, PS118/48–2, PS118–62-3; 
0–2 cm for PS111/98–3; 0–0.5 cm for PS97/071–2, PS97/089–2, PS97/ 
077–1, PS97/042–1) using a clean sharp knife and a clean spatula. From 
each slice, we transferred the inner part of the sediment slice using a 
sterile spoon into a labelled sterile 50 mL falcon tube. If cores were fully 
thawed, we used a spoon to collect the inner part of the upper 1 cm. 
Falcon tubes were frozen immediately at − 20 ◦C and remained so during 
transport to and storage at the ancient DNA laboratory in Bergen until 
further processing.

For total organic carbon (TOC) and diatom count analysis, the rim of 
the upper 1 cm of sediment was sampled into a labelled sterile Whirl- 
Pak®, avoiding the outmost of the sediment core in contact with the 
liner.

3.2. DNA extraction and metabarcoding workflow

Sediment was thawed at room temperature and 0.25 g ±10% of 
sediment was subsampled for extraction with the ‘combined’ extraction 
protocol from Armbrecht et al. (2020) in the ancient DNA laboratory at 
NORCE Research AS in Bergen. Two subsampling controls were taken 
using 200 μL DNAse free water in open 1.5 mL microtubes. Extractions 
were performed in batches of twelve samples and were semi-randomized 
so that each extraction batch comprised samples from several cruises. 
Four extraction controls were taken in total, across all extraction rounds, 
using 250 μL DNAse free water instead of sediment. We processed all 
controls, including the sampling control pools (see 3.1), alongside 
sediment samples throughout the full workflow. DNA concentrations in 
extracts were measured with a Qubit™ 4 Fluorometer using the dsDNA 
Quantification Assay Kits (Thermo Fisher Scientific) and extracts were 
stored at − 20 ◦C until amplification by PCR.

We PCR-amplified the 18S rRNA V9 region, a ~ 130 bp long frag
ment specific to eukaryotes but also capturing some prokaryotes using 
the universal forward (1389F, 5’-TTGTACACACCGCCC-3′) and 
eukaryote-specific reverse (1510R, 5’-CCTTCYGCAGGTTCACCTAC-3′) 
primer (Amaral-Zettler et al., 2009). Tag-encoded versions of the primer 
pair with unique 8-nucleotide tags were used to multiplex up to 48 in
dividual reactions and two PCR negative controls into a single 
sequencing library. Each DNA extract was amplified in triplicate re
actions with unique tagged primer combinations, resulting in three 
technical replicates per sediment sample. PCR amplifications were 
performed in 25 μL total volume using 17.9 μL of ultrapure water, 2.5 μL 
of 10× PCR Buffer II (AmpliTaq Gold™), 1.5 μL MgCl2 (25 mM), 0.5 μL 
dNTPs (10 mM), 0.5 μL bovine serum albumin (20 mg/mL), 0.1 μL 
AmpliTaq Gold™ DNA polymerase (5 U/μL, all chemicals from Thermo 
Fisher Scientific), 0.5 μL tagged forward primer (10 μM), 0.5 μL tagged 
reverse primer (10 μM), and 1 μL of DNA template. Thermocycling 
conditions were as follows: initial denaturation at 95 ◦C for 5 min, then 
34 cycles of denaturation at 95 ◦C for 30s, annealing at 57 ◦C for 45 s, 
and elongation at 72 ◦C for 45 s; followed by a final extension at 72 ◦C 
for 5 min. Success of PCR amplifications and concentration of the target 
fragment in each PCR product were estimated using high-sensitivity 
capillary electrophoresis (QIAxcel Connect System, QIAGEN®).

The 50 PCR products (48 samples and two PCR controls) corre
sponding to one sequencing library were pooled equimolarly, aiming for 
25 ng per sample and adding the full volume of a PCR product when this 
amount could not be reached. Each of the six resulting pools was puri
fied with the Roche High Pure PCR Product Purification Kit Roche 
following manufacturer instructions. The DNA concentration and 
nucleic acid purity in the pools were quantified using a NanoDrop™ One 
Spectrophotometer (Thermo Fisher Scientific™). The purification was 
repeated for all pools because of a low 260/230 ratio below 0.65 after 
the first round of purification. The purified pools were then prepared as 

sequencing libraries using the Illumina TruSeq™ DNA PCR-free Library 
Preparation Kit, omitting the fragmentation step. Libraries were 
sequenced at the Norwegian Sequencing Centre in Oslo on an Illumina 
NovaSeq 6000 platform, using a SP flowcell with 150 bp paired end 
reads and v1.5 reagents.

3.3. Bioinformatic processing and quality control

Raw sequencing reads were demultiplexed to assign sequences to 
their original PCR reaction based on their unique primer tags. Processing 
of the sequencing data was done on an Rstudio server (R version 4.0.4, 
2021–0215). The fastqUtils R package v.0.1.0 commit b1aa08b 
(Cordier, 2024) was used to demultiplex the reads (function demultRun) 
by screening for specific combinations of tagged primers associated to 
individual PCR reactions (zero mismatches allowed in the tagged 
primers), and accounting for mixed orientations of the reads due the 
PCR-free library preparation protocol. The output of this step was two 
files for each of the R1 and R2 files (i.e. forward and reverse from the R1 
fastq, and forward and reverse from the R2 fastq). For deposition in the 
European Nucleotide Archive (ENA) under the accession number 
PRJEB104882, we demultiplexed sequencing data in mixed orientation 
(one file per R1 and R2) using fastqUtils R package v.0.1.0 commit 
b60c307 (function demultiplexDoublePairedforENA). Demultiplexed 
reads of each sequencing library were then denoised using the DADA2 
pipeline v.1.18.0 (Callahan et al., 2016) to produce amplicon sequence 
variants (ASVs) via the function dada2workflow4files of the fastqUtils 
package. Reads were quality filtered using the filterAndTrim function of 
DADA2 (minimum sequence length 60 nt, maxEE = 2) and PCR re
actions with less than 100 reads were removed. The DADA2 workflow 
was followed on each of the four fastq files of each PCR reaction, i.e. 
error modeling (learnErrors function), dereplication (derepFastq func
tion), denoising (dada function), re-orienting the reads, and merging 
pairs or reads from overlapping forward and reverse reads (mergePairs 
function) using the “trimOverhang” option to make sure that primers are 
trimmed from the resulting assembly. ASV tables were produced for 
each library and then merged together (mergeSequenceTables function). 
ASVs that still contained traces of the primers were removed, and chi
meras were removed (removeBimeraDenovo function, default settings).

ASVs were taxonomically assigned using SLIM's “assignment-fasta- 
vsearch” module (Dufresne et al., 2019) with the PR2 database version 
5.0.0 (Guillou et al., 2013) as reference, applying a minimum similarity 
of 85%, a direct acceptance threshold of 0.99, and 3 matches to be used 
for assigning a consensual taxonomic rank annotation.

All following data processing and analysis were performed using R 
Statistical Software (v4.3.2; R Core Team, 2023) unless specified 
otherwise. We used the package metabaR version 1.0.0 (Zinger et al., 
2021) for handling of metabarcoding data.

Contaminants were identified and partially or completely removed 
using the SCRuB package version 0.0.1 (Austin et al., 2023) with serial 
decontamination for every type of control in the order: sampling, sub
sampling, extraction and finally PCR control. SCRuB is assuming that 
reads in controls stem from contamination or well-to-well leakage. For 
every step it therefore removes reads from the corresponding control 
and partially or completely removes reads identified as contaminants 
from samples (see Appendix F; see Austin et al., 2023 for details). The 
output of each decontamination step was the input for the next decon
tamination step. After decontamination a principal coordinates analysis 
(PCoA) ordination based on Bray-Curtis dissimilarity was conducted and 
visually compared to a PCoA ordination of the dataset before decon
taminating to confirm that decontamination did not alter the main 
structure of eukaryotic communities.

We removed ASVs assigned to bacteria, archaea, and unassigned 
ASVs shorter than 116 bp, that may correspond to unassigned pro
karyotes (i.e. 16S V9 is consistently around 105 bp for bacteria and 
around 95 bp for archaea, whereas 18S V9 is consistently around 130 bp 
for eukaryotes). ASVs matching plastid reference sequences (e.g. 
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chloroplastic SSU) were discarded. Finally, we discarded PCR replicates 
for which we recovered less than 20,000 reads.

We then assigned each ASV to a planktic or benthic habitat by 
matching their 18S V9 sequences to a list of planktic and benthic ASVs 
curated from global-scale metabarcoding surveys (Cordier et al., 2022) 
and augmented with plankton samples collected along the water column 
in the Weddell Sea (Flegontova et al., 2023). Any ASV that had no exact 
match in this curated list of ASVs and that was exclusively found in 
sediment samples of this study was considered benthic (as in Cordier 
et al., 2022).

Prior to analysis of taxonomic composition, we aggregated replicates 
per sample by summing up reads for each ASV. Because of the compo
sitional nature of metabarcoding data we report relative abundances of a 
given taxonomic rank (e.g. ASV, family, subdivision). Those were 
calculated by dividing the absolute number of reads of this taxonomic 
rank by the total number of reads in the respective sample.

3.4. Regional classification

Stations with similar broad ecological characteristics were grouped 
into four discrete sea ice environments (i.e. open ocean, seasonal sea ice, 
perennial sea ice and polynya regions; see Appendix Tables A.1 and B.2). 
We based these on the pelagic regionalisation of Raymond (2014), a 
classification based on summer climatological SST, water depths and the 
proportion of time covered by a sea ice concentration of ≥85% between 
January 2003 and December 2009 (Mormède et al., 2014). The 
regionalisation was accessed using the R package quantarcticR version 
0.1.4 (Fitter et al., 2025) and sampling stations were spatially joined 
with pelagic region polygons using sf::st_join. Six stations required 
special treatment because of their proximity to region boundaries. For 
two stations (JR17003a/40 and JR244/639), a 14 km buffer was used to 
extract the closest corresponding region. For four stations the buffer 
resulted in two possible region assignments; in these cases, surrounding 
cluster patterns were examined to determine the best fit (PS111/139-2, 
JR244/566, JR244/627, PS97/071-2).

Our stations fell into 11 of the original 16 clusters from Raymond 
(2014). We simplified the most similar regions into four broader 
pelagic regions representing different sea ice environments (Appendix 
Table B.2). Those encompass similar ecological characteristics regarding 
summer SST, water depth and sea ice persistence, therefore capturing 
the main environmental gradients. The “polynya-related region” merges 
polynya margins, polynyas and regions around polynyas. The “perennial 
sea-ice region” merges shallow shelf areas with a sea ice coverage of 
>25% as well as shelf areas with almost perennial sea ice cover. The 
“seasonal sea ice region” combines several sea ice zones with increasing 
ice cover. The “open ocean region” is merged from deep oceanic water 
clusters. That way we created ecologically meaningful groupings and 
obtained a reasonable number of stations per group.

3.5. Environmental variables

Sea ice concentration (SIC) was extracted for each station to char
acterize long-term sea ice conditions and seasonal variability. SIC data 
beginning with the start of observations (November 1978) to the month 
of sampling was extracted from the 25 km2 NOAA/NSIDC climate data 
record of passive microwave SIC G02202 version 4 (Meier et al., 2021). 
The extract function from the raster R package version 3.6-26 (Hijmans, 
2023) was used with the “simple” method for most stations (extracting 
the SIC value for the exact station position), the “bilinear” method for 
three stations (JR244/566, JR244/639, JR244/627; interpolating the 
SIC value from the four nearest raster cells) and with the buffer option 
set to a radius of 35 km for four stations where it was necessary because 
of missing data close to the coast (JR17003a/33, JR17003a/40, JR244/ 
591, PS111/98-3; extracting the available SIC values from all cells in a 
radius of 35 km around the station location and taking their average). 
For each station, averages and standard deviations were calculated over 

the entire period, from Nov. 1978 until the sampling month (SIC average 
and SIC variability, respectively), and separately for each season (sea
sonal SIC average and seasonal SIC variability, respectively): summer 
(December–February), Fall (March–May), Winter (June–August) and 
Spring (September–November).

Monthly mean SST data was extracted from NOAA/NCEI 1/4 Degree 
Daily Optimum Interpolation Analysis (OISST) v2.1 (Huang et al., 2021) 
from the beginning of observations (September 1981) until the month of 
sampling in the same way as for SIC but using the “simple” method for 
all stations.

The distance to the ice shelf was retrieved using the function dist2
land from the ggOceanMaps R package v.2.2.0 (Vihtakari, 2022) with 
the station coordinates and the “ant_coast_ice” shape (Fitter et al., 2025) 
from the SOmap R package v. 0.5.0 (Maschette et al., 2019). Distance to 
both, the Antarctic and American coast was retrieved the same way, 
with “ant_coast_land” for the Antarctic coastline and “GSHHS_i_L1” for 
the South American coast.

To avoid multicolinearity of variables in the statistical analyses, we 
selected environmental parameters through correlation testing and 
variance inflation factor assessment. We considered the following 
environmental variables: water depth, SIC average and all seasonal SIC 
averages, SIC variability and all seasonal SIC variabilities, total SST 
average and all seasonal SST averages, total SST variability and all 
seasonal SST variabilities, distance to both the South American and 
Antarctica coast, distance to ice shelves. We examined pairwise corre
lation between these variables by calculating correlation matrices with 
the Spearman rank correlation coefficients with Hmisc::rcorr and corr
plot::corrplot. From variables that were highly correlated with each 
other (ρ > 0.75), we chose only one of them to remove redundancy. The 
selected variables (depth, SIC average, SIC variability, winter, spring, 
and summer SIC variability, distance to coast and distance to ice shelves) 
were subjected to stepwise multicolinearity testing using variance 
inflation factors (VIF), where we removed the variable with the highest 
VIF and recalculated VIFs until all VIF values were smaller than five 
(indicating no multicolinearity between variables). The remaining 
noncollinear six variables for downstream analysis were water depth, 
SIC average, SIC variability, spring SIC variability, distance to ice 
shelves and distance to coast.

3.6. Ecological analysis

Functions of the vegan R package v 2.6-8 (Oksanen et al., 2022) were 
used to analyse alpha and beta-diversity patterns. Community alpha 
diversity was assessed using multiple metrics for all replicates. Shannon 
diversity was calculated on absolute reads and species richness on 
rarefied ASV tables (rarefied to 57,064, the lowest read count across PCR 
replicates).

Multivariate analysis of community composition variations (i.e. 
betadiversity) in relation to environmental variables was performed 
using Hellingertransformed read count data (aggregating replicates by 
summing reads per ASV), to compensate for uneven sequencing effort 
across samples. Nonmetric multidimensional scaling (NMDS) was per
formed with the function metaMDS using Bray-Curtis dissimilarities and 
two dimensions. The resulting NMDS was rotated so the x-axis was 
parallel to SIC average (function MDSrotate) for better visualization. A 
permutational multivariate analysis of variance (PERMANOVA, 
Anderson, 2001) was conducted on the same Hellinger-transformed read 
count data, using the adonis2 function and Bray-Curtis dissimilarities. 
We tested the visually separating clusters in the NMDS with 999 per
mutations. We also assessed marginal effects of the selected environ
mental variables with an additive model and 999 permutations. 
PERMANOVA by marginal terms assesses the single effects of the terms 
after accounting for all other terms in the model. We report the strength 
of the single effects of environmental variables (R2) as well as the total 
variance explained by the model in % as (1 - residual R2) * 100, which is 
the effect size of all single effects together with combined effects. We 
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also report the unbiased partial effect size ω2 estimated using the MicEco 
package v0.10.0 (Russel, 2026), which is less influenced by sample size. 
We then used the envfit function and 999 permutations to fit the selected 
environmental variables to the NMDS ordination for a visual represen
tation of the environmental variables in the two-dimensional NMDS 
space.

3.7. Total organic carbon

TOC contents of samples JR244/554, 562, 564, 566, 590, 591, 627, 
628 and 639 were determined at the Alfred Wegener Institute in Bre
merhaven. For this purpose, ~0.1 g of freeze-dried and homogenized 
sediment was decalcified with 500 μL hydrochloric acid and analysed by 
means of a carbonsulfur determinator (Eltra-CS800) following Lamping 
et al. (2021). Further TOC contents of the surface sediments originate 
from a published data set (Lamping et al., 2021).

3.8. Diatom abundances

A total of 19 smear slides were prepared for a quantitative diatom 
assemblage analysis of the surface sediments with a ZEISS AXIOPLAN II 
microscope at 1000× magnification. Between 133 and 636 diatom 
valves, including those from Chaetoceros resting spores, were counted in 
each sample for a subset of samples (PS111/139-2, 131-2, 98-3, 80-3, 
42-1, 114-3, 70-2, 60-3, 47-2, 15-1, 16-3, 13-2, PS118/10-3, 12-2, 38- 
5, 62-3, 05-3, 48-2, 75-1). Diatoms were identified to species or species 
group level and, if possible, to forma or variety level. Following the 
taxonomy described by Armand and Zielinski (2001); Hasle and 
Syvertsen (1996); Zielinski and Gersonde (1997) we identified 33 
different species, varieties or forma.

4. Results

Our metabarcoding approach generated initially a total of 
66,550,397 sequences from 45 stations spanning diverse sea ice regimes. 
After processing with DADA2 (filtering, denoising, merging), removal of 
remaining sequences that contained primer sequence and removal of 
chimeras, 63,831,228 sequences (95.9%) remained. They were grouped 
into 63,945 ASVs and taxonomically assigned.

Contamination controls (sampling control, subsampling control, 
extraction control, PCR negative controls) contained low read counts 
(50,564 reads overall, with 533 reads on average per negative control 
reaction) predominantly of taxa that were expected in our study (i.e. 
marine plankton or benthic taxa). Therefore, we employed SCRuB to 
remove this low level of well-to-well leakage (see Appendix F for details 
on the decontamination). PCoA ordination based on Bray-Curtis 
dissimilarity confirmed that decontamination did not alter the main 
structure of eukaryotic communities (Appendix Fig. F.1).

After decontamination, additional filtering based on taxonomic an
notations ensured that only high-quality eukaryotic sequences were 
retained for analysis. From the remaining 56,930,136 sequences (21,430 
ASVs), we removed 3.9% of reads (3251 ASVs, 15.17% of ASVs) as non- 
eukaryotic ASVs. One PCR replicate with a low read number (<20,000) 
was excluded from downstream analysis. In total, 28.4% of unique ASVs 
(54,693,976 reads) were retained, classified into 18,144 eukaryotic 
ASVs distributed across 134 technical replicates ranging from 57 k to 
810 k reads.

4.1. Overall taxonomic composition

Eukaryotic communities in surface sediments recovered 44 sub
divisions but samples were dominated by diatoms and benthic taxa. 
Gyrista (mainly diatoms from the Mediophyceae and Bacillariophyceae 
classes) comprised over 32% of total reads (Fig. 2A), followed by 

Fig. 2. A: Overall taxonomic composition of all stations in our dataset. Displayed are the relative abundances of the 20 most abundant taxa at the subdivision level. 
Other taxa were grouped into “Other”. B: Relative abundance (% of reads) of planktic and benthic taxa. C: Relative number of planktic and benthic ASVs.
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Metazoa (animals, 15%), Cercozoa (14.5%) and unassigned taxa 
(14.9%).

At the individual ASV level, extreme dominance of a few ASVs 
characterized the dataset. The two most abundant ASVs, both identified 
as Chaetocerotaceae diatoms, comprised over 20% and 3% of all reads 
respectively. The next most abundant ASVs belonged to benthic animals 
but were much less abundant: Nemertea (ribbon worms, 1.82% and 
0.63%), Annelida (segmented worms, 1.13%, 0.98%), and Anthozoa 
(sea anemones, 0.98%).

Habitat annotation revealed contrasting patterns of abundance and 
diversity between planktic and benthic communities. Planktic taxa 
dominated eukaryotic communities with 68% of all reads whereas only 
32% of all reads were assigned to benthic taxa (Fig. 2B). However, 
planktic taxa were much less diverse with only 3423 ASVs (18.87%), 
while benthic taxa accounted for 14,721 ASVs (81.13%, Fig. 2C).

4.2. Community composition across sea ice regimes

We examined the community composition in polynya-related regions 
(11 stations), perennial sea ice regions (15 stations), seasonal sea ice 

regions (12 stations) and open ocean regions (7 stations; see also Table 2
and Appendix Tables A.1 and B.2). We observed a slight increase in 
unassigned taxa and benthic taxa from the shelf towards the open ocean 
region (Fig. 3). Water depth at the stations in the polynya-related and 
perennial sea ice regions was shallower (329 to 1246 m and 332 to 1166 
m, respectively) than in the other sea ice environments (seasonal sea ice 
region: 1405 to 4748 m; open ocean region: 2803 to 4172 m).

The shallower polynya-related and perennial sea ice regions are 
characterized by higher relative abundance of planktic taxa and a 
slightly higher TOC content, compared to the deeper seasonal and open 
ocean stations (Fig. 3 and Table 2), although there is no statistically 
significant difference of medians (Kruskal-Wallis p-value > 0.1, likely 
because of the small group sizes). In these shallower regions, Gyrista — 
dominated by Bacillariophyceae — are the most abundant subdivision, 
with their relative abundance decreasing from the polynya-related zone 
and perennial sea ice zone to the seasonal sea ice zone and open ocean 
zone (Table 2 and Fig. 3). In contrast, communities from the deeper 
regions are characterized by unassigned taxa, diatoms dominated by 
Mediophyceae and Crysophyceae, and Radiolaria (Fig. 3 and Appendix 
Fig. G.2), where unassigned taxa display an opposite abundance pattern 

Fig. 3. Composition of eukaryotic communities across sea ice environments. The color code of the regions corresponds to the map (Fig. 1). A: taxonomic barplot 
showing relative abundance of the 20 most abundant taxa at the subdivision level. PCR replicates were aggregated per station. B: Relative abundance of planktic and 
benthic ASVs across all stations. C: Shannon diversity index for each technical replicate. Low-diversity stations excluded in statistical analysis highlighted by white 
fill. D: Rarefied ASV richness for each technical replicate. Low-diversity stations excluded in statistical analysis highlighted by white fill. E: Absolute reads for each 
technical replicate. F: Water depth at each station. G: TOC from (Lamping et al., 2021, black fill) and this study (white fill; Appendix Table C.3).
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to Gyrista.

4.2.1. Polynya-related region
The analysis of community structures revealed that polynya-related 

environments harbored distinct communities compared to other sea 
ice regimes. We observed a dominance of Gyrista at the eight stations 
located in polynya-related regions around the Antarctic Peninsula and in 
front of the Brunt Ice shelf (Fig. 3). The communities from these stations 
comprised 50% to 99.5% of diatoms of the family Chaetocerotaceae, 
stemming almost entirely from one single ASV (Fig. 4). At five of these 
stations Chaetocerotaceae even dominated with >96% of reads. This 
high dominance of Chaetocerotaceae resulted in lower Shannon di
versity values (mean of 0.7 and range of 0.03 to 2.01) compared to other 
samples in our dataset (mean 4.77, range 2.94 to 6.18).

Only three stations in polynya-related regions (out of eight) were not 
dominated by Chaetocerotaceae: PS97/71–2 and PS97/055-2 in the 
Bransfield Strait, as well as JR244/627 close to the Brunt Ice shelf. In 
samples from the Bransfield Strait, Annelida (segmented worms) and 
Maxillopoda (Crustaceans) were the most abundant metazoans, while 

the Gyrista consisted predominately of Bacillariophyceae (pennate di
atoms) instead of Mediophyceae. In the sample collected close to the 
Brunt Ice shelf, the most abundant taxa were Nemertea (ribbon worms) 
and Ciliophora. The relative abundance of benthic taxa in the polynya- 
related region was generally below 22% but increased to ~40 and 
~65%, at stations JR17003a/40 in the Prince Gustav Channel and 
PS97/055–2 in the Bransfield Strait, respectively.

4.2.2. Perennial sea ice region
The perennial sea ice region is characterized by substantially higher 

alpha diversity than the polynya regions, with a Shannon diversity 
ranging between ~3 and ~5 and a rarefied ASV richness between 272 
and 593 (Fig. 3). In this region, Gyrista, Metazoa and Cercozoa are the 
most abundant subdivisions, contributing on average 21% (ranging 
from 7 to 37%), 19% (>1–44%), and 19% (7–67%) of reads, respec
tively, at single stations. Here, the Gyrista assemblage consists mainly of 
Bacillariophyceae and Mediophyceae. Planktic taxa contribute between 
32% and over 90% of reads to the assemblage with an average of 62%. 
Unassigned ASVs represent on average ~15% of the reads. Water depth 

Fig. 4. High abundance of Chaetocerotaceae reads in polynya-related regions. A: Map showing relative abundances of Chaetocerotaceae as circles. Grey filled circles 
highlight sedimentary DNA communities with over 5% contribution of Chaetocerotaceae. Empty circles depict abundances below 5%. For all other map features 
Fig. 1. B: Relative abundance of reads assigned to family Chaetocerotaceae in the foreground (dark grey) and subdivision Gyrista in the background (light blue). C: 
Counts of Chaetoceros resting spores relative to other diatoms from Cárdenas et al. (2019, solid outline) and from this study (dashed outline). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.)
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in the perennial sea ice region is comparable to the water depth in the 
polynya-related regions and relatively shallow (~330 to 1170 m).

4.2.3. Seasonal sea ice region
In the seasonal sea ice region, we found a slightly higher alpha di

versity than in the perennial sea ice region (average Shannon diversity of 
5.1 and a rarified ASV richness between 533 and 960 (Fig. 3)). Here, 
Cercozoa reach the highest relative abundance on average (20%), but it 
fluctuates considerably (5–50%) between stations, followed by Gyrista 
with on average 13% relative abundance (2–60%) and Ciliophora with 
an average of 10% (3–40%). On average 58% of reads were assigned to 
planktic taxa, fluctuating between ~40 to almost 80% at single stations. 
Metazoa contributed 9% on average but reached maximum relative 
abundances of 20%. The family Chaetocerotaceae also occurs in high 
relative abundances (two ASVs with over 50 and over 20%, respectively) 
at the northernmost stations in the Powell basin (PS118/75-1 and 
PS118/48-2), where seasonal sea ice is present with a SIC average of 27 
to 39%. At all other stations, the contribution of Gyrista to the com
munities stays below 10% of the reads. This corresponds to stations with 
a SIC average over 50% (except station PS61/140 with a SIC average of 
30%), where Chaetocerotaceae are nearly not detected. The contribu
tion of unassigned ASVs is on average higher than in the perennial sea 
ice zone with 25% of the reads (9–42%). The stations in the seasonal sea 
ice region reach the deepest water depths with over 4500 m (PS61/136- 
9, 138-11).

4.2.4. Open ocean region
Highest alpha diversity is found in the open ocean region with an 

average Shannon index of 5.2 and rarified ASV richness between 512 
and 1022 (Fig. 3). On average, Metazoa have the highest relative 
abundance with 14% of the reads (5–40%), followed by Cercozoa with 
11% (5–30%), Radiolaria with 10% (2–50%) and Ciliophorea with 9% 
(4–17%). The open ocean region shows the least amount of contribution 
of planktic taxa with an average of 47%, fluctuating between 27 and 
77%. Here, Gyrista do not reach above ~ 5% relative abundance. 
Unassigned ASVs contribute the most to this region with on average over 
30% of the reads (6–52%). Water depth in the open ocean region is deep, 
ranging between 2800 and 4200 m.

4.3. Influence of environmental conditions on community composition

To avoid overwhelming signals from extreme Chaetocerotaceae 
dominance obscuring subtler community differences, we excluded the 
eight lowdiversity stations (Shannon diversity <2.1, Fig. 3) from 
multivariate analysis. This left us with three stations (PS97/71-2, PS97/ 
055-2, JR244/627) from polynya-related regions.

NMDS with fitted environmental variables (Table 1, Appendix 
Table D.4) indicated that communities differed most between shallower 
samples with high SIC (perennial sea ice region and polynya-related 
region) and deeper samples with low SIC (seasonal sea ice and open 
ocean regions; Fig. 5). These two clusters (shallower vs. deeper samples) 

are significantly different (p = 0.001), explaining 16% (planktic com
munity, R2 = 0.161, ω2 = 0.134) or 11% (whole community, R2 = 0.109, 
ω2 = 0.082) of the total variance in community composition in 
PERMANOVA.

Environmental variables explained 27.2% of the total variance in 
community compositions in a marginal PERMANOVA test. There was a 
small but significant (p < 0.05) effect of water depth (R2 = 0.045, ω2 =

0.022), SIC average (R2 = 0.037, ω2 = 0.013), and SIC variability (R2 =

0.034, ω2 = 0.010) on sedimentary DNA communities. When only 
considering planktic taxa, the explained community variance increased 
(to 33.2%), as well as the importance of the significant variables water 
depth (R2 = 0.053, ω2 = 0.036), SIC average (R2 = 0.040, ω2 = 0.022), 
and SIC variability (R2 = 0.036, ω2 = 0.016). In Fig. 5 the respective 
NMDS ordination is displayed showing the environmental variables 
significant in PERMANOVA.

4.4. Total organic carbon

TOC values in the polynya-related region reached maximum values 
of over 0.9 wt% at one station (JR244/639) and are above 0.5 wt% at 
three more stations (PS118/10–3, 38–5, 62–3). Three further stations 
are below 0.3 wt% (JR244/827, PS111/139–2, PS118/12–2). We did 
not retrieve TOC values from stations PS97/055–2 and 071–2 as well as 
JR17003a/33, and 40 (Appendix Table C.3 and Table 2). In the peren
nial sea ice region TOC values reach maxima of about 0.6 wt% (PS118/ 
05-3) but stay generally between 0.29 and 0.52 wt%. Minima are 
ranging from 0.07 to 0.18 wt% (PS111/1312, 60–3, JR244/562, 566). 
We did not retrieve TOC values from station PS61/133-5. In the seasonal 
sea ice region TOC values reach a maximum of about 0.5wt.% (PS111/ 
75-1) but otherwise stay between 0.2 and 0.4 wt%. We did not retrieve 
TOC values from stations PS61/131-7, 134-5, 136-9, 138-11 and 140-3. 
In the open ocean region TOC values reach maxima of about 0.3 and 0.4 
wt.% (PS97/79-1 and 77-1) but otherwise stay relatively low between 
0.2 and 0.3 wt.%. We did not retrieve TOC values from station PS97/89- 
2.

4.5. Chaetoceros resting spore abundance estimates

To estimate abundances of Chaetoceros resting spores across sea ice 
environments in the microfossil record, we combined new smear slide 
data from a subset of samples (see Section 3 material and methods) with 
previously published counts (Cárdenas et al., 2019, PS97/055-2, 071-2, 
077-1, 048-1, 079-1, 046-6, 042-1, 089-1, Appendix Table C.3). We did 
not retrieve counts for samples from cruises JR244, JR17003a, PS61 and 
from PS118/242. The observed Chaetoceros specimens belong exclu
sively to the subgenus Hyalochaetae, mainly represented by resting 
spores. The resting spores have not been identified to species level due to 
the lack of distinguishable morphological features. Abundance of 
Chaetoceros resting spores relative to other diatoms was generally 
highest in polynya-related regions and lowest in open ocean regions. 
Relative abundances reached maxima of 84 to 96% at polynya-related 

Table 1 
PERMANOVA results. We tested six variables by marginal terms and report the R2 (marginal (unique) contribution of each variable after accounting for all others), ω2 

(unbiased estimate of effect size), F-statistics and Pr(>F) (p-value) here. Total variance explained is reported in % (1 - residual R2) * 100). Depth, SIC average and SIC 
variability are significant (p < 0.05, in bold) for both, whole (planktic and benthic) communities (left) as well as planktic communities only (right).

Whole community Planktic only

R2 ω2 F Pr(>F) R2 ω2 F Pr(>F)

Water depth 0.045 0.022 1.845 0.004 0.053 0.036 2.385 0.005
SIC average 0.037 0.013 1.505 0.019 0.040 0.022 1.816 0.016
SIC variability 0.034 0.010 1.383 0.047 0.036 0.016 1.617 0.041
Spring SIC variability 0.029 0.006 1.216 0.099 0.031 0.010 1.391 0.084
Distance to coast 0.028 0.004 1.152 0.146 0.026 0.004 1.163 0.216
Distance to ice 0.028 0.005 1.172 0.135 0.029 0.008 1.312 0.114
Residual 0.728 0.668
Total variance explained 27.2% 33.2%
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stations, 81% at two seasonal sea ice zone stations (PS118/48-2 and 75- 
1), 69% at one perennial sea ice station (PS118/05-3) and 19% in the 
open ocean region (PS97/077-1).

5. Discussion

Our metabarcoding analysis of Southern Ocean eukaryote commu
nities in surface sediments enabled us to examine three key questions: 
(1) how communities vary across sea ice environments, (2) which 
environmental variables best explain community compositions, and (3) 
whether planktic or benthic community signals in surface sediments 
show stronger relationships with sea ice conditions.

Two patterns stood out: First, Chaetocerotaceae DNA dominates 
sediment samples in polynya regions, offering a clear molecular signa
ture that is consistent with conventional microfossil work (Fig. 4). 
Second, variations in water depth and sea ice concentration (SIC) have a 
small but significant effect on community structures (Fig. 5, Table 1). We 
could not rank their importance as deep samples were always associated 
with lower sea ice concentration in our dataset. Nevertheless, our 
findings support the potential of sedaDNA for paleoenvironmental 
reconstructions.

5.1. Dominance of Chaetocerotaceae characterizes polynya environments

The dominance of Chaetocerotaceae diatoms around the Antarctic 
Peninsula and along the Weddell Sea coast display a clear relation to a 
specific sea ice environment, namely polynya-related regions (Fig. 4). 
Polynyas are characterized by phytoplankton blooms (Arrigo and van 
Dijken, 2003) and previous work has linked the high sedimentation of 
resting spores to high seasonal productivity due to a stratified shallow 
mixed layer depth after freshwater input during the spring melt 

(Leventer, 1991; Leventer et al., 1996). Spore formation and export to 
the seafloor is then triggered by nutrient depletion in this shallow upper 
water layer, an otherwise rare happening in the generally nutrient-rich 
Southern Ocean (Leventer, 1991).

We found that Chaetocerotaceae reads can comprise >96% (five 
stations) and > 50% (three stations) of the total reads in shallower 
(<1000 m) stations with low to moderate sea ice concentration 
(32–83%) in polynya-related regions. We also found elevated relative 
abundances of Chaetocerotaceae at the two northernmost stations in the 
Powell Basin (PS118/75-1: over 50% and PS118/48-2: over 20%). While 
these are classified as seasonal sea ice stations based on our approach 
(see Section 3.4), these stations could also be considered polynya-related 
as they are within ~10 to 15 km of polynya-related regions, making it 
likely that their surface waters can be considered polynya-related.

The high number of Chaetocerotaceae reads in our metabarcoding 
data is consistent with microscope-based observations from the surface 
sediments investigated in this study (Fig. 4) as well as previous studies in 
polynya-related regions. Elevated abundances of Chaetoceros resting 
spores were found in surface sediments (Cárdenas et al., 2019; Crosta 
et al., 1997; Świło et al., 2016) and in sediment traps (Leventer, 1991) 
in the coastal area around the northeastern Antarctic Peninsula, and in 
the southern Weddell Sea in front of the ice shelves, in particular the 
Brunt Ice shelf (Crosta et al., 1997). A spearman rank correlation reveals 
a strong, statistically significant positive monotonic relationship (ρ =
0.84, p = 1.602 × 10–6) between relative abundances of Chaetocer
otaceae in the metabarcoding data, and relative Chaetoceros resting 
spores counts from this study and Cárdenas et al. (2019). This supports 
the conclusion that both, our metabarcoding data and traditional 
microscope-based observations, show a relation of Chaetocerotaceae to 
polynya-related regions.

In several samples we almost solely recovered Chaetocerotaceae 
DNA reads, which resulted in extremely low alpha diversity. This 
observation may reflect a high amount of Chaetocerotaceae sedimentary 
DNA compared to other DNA in those samples. However, since our DNA 
extraction protocol is also retrieving DNA from resting spores 
(Armbrecht et al., 2020), we rather may have retrieved intact DNA from 
Chaetocerotaceae spores. Intact DNA may be better PCR-amplified 
compared to other sedimentary DNA that consists of degraded extra
cellular DNA due to biotic or abiotic decay during transport to the 
seafloor or in the sediment (Torti et al., 2015). Either way, whether the 
high abundance of Chaetocerotaceae DNA in our samples is of extra
cellular sediment-bound origin or from intact cysts, it is indicative of 
high productivity and export related to the specific sea ice setting 

Fig. 5. NMDS ordinations showing sedimentary DNA community compositions for (A) all ASVs and (B) only planktic ASVs. Each point depicts the community profile 
of a station. Colored hulls depict the sea ice environments. Arrows indicate environmental variables significant in the PERMANOVA fitted to the NMDS ordination 
(function envfit). The length of the arrows depicts the goodness of fit (importance) of the respective variable to the NMDS ordination.

Table 2 
Summary of group size, mean and standard deviation of relative planktic 
abundances and TOC content in the sea ice environments, after removing the 
Chaetocerotaceae dominated stations.

Region rel. planktic abundance TOC content

n mean sd n mean sd

Polynya-related 3 0.66 0.27 1 0.17 –
Perennial sea ice 15 0.63 0.16 14 0.34 0.16
Seasonal sea ice 12 0.59 0.10 7 0.32 0.10
Open ocean 7 0.47 0.17 6 0.27 0.10
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around the Antarctic Peninsula and along the southern Weddell Sea 
coast.

Three stations in the polynya-related regions (PS97/071-2, PS97/ 
055-2, JR244/627) are not dominated by Chaetocerotaceae. They are 
characterized by a high relative abundance of Metazoa and Gyrista 
(diatoms). Here, contrasting to the Chaetocerotaceae-dominated diatom 
communities, unassigned diatoms (PS97/071-2; JR244/627) or Bacil
lariophyceae (PS97/055-2) ASVs were dominant. We can only speculate 
on what might be driving this signal. One possibility is that the total 
abundance of Chaetoceros resting spores per g sediment is genuinely 
lower than at the Chaetocerotaceae dominated stations. Another 
explanation includes potential biases in DNA extraction related to 
sediment composition, but we do not have sufficient sedimentological 
data to support this. It is also possible that local environmental condi
tions were suboptimal for Chaetocerotaceae growth. For example, 
biomarker data indicates that station JR244/627 experienced a very 
high sea ice cover compared to the close-by PS111/139 (data not 
shown), possibly implying an expanded summer or spring ice cover and 
less meltwater production. In addition, stations PS97/055-2 and PS97/ 
071-2 are the only stations in our study that are located in the Bransfield 
Strait where warm and fresh Bellingshausen Sea Water encounters cold 
and salty Weddell Sea Water (Sangrà et al., 2011; Vorrath et al., 2020). 
These local conditions (i.e. formation of eddies and upwelling processes 
at the Peninsula Front) may further limit Chaetocerotaceae growth.

All in all, sedimentary DNA captures the same pattern as more con
ventional diatom assemblage studies, which is promising for paleo
environmental studies that aim to utilize sedimentary (ancient) DNA as 
a paleoenvironmental proxy.

5.2. Water depth and sea ice influence sedimentary DNA communities

Our statistical analyses of whole (planktic and benthic) and planktic- 
only communities from sediment samples that are not dominated by 
Chaetocerotaceae (Fig. 5 and Table 1) showed that variations in water 
depth and SIC (SIC average and SIC variability) explain part of the dif
ferences in community structure. Although effect sizes are small, they 
were significant despite limited sample size and high community 
dimensionality. Community composition separated into two main clus
ters, one that includes stations in shallower polynya-related and 
perennial sea ice regions with generally higher SIC, and another cluster 
including deeper, seasonal sea ice and open ocean regions with generally 
lower SIC (Fig. 5, PERMANOVA significant and explaining 11 to 16% of 
total variance). This pattern might be partly driven by differences in 
richness or TOC content (Fig. 3). For example, Learman et al. (2016)
showed a correlation of distinct communities (between Antarctic 
Peninsula and West Antarctic Coast) with nutrient as well as organic 
matter content. They also noticed a consistently lower richness around 
the Antarctic Peninsula. However, their study does not include samples 
deeper than 820 m. In our study, water depth and SIC average were 
confounded due to the opportunistic sampling design: deep sites 
(>1400 m) were in open ocean or seasonally sea ice regions, while 
perennial ice samples were restricted to shallower shelf areas (<1250 
m). This reflects the scarcity of available frozen sediment samples 
because of difficult access to the Weddell Sea due to harsh sea ice and 
weather conditions. Increasing statistical power and disentangling these 
effects will require substantially more samples, particularly from deep, 
permanently ice-covered areas and shallower, ice-free regions.

Linking whole communities to sea ice conditions assumes both, 
planktic and benthic, communities to reflect surface ocean conditions. 
This is a reasonable assumption given the ample evidence of pelagic- 
benthic coupling in the Southern Ocean evident from primary produc
tion pulses that build up foodbanks (e.g. Smith et al., 2006, 2012), high 
export of particular organic carbon in high latitudes (e.g. Buesseler, 
1998), as well as varying benthic responses dependent on the type of 
lipid supply (e.g. Rembauville et al., 2018). Remarkably, statistical 
analysis on planktic-only sedimentary DNA communities is comparable 

to the whole communities analysis, with both, water depth and SIC 
average and variability having significant effects on the communities 
(Table 1). This outcome emphasizes the influence of sea ice on both, 
primary production and pelagic-benthic coupling (Wassmann et al., 
2006). Planktic ASV reads contribute to almost 70% of the total sedi
mentary DNA community in our samples, confirming the observation of 
Cordier et al. (2022), who found higher relative pelagic DNA abundance 
towards higher latitudes. Given the dominance of planktic reads in this 
study, it is likely that the same environmental variables explaining beta 
diversity patterns would be identified for both planktic-only and whole 
communities.

Interestingly, the total explained variance is slightly higher when 
focusing on planktic-only communities (Fig. 5 and Table 1), indicating a 
closer link between the planktic community signal in sedimentary DNA 
with the tested environmental variables. This supports our hypothesis 
that planktic communities are more directly affected by surface ocean 
environments than benthic communities.

To separate our ASVs into planktic and benthic, we took advantage of 
global-scale plankton metabarcoding datasets produced by Tara Oceans 
(Sunagawa et al., 2020) and Malaspina consortia (Duarte, 2015; Obiol 
et al., 2020), complemented by a Southern Ocean survey (Flegontova 
et al., 2023), and surface sediment datasets (Cordier et al., 2022). 
However, there are limitations to this approach. For instance, only a 
fraction of our ASVs (65.6% overall) were also encountered in these 
public plankton datasets. The bulk of new ASVs in our dataset, consid
ered here as benthic, represent rare taxa. This exemplifies our gap in 
knowledge of Southern Ocean biodiversity in particular, and in deep- 
ocean benthic biodiversity in general (Brandt et al., 2007). This is not 
unexpected as we are presenting one of the first metabarcoding datasets 
of eukaryotic communities in Southern Ocean surface sediments. Pre
vious studies (Cordier et al., 2022; Pawlowski et al., 2011) included only 
few sampling stations in the Southern Ocean, or focused on meiobenthos 
(Brannock et al., 2018) or another genetic marker than in this study 
(Learman et al., 2016). Additionally, our annotation is not considering 
the arguably most important habitat in the Southern Ocean, the sea ice. 
To fully characterize the Southern Ocean's eukaryotic diversity, we 
would need to include the sympagic habitat as a third habitat type next 
to planktic and benthic. This requires incorporation of either existing 
metabarcoding data from sea ice samples (e.g. Hardge et al., 2017; 
Torstensson et al., 2015), or sampling of those environments. To our 
knowledge there is currently no 18S database with annotated sympagic 
organisms. This all stresses the importance of taxonomic work and 
increasing the knowledge about organism ecology and habitat to further 
our understanding of ecosystems in both the modern and past ocean.

6. Conclusion

Our metabarcoding analysis of 45 stations in and around the Weddell 
Sea spanning diverse sea ice regimes demonstrates that eukaryotic sur
face sedimentary DNA communities reflect contemporary sea ice con
ditions in the Southern Ocean through two broad patterns.

First, Chaetocerotaceae diatoms dominate polynya-related regions in 
our dataset, providing a clear molecular signature for these productive 
ice-marginal environments which corroborates conventional diatom 
assemblage work. The correspondence between surface sedimentary 
DNA and conventional diatom assemblage surveys shows the potential 
of using DNA of Chaetocerotaceae taxa as a robust proxy for highly 
productive conditions in downcore records, particularly valuable where 
microfossil preservation may be poor.

Beyond polynya-related regions, our model testing the effect of water 
depth, SIC and distances to coast and ice shelves explains 27–33% of 
community variance. While marginal effects of single environmental 
variables are small but significant, planktic-only sedimentary DNA 
communities are slightly better explained by the variation of these 
environmental variables, compared to whole (planktic and benthic) 
communities. This suggests that planktic-focused sedaDNA analyses 
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may be better suited to reconstruct past sea ice environments in the 
Southern Ocean. However, our opportunistic sampling design could not 
disentangle water depth from multiyear average sea ice effects. Targeted 
sampling of deep ice covered regions (deeper Weddell Basin) and 
shallow ice free areas (north of Antarctic Peninsula tip, South Sandwich 
and South Georgia Islands) would help to resolve this. An increase in 
samples is also needed to increase the probability of detecting a larger 
effect of the tested environmental variables.

This study establishes a modern baseline necessary for potentially 
applying sedaDNA to reconstruct Southern Ocean sea ice environments 
from the sediment record. When combined with conventional proxies, 
sedaDNA offers enhanced taxonomic resolution for reconstructing past 
biological communities and their responses to sea ice changes — a 
critical benefit for better understanding ecosystem dynamics during past 
climate transitions and projecting possible responses to future sea ice 
loss.
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Häkli: Writing – review & editing, Resources, Investigation. Miriam I. 
Brandt: Writing – review & editing, Methodology. Juliane Müller: 
Writing – review & editing, Resources, Investigation. Oliver Esper: 
Investigation. Thomas G. Dahlgren: Writing – review & editing, Re
sources. Claire S. Allen: Writing – review & editing, Resources. Tristan 
Cordier: Writing – review & editing, Supervision, Resources, Method
ology, Conceptualization. Stijn De Schepper: Writing – review & edit
ing, Supervision, Methodology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare the following personal relationships which may 
be considered as potential competing interests:

Given his role as guest editor at the special issue “The invisible 
complement: using sedimentary ancient DNA (sedaDNA) to improve 
marine ecosystem reconstructions”, Stijn De Schepper had no involve
ment in the peer review of this article and had no access to information 
regarding its peer review. Full responsibility for the editorial process for 
this article was delegated to another journal editor. The other authors 
declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work 
reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marmicro.2026.102591.

Data availability

Demultiplexed metabarcoding data is available at the European 
Nucleotide Archive (ENA) under accession number PRJEB104882

References

Amaral-Zettler, L.A., McCliment, E.A., Ducklow, H.W., Huse, S.M., 2009. A Method for 
studying protistan diversity using massively parallel sequencing of V9 hypervariable 
regions of small-subunit ribosomal RNA genes. PLoS One 4, e6372. https://doi.org/ 
10.1371/journal.pone.0006372.

Anderson, P.S., 1993. Evidence for an Antarctic winter coastal polynya. Antarct. Sci. 5, 
221–226. https://doi.org/10.1017/S0954102093000288.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of 
variance. Austral. Ecol. 26, 32–46. https://doi.org/10.1111/j.1442- 
9993.2001.01070.pp.x.

Armand, L.K., Zielinski, U., 2001. Diatom species of the genus rhizosolenia from southern 
ocean sediments: distribution and taxonomic notes. Diatom Res. 16, 259–294. 
https://doi.org/10.1080/0269249X.2001.9705520.

Armbrecht, L.H., 2020. The potential of sedimentary ancient DNA to reconstruct past 
ocean ecosystems. Oceanography 33, 116–123.
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