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Millennial-scale variations in Arctic sea ice are
recorded in sedimentary ancient DNA of the
microalga Polarella glacialis
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Connie Lovejoy 2,7 & Sofia Ribeiro 1,3✉

Sea ice is a critical component of the Earth’s Climate System and a unique habitat. Sea-ice

changes prior to the satellite era are poorly documented, and proxy methods are needed to

constrain its past variability. Here, we demonstrate the potential of sedimentary DNA from

Polarella glacialis, a sea-ice microalga, for tracing past sea-ice conditions. We quantified P.

glacialis DNA (targeting the nuclear ribosomal ITS1 region) in Arctic marine and fjord surface

sediments and a sediment core from northern Baffin Bay spanning 12,000 years. Sea ice and

sediment trap samples confirmed that cysts of P. glacialis are common in first-year sea ice

and sinking particulate matter following sea-ice melt. Its detection is more efficient with our

molecular approach than standard micropaleontological methods. Given that the species

inhabits coastal and marine environments in the Arctic and Antarctic, P. glacialis DNA has the

potential to become a useful tool for circum-polar sea-ice reconstructions.
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The polar regions are warming at a rate unprecedented in
millennia, leading to profound changes in the cryosphere.
First-year and multiyear sea ice in the Arctic are decreasing

in extent, volume, and thickness, and multiyear sea ice is pro-
jected to disappear within this century under the current climate
trajectory1. Sea ice is a key component of the cryosphere, reg-
ulating large-scale heat and gas exchange between the ocean and
the atmosphere, and major oceanic currents2,3. To increase our
confidence in sea-ice projections, it is important to have long-
term data that can capture climate variability and contribute to
model development and validation. However, long-term records
of sea ice are scarce, and sea ice remains one of the most poorly
understood elements of the Earth System. Sea ice leaves little
evidence in the geological record, limiting our understanding of
its natural variability and the magnitude of past changes.

The palaeoceanography community has for a long time
explored ways to infer past sea-ice conditions from proxies pre-
served in geological records. These include records from marine
sediments4 and ice cores (methanesulfonic acid and bromine)5,6,
alongside other indicators such as driftwood7 and whale
macrofossils8. The most commonly used sea-ice indicators in
marine sediments include microfossils that preserve due to their
silica frustules (e.g., diatoms), calcium carbonate tests (e.g., for-
aminifera) or organic-walled cysts (e.g., dinoflagellate cysts), and
biogeochemical tracers such as highly-branched isoprenoid (HBI)
biomarkers9 and alkenones from Isochrysidales10. Two micro-
fossil groups have been extensively used to infer past sea-ice
conditions: dinoflagellate cysts and diatoms. Past assemblages
have been numerically compared to modern reference datasets,
and quantitative reconstructions proposed based on transfer
functions (diatoms) and the modern analogue technique (MAT,
dinocysts)4. However, the reliability of these inference methods is
limited by incomplete information on specific habitats and sea-
sonal niches of sea-ice-associated species, limited knowledge of
life cycles (e.g., unknown resting-vegetative stage relationships),
and microfossil preservation biases4. In addition, the most widely
used Arctic sea-ice indicators in microfossil records (such as the
dinoflagellate cyst taxon Islandinium minutum and diatom Fra-
gilariopsis oceanica) are not specifically sea ice-dependent and
often bloom in cold and stratified waters that can be related to sea
ice or glacial meltwater11. Frustules of sympagic diatoms are
rarely preserved in the sedimentary record. However, some spe-
cies synthesise characteristic HBI compounds that can be well
preserved and stable in marine sediments12,13. The HBI com-
pound IP25 (i.e., ice proxy with 25 carbon atoms) is considered a
reliable proxy for seasonal sea ice in the Arctic, and semi-
quantitative approaches combining IP25 with sterols or other
HBIs are widely used9,14,15. However, there are still several
challenges; the full range of biotic and abiotic factors that regulate
HBI synthesis is poorly understood16, and IP25 concentrations in
sediments appear to be reduced in fjord systems and coastal areas
influenced by glacial/terrestrial runoff17–21. Even though IP25-
producers have been found in sea ice from fjord environments,
their abundance, growth and/or HBI synthesis appears to be
inhibited, possibly due to reduced surface salinity and sea-ice
microstructure affecting species composition or ecophysiology
(e.g.18). These limitations highlight the need for exploration and
development of additional sea-ice proxies.

Recent studies have shown that ancient DNA from diverse
organisms can be preserved in marine sediments for at least up to
one million years22 and that specific gene markers can be used to
detect taxa beyond what is possible using traditional
methods22–26. Two recent studies in the Greenland Sea and the
Fram Strait investigated the potential of using metabarcoding of
marine sedaDNA for sea-ice reconstructions. Both studies
showed that DNA from a variety of organisms is preserved in

marine sediment cores, and targeting a hypervariable region of
the 18 S rRNA gene allowed the detection of high diversity across
protists and other groups23,24. These included characteristic sea-
ice groups such as diatom predators associated with brine
communities27. Most sedimentary ancient DNA studies have
focused on describing past environments and changes in com-
munity composition over time by using metabarcoding23,24 and
shotgun sequencing approaches22,28. An alternative approach is
to use droplet digital Polymerase Chain Reaction (ddPCR), which
can provide sensitive quantification of DNA targets from complex
environmental samples29. This approach has the potential for
proxy development in the field of paleoclimate and paleoceano-
graphy, as it allows for the quantification of specific DNA mar-
kers that target taxa or genes indicative of particular
environmental conditions.

The sea-ice dinoflagellate Polarella glacialis M. Montresor,
G. Procaccini and D.K. Stoecker, is one of few microalgal species
with a bi-polar distribution30,31. P. glacialis has two morpholo-
gically different life-cycle stages: a spiny, non-motile resting cyst
(~14 µm long, 10 µm wide) and a slightly smaller motile vegeta-
tive cell stage (~11 µm long; 7 µm wide)32 (Fig. 1a, Supplementary
Fig. 1, Supplementary Video 1); both stages have been found in
first-year Arctic and Antarctic sea ice33,34. In Antarctica,
encystment was reported to occur following nitrate depletion,
shortly before sea-ice melt35. The Antarctic sea-ice isolates pos-
sess sufficient genomic plasticity to adjust to both hyposaline and
hypersaline conditions36, and ecotypes of P. glacialis have colo-
nised Antarctic saline lakes37. P. glacialis is also resilient to rapid
temperature changes with a suite of coding genes38,39, consistent
with survival in sea ice. In the Arctic, P. glacialis is found in the
sea-ice matrix and sea-surface waters influenced by ice33,40–43.
This small dinoflagellate is also reported from seasonally sea-ice-
covered sub-Arctic seas44–46, but its presence has never been
confirmed in areas without seasonal sea-ice occurrence. These
observations suggest that P. glacialis is a widely distributed sea-ice
microalgae. However, it is not often reported in microplankton
surveys and its cysts have been only sporadically found in surface
sediments47–49 and in sediment records50–52. The species may
have been overlooked in both types of surveys due to sample
processing protocols (e.g. sieve mesh-size, acid treatment for
palynological analyses) and difficulties in separating P. glacialis
from other small dinoflagellates using standard light microscopy.
The species is not included in the dinocyst surface sample
assemblage dataset that is used for (semi-) quantitative recon-
structions of past sea-surface conditions using the MAT4,53.

P. glacialis was one of the first free-living extant taxa of the
order Suessiales to be described and is phylogenetically distant
from its closest relatives30,32,54. Compared to genome sizes of
many dinoflagellates, with haploid genomes estimated to be up to
250 Gbp (Giga base pairs)55,56, P. glacialis has a relatively small
diploid genome of just under 3 Gbp38 Despite its relatively small
size and genome, P. glacialis DNA was detected in sediments
dating back to ca. 33,700 calibrated years before present (cal yr
BP) from the Greenland Sea23 and a late-Holocene sediment core
record from an east Antarctic fjord26. This suggests that the
species is a promising target for the development of a DNA-based
paleo proxy. To further explore the potential of P. glacialis DNA
as a sea-ice proxy, the following criteria and hypotheses were
investigated: Specificity: P. glacialis is more common in sea-ice
environments than previously reported, and its distribution in
surface sediments reflects the presence of first-year sea-ice.
Because it can tolerate a broad range of salinities, P. glacialis can
be used to trace past sea-ice conditions in both marine systems
and fjords and coastal areas influenced by freshwater runoff.
Sensitivity and Stability: Species-specific gene markers are suitable
to detect and quantify P. glacialis in marine sediments based on
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ddPCR, and P. glacialis DNA is sufficiently stable in sedimentary
records to be quantifiable for past sea-ice reconstructions. We
addressed these hypotheses by examining sea-ice cores, sea ice-
loaded waters, sinking particulate matter collected using sediment
traps, surface sediments and marine sediment cores from the
Arctic. Targeting the nuclear ribosomal ITS1 gene region, we
quantified P. glacialis DNA (Pgla-DNA) in surface sediments.
The Pgla-DNA data were compared with sea-ice concentration
data derived from remote sensing and in situ observations around
Greenland. Furthermore, we examined the detection of Pgla-
DNA compared to microscopy, following a standard micro-
paleontological approach, in a sediment core spanning the last ca.
12,000 years.

Results
We detected cysts, vegetative cells, and DNA of P. glacialis in a
total of 181 samples from the Arctic region, including first-year
sea ice, ice-loaded surface waters, sinking particulate matter
captured by sediment traps, surface marine sediments, and
sediment core samples (Fig. 1).

P. glacialis in Arctic sea ice. We observed cysts of P. glacialis in
sea-ice samples from the Central Arctic Ocean, southwest and
central Baffin Bay, as well as Qeqertarsuup Tunua (Disko Bay,
central West Greenland) (Fig. 1b). While there was a large var-
iation in the number of cysts detected and their relative abun-
dance in relation to other species, P. glacialis was present in all
analysed first-year sea-ice cores from the Central Arctic Ocean
(relative abundances 6–82% of the total cell counts). The species
was absent from the only multiyear sea-ice core that we analysed
(Supplementary Table 1). At the ice camp south of Qikiqtarjuaq,
southwest Baffin Bay (Fig. 1b), cysts were detected at low

abundances by the Imaging Flow Cytobot system in sea-ice
samples and ice-loaded surface waters from beneath the sea-ice
coring sites (Supplementary Fig. 1), whereas in central Baffin Bay
cysts were found in most sea-ice samples analysed (Supplemen-
tary Table 1). In Qeqertarsuup Tunua, P. glacialis cysts and
vegetative cells (identified using light microscopy) were detected
in every sea-ice sample collected in winter and spring. Cysts and
vegetative cells were also identified using light microscopy in both
ice-loaded surface waters and at the depth of the chlorophyll-a
maximum in Qeqertarsuup Tunua. Notably, P. glacialis was not
detected in water samples from Qeqertarsuup Tunua when the
sea surface was ice-free, nor was it observed in the subsequent
spring bloom. The 2011 spring bloom in Qeqertarsuup Tunua
began in late April with increasing chlorophyll-a concentrations
until late May57 (Supplementary Table 1).

Cysts of P. glacialis in sinking particulate matter. To assess the
temporal and spatial occurrence of P. glacialis in sinking parti-
culate matter originating from sea-ice environments, we investi-
gated circum-Arctic sediment trap data from deployments over
periods of a few weeks to 12 months and spanning about a decade
(2005–2016); locations are given in Fig. 2a. Cysts were observed
in annual sediment trap deployments at Arctic sites characterised
by seasonal sea-ice cover. All traps captured cysts of P. glacialis
during and after sea ice melt, typically from June to September
(Fig. 2b). In the Laptev Sea and Amundsen Gulf, some cysts were
also found during sea-ice formation (Fig. 2a). Additional
deployments at high temporal resolution collected sinking par-
ticles using drifting sediment traps in central Qeqertar-
suup Tunua (Fig. 3). The study areas had been covered by sea ice
for ~7 months (central Baffin Bay) and ~3 months (Qeqertarsuup
Tunua) prior to trap deployment. In central Baffin Bay, the
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Fig. 1 Overview of sample sites with Polarella glacialis vegetative cells, cysts or DNA. a The two life-cycle stages of P. glacialis: vegetative cell and resting
cysts. The scale bar is 10 µm. b Spatial distribution of different sample types where P. glacialis cells, cysts or DNA were detected: white circles represent
sea-ice samples (cysts), blue circles represent water samples (vegetative cells and cysts), black circles represent sediment traps (cysts), green circles
represent surface sediments (DNA), and orange circles sediment cores (DNA and cysts). High-resolution sampling was conducted around Greenland and
in northern and central Baffin Bay. Sample sites include three Arctic fjords: Inglefield Bredning (IB), Independence Fjord (IF) and Young Sound (YS); two
polynyas: North-East Water polynya (NEW) and North Water polynya (Pikialasorsuaq) (NOW); marine coastal and offshore sites near Qikiqtarjuaq (Q)
and Qeqertarsuup Tunua (QT); central Baffin Bay and the Greenland Sea. The ice camp in Q and oceanographic campaign in QT include more than one
sample type at the same location. Map created using General Bathymetric Chart of the Oceans (GEBCO)2019 grid86. Topographic data is derived from Esri
Data and Maps for ArcGIS and Ice cap and glacier data from87,88.
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sediment trap was deployed at 25 m depth, attached to a drifting
sea-ice floe. Cysts of P. glacialis were absent at first but were
continuously collected following the onset of sea-ice breakup
(Fig. 3b–d). Cysts were also collected by drifting sediment traps
simultaneously deployed at a depth of 50 m and 100m in
Qeqertarsuup Tunua when the sea ice started to melt but were
absent both before (end-March) and after the ice melted (May)
(Fig. 3e–g).

Spatial and temporal distribution of Pgla-DNA in surface
sediments. We successfully detected and quantified Pgla-DNA in
45 out of 48 surface sediment samples. The three sampling
locations where P. glacialis was not detected include the ice-free
waters of the eastern Greenland Sea (two sites) and one site near
the permanently ice-covered area on the North-East Greenland
shelf Greenland shelf bordering the North-East Water polynya.

The sampling locations included both marine and fjord sea-ice
environments (Fig. 4a, Supplementary Fig. 2). The assay was
carried out using ddPCR (see “Materials and methods” section),
targeting a partial gene fragment from the nuclear ribosomal ITS1
region of P. glacialis. The concentrations of Pgla-DNA ranged
from 3000 to 437,000 Pgla-DNA ITS1 gene copies g−1 (ITS1 gc
g−1). Maximum concentrations of Pgla-DNA were found in
Inglefield Bredning, adjacent to the North Water

(Pikialasorsuaq), an area of intense sea-ice formation, with
average annual sea-ice concentrations of 75–80%. There were no
significant differences in the concentrations of Pgla-DNA
between fjord and marine environments (marine locations
n= 33, fjords n= 14, t-test p= 0.4). For the sites with up to
80% annual sea-ice cover, there was a positive linear relationship
between the sea-ice concentration and Pgla-DNA (n= 29) with r2

of 0.4 and an improved fit with r2 of 0.6 using a polynomial cubic
correlation (k= 2) (Fig. 4b, c). At locations with 80–100% sea-ice
concentration (n= 19), the relationship was negative, with a
linear regression r2 of 0.5 and polynomial cubic regression (k= 2)
r2 of 0.7 (Fig. 4d, e).

Detection of P. glacialis in Holocene sediment records (Pgla-
DNA vs. cyst counts). Pgla-DNA was detected and quantified in
all samples analysed from a sediment core retrieved in northern
Baffin Bay (Fig. 5a). The 599 cm-long core AMD16-117Q spans
the last 12,000 ± 600 cal yr BP58. The total DNA yield
(25–525 ng DNA g−1) was variable throughout the core and
generally decreased with age (Fig. 5b). In core AMD16-117Q, the
ddPCR assay detected between ~100 and 33,000 Pgla-DNA ITS1
gc g−1 (n= 16), with the highest quantities detected at 116.5 cm
core depth, dated to ca. 2000 cal yr BP (Fig. 5c).
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Fig. 2 Timing of detection of Polarella glacialis cysts in Arctic sediment traps in relation to overlying sea-ice conditions. a The sediment trap location
(black circles) in Rijpfjorden (Svalbard), Laptev Sea, Baffin Bay, and Beaufort Sea (Amundsen Gulf and Mackenzie Shelf), map created by ggOceanMaps89.
b Timeline and characteristics of annual trap deployments (green quadrates indicate detection of P. glacialis, white quadrates no detection, double forward
slash indicate the timing of sea-ice formation and backward slash sea-ice melt).
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Dinoflagellate cyst assemblage analyses were performed for
the sediment core AMD16-117Q at an average resolution of
8 cm (n= 69) following standard palynological procedures and
using room-temperature HCl and HF acids. Cyst counts
revealed that P. glacialis cysts were present but generally rare
in the Holocene sediments examined, never exceeding 30 cysts
g−1 (Fig. 5d) and never accounting for more than 1.2% of the
total dinoflagellate cyst assemblages. In core AMD16-117Q,
P. glacialis cysts were present in the top section dated to

<1000 cal yr BP, an interval with mean dinocyst concentrations
of ~10,000 ± 3800 cysts g−1 (Fig. 5e). Cysts were also present
toward the bottom of the core dated to ca. 9000–11,000 cal yr
BP, where the mean total cyst concentrations were ~1800 ± 900
cysts g−1. Notably, P. glacialis cysts were not found in the
middle part of the core, where total cysts concentrations were
the highest for the entire studied period (i.e., ~17,000 ± 5300
cysts g−1; Fig. 5e). A single cyst of P. glacialis was observed in
two of the four samples for which counting efforts were
increased tenfold (i.e., counting a minimum of 3000 cysts per
sample). We estimated the detection limit in our samples to be
on average 23 ± 17 cysts g−1 (n= 10) (meaning that if
P. glacialis cyst concentrations were lower, the species would
not have been detected following the standard micropaleonto-
logical approach, which typically involves counting 300
specimens per sample). In contrast, Pgla-DNA was successfully
detected and quantified by the ddPCR assay in all samples. For
comparison, the relative abundance of the cold water and
seasonal sea-ice-associated dinoflagellate cyst Islandinium
minutum is shown in Fig. 5f, alongside sea-ice concentration
estimates based on the MAT using the modern dinocyst
reference dataset n= 196853, which does not include
P. glacialis cysts (Fig. 5g). The sea-ice biomarker IP25 is shown
in Fig. 5h.

Throughout the core, the observed cysts showed no signs of cell
wall degradation and cellular content was often visible (Fig. 6a).
During tests conducted separately on marine and fjord sediments
from the same region, we found that the cysts were prone to
degradation if treated with warm HF during palynological
preparation (Fig. 6b). This could partly explain the absence of
P. glacialis cysts in previous studies that used heated acids during
sediment processing including those that were integrated in
existing modern reference databases53.

Though the primers have been validated for species specificity
on culture material23, we further tested if the primers would
amplify off-target in eDNA samples from both surface sediments
and the AMD16-117Q sediment core. In all samples, the
sequence reads best matched references of P. glacialis in the
National Center for Biotechnology Information (NCBI), with
variants accounting for 0.02–0.04% of the total reads (Supple-
mentary Fig. 3).

Discussion
We set out to explore the potential of P. glacialis as a sea-ice
proxy. Its occurrence in Baffin Bay and around Greenland agrees
with a specific first-year sea-ice distribution and adds to a recent
compilation of >100 first-year and multiyear sea-ice cores from
other Arctic locations42. Though its abundance was highly
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variable, we show that P. glacialis is common in Arctic first-year
sea ice, similar to results previously reported in landfast ice off
Antarctica59. In contrast to its wide distribution and common
presence in first-year sea ice, P. glacialis was not detected in the
multiyear sea ice core we analysed. Although sampling was lim-
ited, we speculate that the absence could be due to differences in
ice properties such as brine channel structure, light limitation in
the thicker multiyear ice, or due to life cycle requirements of P.
glacialis, where cysts are released from melting ice, and vegetative
cells recolonise new ice during freeze-up.

Though little is known about the life-cycle of sympagic
microalgae in general, an important life-cycle transition has been
reported for P. glacialis connected to first-year sea ice, where
vegetative cells reproduce in early spring and cysts form in late
spring following nitrate depletion35,60. Resting stages (cysts) are
considered key life-cycle traits for sympagic microalgae, but
characteristics of this life-cycle strategy in sea ice are generally
poorly understood61. Observations of high concentrations of P.
glacialis cysts in upper sections of first-year and second-year sea
ice in late winter and early spring suggest that the species over-
winters in the sea ice33,34,62. Our results indicate that, during and
following sea-ice melt, cysts sink through the water column and
towards the seafloor. This is coherent with the absence or rarity of
P. glacialis in plankton surveys63–65. Marine metabarcoding stu-
dies using universal primers43 did not detect P. glacialis in water
samples during spring/summer in northern Baffin Bay64 or Nares
Strait63. These sites are close to where we found cysts in sediment
traps, and both resting cysts and sedaDNA in sediments. Simi-
larly, the large-scale marine sequencing effort of Tara Oceans
retrieved no P. glacialis sequences38. However, we also noted that
P. glacialis cysts were found in sediment traps at depths ranging

from 75 to 200m several weeks after sea ice melted. This could
indicate slower vertical export of cysts under strong water-
column stratification during summer, advection from surround-
ing regions, or resuspension. We found resting cysts of P. glacialis
with intact cell content in surface sediments, indicating viability
and potential for germination. While other studies have shown
that newly-formed sea ice is seeded with vegetative cells of P.
glacialis33, it remains to be verified to what extent these may
originate from a benthic seed bank, a common strategy for coastal
cyst-forming dinoflagellates66.

We hypothesised that because P. glacialis shows phenotypic
plasticity and can adapt to changes in salinity and
temperature36,39, it is able to thrive in both marine and fjord
environments and thus may be a useful proxy for different sea-ice
environments. Our results show that Pgla-DNA traces first-year
sea ice over a range of settings, including high-Arctic fjord sys-
tems, coastal marine and polynya sites, as well as relatively low
productivity sites on the North-East Greenland shelf. The positive
correlation between sea-ice concentrations from 20 to 80% and
Pgla-DNA gene copies in surface sediments reflects higher P.
glacialis abundances with increasing sea-ice concentration (up to
80%). This is coherent with seasonal observations, indicating that
P. glacialis cysts and vegetative cells are among the first micro-
algae to colonise young ice, and that their biomass increases as
the sea-ice season progresses33,34,49,61,62. Though a linear rela-
tionship would not be expected, as there are multiple factors that
control algal growth within the sea ice, the trend is significant
(Fig. 4). At locations with more than 80% sea-ice cover, such as in
North-East Greenland, Pgla-DNA was still detected but at rela-
tively low concentrations. This might be related to these being
generally very low productive environments, with limited
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availability of light (due to thicker sea ice) and generally low
nutrient levels49.

To assess whether Pgla-DNA is stable and detectable on mil-
lennial timescales, we analysed sediment core samples from
northern Baffin Bay spanning the Holocene epoch (~12,000
years). This area is known to have been seasonally covered by sea
ice throughout the Holocene58,67,68. We detected Pgla-DNA in all
the samples analysed from sediment core AMD16-117Q (Fig. 5).
While a sea-ice reconstruction based on Pgla-DNA is beyond the
scope of this study, we note that the number of P. glacialis ITS1
gene copies was highest in the most recent samples, reflecting the
overall trend of increased sea-ice cover during the neoglacial
period (ca. past 3000 years). This general trend is captured by the
sea-ice biomarker IP25, the relative abundance of I. minutum
cysts, and sea-ice concentration estimates based on the MAT on
dinoflagellate cyst assemblage data. When comparing the detec-
tion of P. glacialis by Pgla-DNA analyses with classical micro-
paleontological methods (cyst counts), we conclude that
sedaDNA improves detection of this species. The cysts we
observed showed no signs of degradation (after palynological
treatment using room temperature HF). Although P. glacialis
cysts were found in sediments older than 9,000 cal yr BP, the
species was rare and often below detection limit when using
standard census procedures (counting 300 dinocysts per sample).
Cysts were often below the detection limit at times of increased
total dinocyst production (even when counting efforts were
increased 10-fold), such as during the Mid- to Late Holocene,
when the P. glacialis signal was diluted by the higher con-
centrations of other cyst-forming taxa in the sediments. As each
cell of P. glacialis contains multiple gene copies of the ITS1

gene38, the molecular method would indeed be expected to be
more sensitive. Furthermore, most dinoflagellate cysts are diploid,
sexual stages. Although this has not been confirmed for P. gla-
cialis, genomic data for this species strongly indicate the presence
of diploidy38. This would mean that each cyst reaching the
sediment carries double the amount of gene copies of the ITS1
gene targeted in this study compared to vegetative cells. The
recent sequencing of P. glacialis genomes from both polar regions
revealed some genetic dissimilarities between the two poles, such
as the size of the genome, but not within the ITS gene region38.
Cysts have been found in surface sediments in the Lützow-Holm
Bay50(East-Antarctica), and P. glacialis inhabits land-fast ice in
the Antarctic62 and has also been detected in inland saline
lakes37. The apparent circumpolar distribution of this species at
locations with first-year sea ice makes Pgla-DNA potentially the
first biogenic sea-ice proxy that may be applicable to both polar
regions.

The validation of specificity of the ITS1 primers used for
ddPCR showed some variation in the 95 bp product in the ITS1
gene. The variation was equivalent to 1 or 2 single nucleotide
variants (<2%), which is within the inter-strain divergence of P.
glacialis sequences available in NCBI and similar to other Sues-
siales (e.g.69). We, therefore, conclude that the ITS 1 primers are
specific for P. glacialis under these conditions and that the ddPCR
results accurately reflect the copy number of amplicons for this
species in an environmental sample.

Further studies are needed to explore how far back in time the
Pgla-DNA proxy can be applied. Pgla-DNA has been reported
from a single sediment sample dated to ca. 33,700 cal yr BP from
the Greenland Sea23, but its full stratigraphic extent is currently
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unknown. We observed cysts with cell content in sediment traps
and surface sediments. How long P. glacialis resting cysts can
remain viable in sediments is also unknown, although 100-150
years longevity has been reported for other protist resting
stages66. Cell content was also present in the cysts observed
down-core, back to ca. 10,000 cal yr BP (Fig. 6). Even when
resting stages lose their viability, DNA can remain inside struc-
turally intact cyst walls, which likely reduces DNA degradation
rates. It is thus reasonable to expect that the DNA of cyst-forming
organisms such as P. glacialis will have a better preservation
potential in marine sediments compared to non-cyst-forming
taxa. Marine sedaDNA is a combination of extracellular DNA
(adsorbed to minerals and other particles) and intracellular DNA
(inside organisms either dead or alive). The differences in the
preservation of extracellular vs. intracellular DNA, as well as
DNA degradation rates in marine sediments, are poorly known.
Hydrolysis is likely the main process contributing to DNA
degradation in sedaDNA, whilst low temperatures such as those

of the polar regions, high pH and high ionic strength appear to
slow down degradation70–73. Furthermore, conditions at the
water-sediment interface and bioturbation may also affect the
long-term preservation of DNA. Ancient DNA sequences are
often very short due to fragmentation, and a recent study showed
the average base coverage for the 18 S rRNA gene V9 region in all
eukaryotes and in diatoms to be around 100 base pairs (bp)72.
The average fraction length for cyst-forming dinoflagellates is
unknown, but we can assume the product length of the primers
(95 bp) is suitable for detection in marine sediments further back
in time.

The Pgla-DNA method we suggest here (Supplementary Pro-
tocol 1) is a relatively simple approach, permitting rapid pre-
paration and analysis of hundreds of samples to facilitate high-
resolution analysis. The laboratory procedures, data processing
and costs involve only a fraction of the resources needed for other
genomic approaches, such as metabarcoding and shotgun
sequencing. Moreover, quantification of gene copies by ddPCR
has the advantage of potentially producing an operational input
for climate models. However, and as with all proxies, Pgla-DNA
also has shortcomings. A known uncertainty, common to all
proxies, is that they originate from sea ice and need to be
transported to the sediments. Thus, there is a need to carefully
consider how advection by currents, resuspension, bioturbation
and other sedimentary processes may affect the fidelity of proxy
records. Besides concerns with DNA degradation (discussed
above), a limitation of the Pgla-DNA approach is that a null result
can represent either permanently open waters or perennial sea-ice
cover, as with the IP25 biomarker. Biomarker indices (e.g., PIP25)
using related biomarkers presumably produced by open-water
organisms have been proposed to distinguish multiyear sea-ice
cover from open-water conditions74. We suggest that a similar
approach can be developed by simultaneously targeting and
quantifying DNA from a well-established sea-ice species with a
robust genetic record (as demonstrated here for P. glacialis) with
species exclusively associated with either permanent sea-ice cover
or open water. We recommend carefully choosing sedaDNA
markers based on sound knowledge of species ecologies or traits.
Alongside new advances in the field of marine sedaDNA,
improvement of genomic and taxonomic references, experimental
studies on the ecophysiology and life cycles of sympagic species,
as well as multi-proxy and proxy-model comparison studies, are
needed to contribute to more accurate reconstructions and
improve our understanding of past sea-ice changes.

Materials and methods
Sample collection. Sample collection was conducted over spring
and summer during various oceanographic campaigns and ice
camps that took place from 2005 to 2017 in the Arctic Ocean and
adjacent seas. The collection of samples for sea ice and water near
Qikiqtarjuaq and in Baffin Bay (between March and July of 2015
and 2016) was part of the GreenEdge project; details of the
methods are given in75. Briefly: sea-ice cores were collected
(minimum four each year) using a Kovacs Mark 14 cm diameter
ice corer; water samples were collected through a hole in the ice
using 10 L or 20 L Niskin bottles; samples were collected at the
following water depths: 1.5, 5, 10, 20, 40, and 60 m. Sea ice and
water sampling in Qeqertarsuup Tunua 2011, from March to
May, is described in detail in41. Briefly, when sea ice was present,
a block of sea ice was cut out with a chainsaw and removed with a
lifting tong; adjacent water was sampled using 10 L Niskin bottles
on a hand wire from a small motorboat. After the sea ice melted,
Qeqertarsuup Tunua water was collected from the research vessel
RV Porsild (Arctic Station, University of Copenhagen) using 10 L
Niskin bottles mounted on a rosette system. Sea-ice cores from

a)

b)

Fig. 6 Preservation of P. glacialis cysts in Holocene sediments.
a Micrographs from core AMD16-117Q at: (1) 112–113 cm core depth, (2)
317–318 cm core depth, and (3) 494-495 cm core depth. Scale bars= 10
μm. Cysts were preserved throughout the core and some cysts had cell
content (1 and 3) as far back as ca. 10,000 years. b Micrographs of P.
glacialis cysts from arctic sediments (northern Baffin Bay and North-East
Greenland) showing 1–3) intact cysts and 4–14) degradation of cysts
following acid treatment using warm (50 °C) hydrofluoric acid (instead of
room-temperature acid) during palynological processing.
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the Central Arctic Ocean were collected in August-September
2012 as described in76. Briefly, sea ice was sampled using a
Kovacs Mark ice corer with a 9 cm diameter. All sea ice samples
were processed following direct melting in the dark.

The drifting sediment trap in central Baffin Bay was deployed
as part of the GreenEdge project, while sediment traps deployed
in the North Water, Beaufort Sea, and Laptev Sea were deployed
as part of the ArcticNet Long-Term Oceanic Observatories
project. In central Baffin Bay, a sediment trap with 12 sampling
cups (Technicap PPS4) was anchored 25 m below sea ice and
programmed to rotate to a new sampling cup at 2-day intervals.
All sampling cups were filled with filtered seawater and formalin
buffered with sodium borate, and the salinity was adjusted to 38
with NaCl to avoid diffusion of content and ensure the
preservation of samples during deployment and after recovery.
In Qeqertarsuup Tunua, a set of drifting sediment traps with two
cups was deployed simultaneously at 50 m and 100 m depth. The
traps consisted of a double set of parallel acrylic cylinders
mounted on a gimbaled frame (KC Denmark). The traps were
filled with 0.2 µm filtered seawater from depths below 200 m with
NaCl added to reach a salinity of ~38. The salinity of the
surrounding water was ~33 and 34, respectively. No preservative
was added as the deployment time of traps was short. Sediment
traps deployed in the North Water, Beaufort Sea, and Laptev Sea
are described in77. In Rijpfjorden (Svalbard), sediment traps
(MCcLane Parflux) with a 21-bottle carousel and a 1 m2 funnel
opening were deployed on a single-point mooring at a depth of
60 m (bottom depth of 235 m). The sample bottles were prefilled
with filtered seawater adjusted with NaCl to salinity 38. To
preserve deposited material, 4 % formalin buffered with sodium
borate was added to the traps before deployment.

Surface sediment samples (0–1 cm) were collected during three
cruises and one ice campaign (Supplementary Table 1). Sub-
sampling for DNA was conducted immediately after collection.
To avoid contamination, single-use sterile equipment was used,
and the samples were placed into sterile WHIRL-PAK© sampling
bags and frozen immediately at either −20 or −80 °C. The
samples were freeze-dried in the same sterile sampling bags.
During the ice2ice cruise GS15-198, surface sediments from the
Greenland Sea were collected immediately from multicores,
bagged and kept frozen at −20 °C until analysis.

Core AMD16-117Q (77°00.29’ N, 72°08.32’ W, 963 m water
depth, 599 cm total sediment recovery) was retrieved from
outside the Inglefield Bredning Fjord (Qaanaaq) during the
CCGS Amundsen GreenEdge/ArcticNet 2016 Leg 1a expedition
using a Calypso Square giant gravity coring device. Geochronol-
ogy was determined by combining 15 210Pb measurements with
13 radiocarbon dates measured on biogenic carbonate (mixed
benthic foraminifera, planktonic foraminifera Neogloboquadrina
pachyderma sin. or bivalve shell fragments) and 4 radiocarbon
dates measured on bulk organic carbon. Ages were modelled in
the R (R Core Team, 2022) package bacon78. All radiocarbon
dates were calibrated using the Marine13 calibration curve79 and
an additional local reservoir correction (ΔR) of 140 ± 60 years; for
more details on the geochronology see58. Discrete sub-samples
were collected for biomarker analyses and sedaDNA on separate
U-channels. The sediment at the surface was first scraped off and
the freshly exposed sediment was then collected using single-use
sterile syringes into sterile WHIRL-PAK© sampling bags and
kept frozen until analysis.

Identification and abundance of P. glacialis cysts and
vegetative cells. For cyst identification and abundance assessment
in sea ice and surrounding water, an Imaging Flow Cytobot
system (McLane labs) was used for observations near

Qikiqtarjuaq and further north in Baffin Bay. Imaging Flow
Cytobot system images are triggered by chlorophyll a fluores-
cence. For the samples collected in Qeqertarsuup Tunua, the
abundance of cells was assessed by Utermöhl sedimentation
chambers (Hydro-Bios) using an inverted microscope (Nikon) at
400× magnification. Cells were identified according to their
morphology as vegetative cells or cysts, vegetative cells were
9–15 μm long and 5–9 μm wide (n= 19), and cysts were
12–19 μm long and 8–15 μm wide (n= 20). The identification of
the vegetative stage was further confirmed by DNA from
monocultures established by isolating single vegetative cells out of
melted sea-ice samples from Qeqertarsuup Tunua. The cultures
were grown at 3 °C in TL30 medium at a light intensity of
~25 µmol photons m−2 s−1 and an 18:6 h light:dark cycle until a
density of approximately 4000 cells mL−1. Aliquots of the cultures
(10 mL) were centrifuged down to a pellet, and the pellets were
frozen for molecular analysis. The microscopic detection of P.
glacialis in sea-ice samples from Qeqertarsuup Tunua was partly
given in41 but for this study the identification by DNA was
assessed by the ITS1 and 2 gene regions using the primers ITS-1F
(5’-CTT GGT CAT TTA GAG GAA GTA A-3’) and ITS-4 (5’-
TCC TCC GCT TAT TGA TAT GC-3’)80.

The bottom 5–10 cm of the sea-ice cores from the Central
Arctic Ocean were left to melt overnight at 4 °C, and the cysts
contained in the meltwater were identified using light microscopy
(as above). The abundance of cells was assessed as described for
the Qeqertarsuup Tunua samples.

To determine microalgal cyst abundance in the sediment traps
from central Baffin Bay, each sample cup was gently homogenised
before subsampling a volume ranging from 0.5 to 1.0 mL
(depending on the quantity of material in the sample cup). A
micropipette with a clipped tip was used to ensure the collection
of large aggregates. The volume of each subsample was adjusted
to 3 mL with filtered seawater in a Utermöhl chamber. After
sedimentation, a minimum of 300 microalgal cells were counted
and identified to the lowest taxonomic level possible by inverted
light microscopy at 100×, 200×, or 400× magnification depending
on cell size according to the Utermöhl method. The identification
and abundance estimation of cysts in the sediment traps deployed
in Qeqertarsuup Tunua was conducted for the sea ice and water
at the same location.

DNA extractions. DNA extractions from the surface sediments
took place at the Globe Institute, University of Copenhagen,
Denmark and at the Norwegian Research Centre, NORCE, Ber-
gen, Norway. Both facilities have compartmented laboratories,
avoiding DNA and PCR contamination. Following the manu-
facturer’s instructions, depending on the amount of sediment
(0.5–5 g), extractions were conducted using either DNeasy Pow-
erSoil or DNeasy PowerSoil Max (Qiagen, Hilden, Germany).
Lysing Matrix E (Thermo Fisher Scientific, Massachusetts, USA)
was added to the PowerBead Max tubes. DNA from the two
sediment cores was extracted at the ancient DNA laboratories at
Globe Institute, University of Copenhagen. DNA from the
AMD16-117Q core was extracted using DNeasy PowerSoil Max,
with an addition of Lysing Matrix E (VWR) and the following
modification: to the C1-solution provided in the kit, we added
50 mM Tris/HCl, 20 mM EDTA, 150 mM NaCl and 50 mM DTT.
After the homogenisation step, 0.8 mg of proteinase K was added,
and the sample was incubated on a rotating wheel overnight at 56
°C. The remaining extraction steps followed the manufacturer’s
protocol.

Quantitative PCR. The ddPCR analysis was done at NORCE in
Bergen (Norway) following an established protocol (23). We used
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5.5 µl DNA templates in 20 µl ddPCR reactions volume con-
taining 1X EvaGreen supermix, and 250 nM of each primer
Polarella-ITS-44F (5’-CGA CTG GGT GGA GAT GGT TG-3’)
and Polarella-ITS-138R (5’-CCC AGG TGT TTA AGC CAG GT-
3’)23. Droplet generation and PCR enumeration were performed
according to the manufacturer’s instructions (Bio-Rad). The
results were normalised to gene copies per gram of wet sediment
(gc g-1); see Supplementary Protocol 1. This primer set was
previously tested on a pool of DNA extracts from nine different
dinoflagellate species: Heterocapsa triquetra, Gyrodinium aur-
eolum, Karlodinium armiger, Woloszynskia cincta, Pelagodinium
beii, Alexandrium minutum, Scrippsiella donghaiensis, Symbiodi-
nium sp., Biecheleria sp23. and confirmed to be species-specific
under these conditions. To validate that the ITS1 primers did not
amplify other taxa in the marine sediments, we sequenced reads
from AMD16-117Q (n= 8) and surface sediments from Ingle-
field Bredning (n= 3). This was done by PCR amplification by
the ddPCR primers, using Q5® High-Fidelity DNA Polymerase.
The sequencing was conducted using the Illumina MiSeq v3
platform. Paired-end reads were merged and filtered for quality,
and adapters were removed using AdaptorRemoval81 and Pri-
mers were removed using cutPrimers82. The resulting cleaned
reads were then identified using the NCBIBLAST (September,
2020). All identified sequences matched P. glacialis as the best hit
with 98-100 % identity; the variation is given in Supplementary
Fig. 3, and the raw reads are available at the open data repository
GEUS Dataverse83. Due to the potential risk of contamination
during the freeze–drying step, blanks for this step were produced
by placing artificial clay that was wetted with molecular-grade
water into sterile WHIRL-PAK© bags and freeze-dried in parallel
with the samples. Using primers that do amplify P. glacialis43, no
P. glacialis reads were found in the blanks. In addition, negative
controls were used at every stage: freeze–drying (2), weighing (1
blank per round of 6–8 samples of freeze-dried sediments),
extraction blank (1 per round of 6–8 samples) and ddPCR (2
blanks per PCR run). All blanks were tested using ddPCR, and no
contamination was detected.

Palynological analyses. Sediment core samples for dinoflagellate
cyst counts were prepared at Ghent University, following the
protocol described in84. Before treatment, a calibrated tablet of
Lycopodium clavatum spores was added to each sample to allow
later estimates of the absolute concentrations of dinoflagellate
cysts. The sediment was treated with room-temperature hydro-
chloric acid (HCl, 2N) and room-temperature hydrofluoric acid
(HF, 40%) to remove carbonates and silicates, respectively.
Between each treatment, the sediment was rinsed with distilled
water. To break up clusters of amorphous organic matter, the
residue was sonicated for <30 s, and subsequently sieved through
a 10 µm mesh. The final residues were mixed with glycerine jelly
and mounted on microscope slides. Counts of cysts of P. glacialis
and other dinoflagellate cyst taxa were done using an upright light
microscope (Olympus BX53), at magnifications of 400×
and 1000×.

In the present study, selected sediment samples (including
surface sediments and sediment core samples) for which the
presence of P. glacialis was verified were treated twice with
15–20 mL of HF (40%), at a temperature of 50 °C (i.e., warm acid
treatment, standard palynological treatment in the past). After the
first treatment, for around 20 minutes, the sediment was left in
HF overnight. Following acid treatments and sieving, sediment
residue used for palynological analyses was mounted onto
permanent microscopy slides. All sediment samples treated with
warm HF were treated using the same protocol (i.e., the same
duration of acid treatment, acid concentration, and temperature).

Sea-ice concentration data. The number of days per year with
sea ice-cover was retrieved from the National Snow and Ice Data
Center (https://nsidc.org/data/g02135/versions/3), which uses
passive microwave sea-ice concentration data with a spatial
resolution of 25 × 25 km. The data were retrieved for each sam-
pling station and converted into annual mean sea-ice con-
centrations. For the three Arctic fjord sites and the North-East
Water polynya, we used NASA Worldview (https://worldview.
earthdata.nasa.gov) imagery to estimate sea-ice concentrations.
The sea-ice cover above the surface seabed sediment sampling
sites was estimated by averaging annual sea-ice concentrations six
years prior to the sampling year. The Polar Portal (http://
polarportal.dk) was used to determine sea-ice cover of first-year
or multiyear sea ice at the sampling locations. For observations in
Qeqertarsuup Tunua (Disko Bay), data were provided by the
Arctic Station, University of Copenhagen. Observations of sea-ice
formation near Qikiqtarjuaq and further up central Baffin Bay in
2015 and 2016 are reported in75. Sea-ice concentrations above the
sediment traps deployed in 2005-2006 in the North Water in
Baffin Bay, in the Beaufort Sea, and in the northern Laptev Sea
were previously reported in77. Sea-ice concentrations above the
sediment traps in the Beaufort Sea (2008-2016) and Rijpfjorden
(Svalbard) (2013-2014) were retrieved from the Polar Portal and
NASA Worldview.

Numerical analysis. Measurements were taken from distinct
samples, and the Shapiro–Wilks Normality test was used to verify
that the data were normally distributed. To examine if there was a
relationship between the two dynamic variables Pgla-DNA gene
copy numbers and sea-ice concentration, a linear and polynomial
regression was applied. To detect possible autocorrelation that
could lead to misinterpretation in a small sample size (<50), the
regressions were validated by a Durbin-Watson test. For the
detection of outliers in the regression analysis, the Cook’s Dis-
tance test was performed. To obtain an improved fit by poly-
nomial cubic regression, the optimal model was established by
testing k= 1–5. Independent t-tests were applied to compare
samples at different sites.

Regressions of Pgla-DNA indices and environmental para-
meters were performed via SigmaPlot Version 14.5 (2020) Systat
Software, Inc., San Jose, California. A p-value lower than 0.05 was
considered statistically significant.

The MAT was applied to the dinoflagellate cyst assemblage
data down-core using the reference dataset n= 196853 with
standard settings85.

Data availability
The datasets generated and analysed during the current study are available in the open
data repository GEUS Dataverse: https://doi.org/10.22008/FK2/IPZG7V.
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