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Seasonal and habitat-based variations in vertical
export of biogenic sea-ice proxies in Hudson Bay
Tiia Luostarinen 1,2✉, Kaarina Weckström 1,2,3, Jens Ehn4, Michelle Kamula4, Amanda Burson5,6,

Aura Diaz 4, Guillaume Massé7,8, Suzanne McGowan 6,9, Zou Zou Kuzyk4 & Maija Heikkilä1,2

Despite their wide use in past sea-ice reconstructions, the seasonal, habitat and species-

based sources of sedimentary sea-ice proxies are poorly understood. Here, we conduct direct

observations of the community composition of diatoms, dinoflagellate cysts and highly

branched isoprenoid lipids within the sea ice, water column, sediment traps and sediment

surface in the Belcher Islands Archipelago, Hudson Bay throughout spring 2019. We find that

Arctic diatom and dinoflagellate cysts species commonly used as sea-ice proxies appear to

be only indirectly linked to sea-ice conditions, and that the sediment assemblages of these

groups overrepresent summertime pelagic blooms. Species contributing to the diverse sea-

ice diatom communities are rare in the sediment. Dinoflagellate cysts form a typical Arctic

assemblage in the sediment, although they are virtually absent in the sea ice and water

column in spring. We also find that certain highly branched isoprenoid lipids that were

previously considered indicators of open water, can be produced in sea-ice. We conclude that

contextual knowledge and a multiproxy approach are necessary in reconstruction, encoura-

ging further studies on the sources and controls of sea-ice proxy production in different

geographic areas.
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Sea ice is a major controller of the Earth’s climate system,
moderating energy balance at the planet’s surface and
contributing to ocean ventilation and circulation1. The

ongoing rapid reductions of sea-ice area, persistence and thick-
ness have motivated increasing efforts to resolve past sea-ice
changes and their climatic causes. Multiple biogenic2 and
physical3–5 proxies originating from the melting ice matrix pre-
serve in underlying marine sediment archives. In particular,
microscopic and biochemical fossils of ice-associated diatoms and
dinoflagellates have been widely used and can provide qualitative,
semi-quantitative and quantitative knowledge of past sea-ice
conditions6,7. A major challenge with sea-ice reconstructions is
the deficient knowledge of the habitats, environmental controls
and vertical transport of many protist species and biomarkers
commonly associated with sea ice.

Sea ice forms a habitat for a wide array of protists, many of
which are primary producers. Both algae living within the ice
(sympagic) and in the surface ocean (pelagic) need sufficient light
and nutrients to thrive8. Several biogeochemically and physically
distinct layers within the ice form habitats for microalgal
communities9–11. Sympagic productivity is particularly high in
the bottom 1–3 cm of the ice12, which is tightly coupled with the
nutrient supply from the underlying seawater8. The ambient light
conditions during polar spring and summer are dependent on ice
and snow thickness and algal species are adapted to photo-
synthesis both in the ice and underneath it8,13,14. The contribu-
tion of sympagic production to the total Arctic marine primary
production varies from small to notable (2–25%8). Diatoms make
up most (>90%) of the sympagic protists8, but other phylogenetic
groups, such as dinoflagellates and their resting stages (cysts), are
commonly observed in the ice matrix15–17. Under-ice or ice-edge
blooms, following the melt onset or retreating ice-edge, are
characteristic for the Arctic18,19 and account for >50% of annual
primary production20. Diatoms are dominant also in under-ice
and ice-edge blooms, but there, dinoflagellates and other fla-
gellates account for a larger share of the biomass compared to
their minor role in the ice communities21.

Due to the pronounced seasonal light conditions in the Arctic
and sub-Arctic, a pulse-like sea-ice and pelagic bloom, followed by
rapid vertical transport and sedimentation, are typical across the
region22–28. However, more work to improve understanding of
how sediment deposits reflect contemporary water-column obser-
vations is critically needed. Microfossil species representation in the
sediment archive may be affected by dissolution in the water col-
umn or at the sediment surface. It is not well known how seasonal
and habitat differences and other environmental factors influen-
cing production of protists and biomarkers used as sea-ice proxies
are represented in sediment deposits. One challenge is that there
are few sea-ice or water-column observations of dinoflagellate cyst
species found in Arctic sediments, and their use as proxies is
founded on the species distributions in surface sediments in rela-
tion to environmental conditions. Thus, many brown-coloured
spiny cyst types, in particular Islandiniumminutum, are commonly
treated as sea-ice indicators based on their dominant presence in
sediments from seasonally ice-covered seas29,30. In contrast, there
are many field observations of sympagic and pelagic diatom spe-
cies, but the laboratory methods used in standard phytoplankton
studies do not allow high taxonomic resolution. While the com-
monly used sea-ice proxies Fragilariopsis cylindrus, F. oceanica, F.
reginae-jahniae and Fossulaphycus arcticus (e.g. 31–33) are tax-
onomically distinct in sediment diatom preparations, there is little
comparable knowledge from sea ice, water column and sinking
flux. For highly branched isoprenoid lipids (HBIs), biomarkers
selectively synthesised by some diatom species, there are field and
laboratory studies giving insight into their sources. Notably,
monoene IP25 (Ice Proxy with 25 carbon atoms34) produced by

sympagic diatom species belonging to the genera Haslea and
Pleurosigma35 has clear sea-ice indication value. Co-occurring with
IP25 in the Arctic, diene IPSO25 (Ice Proxy for Southern Ocean with
25 carbon atoms) synthesised at least by sympagic diatom Berke-
leya adeliensis36 is also directly sea-ice affiliated. Triene isomers
HBI III and HBI IV, in their turn, are applied as indicators of
pelagic production owing to their sediment distributions in ice-
edge or ice-free conditions37–39. Yet, enhanced understanding of
the habitat and species sources, and of the environmental controls
of HBI production are required for ubiquitous application as
sedimentary proxies.

In this study, we focus on the three groups of biogenic sea-ice
proxies: diatoms, dinoflagellate cysts and HBIs, supported by pig-
ment and organic geochemical data. The samples from the landfast
sea ice, the under-ice water column, an automated sequencing
sediment trap suspended about 40m beneath the ice cover, and the
surface sediment were collected from the Belcher Islands, south-
eastern Hudson Bay (Fig. 1), over spring-summer 2019. The aim
was to investigate the melt-season succession of ice-associated
species and biomarkers in the ice matrix and the underlying water
column, their export to the sediment and their representation in the
surface of the sediment archive. Our results demonstrate previously
unstudied species-specific temporal and habitat sources for dia-
toms, dinoflagellate cysts and HBIs, and support the notion that
these sedimentary proxies are particularly valuable when used
jointly. We show that sediment core diatom and dinoflagellate cyst
assemblages from seasonally ice-covered environments can be
dominated by species not directly affiliated with sea ice. Thus, using
HBIs along with species data can improve the sea-ice reconstruc-
tions remarkably. On the other hand, species-specific assemblage
data can be crucial for the interpretation of HBI data, since the
known biological, seasonal and environmental controls of HBI
production may not be universally applicable.

Regional setting
The water properties in Hudson Bay are heavily influenced by
Arctic Water inflow from Foxe Basin and Baffin Bay via Hudson
Strait, large freshwater input from runoff (>760 km3 year−1) and
melting sea ice40–42. The large-scale background circulation of the
Hudson Bay area follows a counter-clockwise pattern40,43, and
the strong cyclonic surface current is driven by coastal freshwater
inputs which causes a contrast in water masses between the
coastal areas and the interior sea41,44. The Belcher Islands are
located in SE Hudson Bay in Nunavut, sub-Arctic Canada
(Fig. 1). The islands are rock outcrops extending over an area of
3000 km2, with a shelf area of ca. 10,000 km2, where the water
depth generally varies between 0 and 40 m, but can extend to
80 m. There is a marked contrast in freshwater content in the
upper water column across the Belcher Islands with the south-
eastern areas of Belcher Islands strongly affected by waters with
lower salinities originating mainly in James Bay (ca. 15% fresh-
water fraction), while the northwestern areas are more saline (ca.
5% freshwater fraction), less stratified and more representative of
the interior Hudson Bay45,46. Sea ice usually forms in December,
and the archipelago is fully sea-ice covered by February. Sea-ice
breakup typically occurs in late June46. Coats Bay is a ca. 60 km
long and 7 km wide bay in the central part of Belcher Islands that
opens up towards the northwest (Fig. 1). Sea ice typically starts to
form in the outer part of the bay and extends southward across
the bay forming a continuous landfast ice cover, approximately
1-m thick by late winter.

Results and discussion
Production and vertical fluxes of biogenic proxies over spring
melt. Temperature and salinity profiles measured at the mooring
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site (Fig. 2) were representative of offshore values outside Coats
Bay42,45, with relatively stable conditions followed by rapidly
increasing surface water temperatures and decreasing salinities
over the week of sea-ice breakup in late June (Fig. 1). Sea-ice
breakup led to high fluxes of OC, diatom valves and (diatom-
origin) HBIs to the sediment (Fig. 3), which is also illustrated by
increasing turbidity values caused by primary production (Fig. 2).

Diatoms dominated algal communities across the sea-ice—
water column—sediment continuum through the spring melt.
Dinoflagellate cysts, on the other hand, were absent from sea-ice
and water samples, and only two specimens, one cyst of

Islandinium minutum and one cyst of Echnidinium karaense,
were recorded in the last sediment trap sample, a week after sea-
ice disappearance. Calculation based on these two cysts yields an
approximate dinoflagellate cyst flux of ~1000 cysts m−2 d−1 over
the week, while concomitant diatom fluxes were ~105 fold higher.
Algal pigment data lend support to the microscopic findings:
diatom-derived fucoxanthin dominated in sea ice, while pigments
indicative of dinoflagellates, such as peridinin and dinoxanthin,
were absent in the samples (Fig. 3). Concentrations of
fucoxanthin (9–100 nm l−1) were several times higher than Chl
a (0.5–32 nm l−1), and the two were accompanied by other

Fig. 1 Map of the study area.Map of the study area showing the anti-cyclonic currents in Hudson Bay as well as major cold (blue) and warm (red) currents
in the area; BIC Baffin Island Current, LC Labrador Current, WGCWest Greenland Current and IC Irminger Current. The sampling location is marked with a
red dot. Satellite images (NASA Worldview) show the sea-ice extent over the study period.
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pigments indicative of diatom production (diatoxanthin, diadi-
noxanthin; not plotted), and constant but minute amounts of
cyanobacterial, cryptophyte and chlorophyte biomarker pigments
(Fig. 3).

Sea-ice bloom at our site followed the changes in ice thickness
and snowpack depth (Fig. 3). The first increase in sympagic
diatom concentrations (from 4800 to 17200 valves ml−1),
accompanied by heightened HBI IV, fucoxanthin and Chl a
concentrations, was observed on April 27 when ice cover at the
field site thinned from 162 cm to about 140 cm and the snowpack
depth was around 15 cm (Fig. 3). The peak concentrations leveled
out for the following week, with a slight increase in snowpack
depth to 22–23 cm. Snowpack depth stayed at ~10–20 cm until
mid-May, and concentrations of diatoms, algal pigments and
HBIs in sea ice remained at high levels. While thick snowpack
causes light limitation, moderate (<30 cm) snow cover protects

ice algae, and rapid snow removal may lead to bloom
inhibition47,48. At our field site, the snow layer had almost
disappeared by the end of May (ca. 1–2 cm) and melt ponds
started forming on the ice surface, attenuating the sympagic
bloom, demonstrated by lowered diatom (5700 valves ml−1), algal
pigment and HBI concentrations. Lowered under-ice salinities
(Fig. 3) further indicate modifications to the bottom sea-ice
habitat. Simultaneously, under-ice production and vertical export
of OC and the two abundant proxies (diatoms and HBIs) to the
sediment increased (Fig. 3). It is worth noting, however, that
diatoms had been continuously present in minute concentrations
in the water column throughout the spring.

Following the field campaign, the automated sediment trap
continued weekly sampling until early July. Vertical export of OC,
diatoms and biomarkers had been low through the early spring
season, in particular with respect to ice-derived materials (IP25,

Fig. 2 Temperature, salinity and turbidity profiles from the mooring line. a Salinity (PSU), (b) temperature (°C), and (c) turbidity profiles (NTU)
measured at the mooring site at 6, 15, 25, 35, 44, and 54 metre depths. Note the logarithmic scale of the turbidity profile. The ice and water sampling
periods are marked with solid grey, the end of the sediment trap sampling period with a dashed black line, and the ice breakup period with a dashed
grey area.
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IPSO25 and respective producers; Fig. 3, Supplementary Table 3),
while stable carbon isotopic (δ13C) values remained particularly
low (between −29.6 and −28.5‰). Carbon dioxide super-
saturation and slow algal growth in cold surface waters leads to
depleted δ13C values approaching those of terrestrial OM49,50,
while limited atmospheric CO2 exchange underneath and within
sea ice enriches the δ13C signature of ice algal and under-ice
blooms (Arctic sea ice POM signatures vary between −26.4 and

−17.751). In Hudson Bay, summer sea-surface POM values range
from −23.4 to −25.9‰52. At our study site, we measured a
surface sediment δ13C value of −23.3‰. In early spring, POM
flux to the sediment trap had clearly more depleted δ13C,
potentially due to low production in cold waters. In late May,
concurrent with the snow cover disappearance and eventual sea-
ice breakup, the δ13C signature rose to −25.0 to −22.0‰,
signifying higher contributions from ice algal and ice-edge bloom

Fig. 3 Seasonal and vertical proxy signatures in the sea ice—water column—sediment continuum. Overall seasonal and vertical trends in proxy
signatures throughout the sea-ice—water column—sediment continuum. a Temporal changes in snow cover and ice thickness (cm), in situ measurements
of sea-surface temperature (°C) and salinity (psu), sea-ice pigment concentrations (nM l−1), total diatom concentration (valves ml−1) and IP25 producing
species (valves ml−1) and HBI (ng ml−1) concentrations from the sea ice and water column samples during the field campaign in April-May (upper x-axis).
Pigment concentrations for diatoms= fucoxanthin, cyanobacteria= zea- and canthaxanthin, green algae= Chl b and lutein and cryptophytes= alloxanthin.
b Total diatom flux (valves × 10−5m−2 d−1), IP25 producing species flux (valves × 10−5m−2 d−1), HBI fluxes (ngml−2 d−1; see the exact values in
Supplementary Table 3), TOC (mgm−2 d−1), isotope (‰ VPDB), and mass fluxes (mgm−2 d−1) from the sediment trap sampling period between April 16
to July 5 (lower x-axis). Two dinoflagellate cysts found in the last trap sample are marked with an asterisk. Note the gap in sampling period between May 4
and May 17 and a gap in the sediment trap sampling in mid-June. The sea-ice breakup period is marked with a dashed grey area.
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sources. At the same time, increasing amounts of IP25 and its
producers were recorded in the water column and in the sediment
trap. A week after the ice breakup, the sympagic signature (fluxes
of IP25 and IP25 producers, δ13C of OM) weakened, but export of
diatoms and OC remained high.

Due to their excellent sedimentary preservation and habitat
specificity in polar regions, HBIs are commonly used to
reconstruct past sea-ice cover and pelagic productivity in ice-
covered oceans53–58. Application of close isoprenoid analogues,
mono-unsaturated IP25 and di-unsaturated IPSO25, as proxies for
seasonal sea ice is based on the premise of their production by few
strictly sympagic diatom species and a distinct C isotopic
signature34–36. In turn, the use of tri-unsaturated isomers HBI
III (or HBI III Z isomer) and HBI IV (or HBI III E isomer), and
more recently the ratio between the two (or HBI TR25 or T25

59) as
proxies for open-water production is founded on their pelagic
diatom source60,61.

Here, the most abundant HBI in sea ice was unexpectedly HBI
IV (Fig. 3). The presence of minute HBI III/IV concentrations
(e.g. 62,63) in sea ice could be due to under-ice phytoplankton
drawn into ice. More recently, Amiraux et al. 64 discuss the
potential sympagic origin of HBI III/IV in their data from Baffin
Bay. The concentrations for HBI III/IV measured here are,
however, markedly higher (peak sea-ice bloom 85–165/
1200–3800 ng l−1) than those reported for HBI III/IV by
Amiraux et al. 65 (7.4–66 ng l−1), and correspond to concentra-
tions typical for IP25 during peak sea-ice bloom. Moreover, the
seasonal HBI IV trends in the ice-water-sediment continuum
followed those of IP25. Both HBI IV and IP25 are more abundant
in sea ice (on average 1080/750 ng l−1) compared to the water
column (on average 6.3/13 ng l−1). Vertical fluxes to the sediment
trap over the ice-covered interval were, in their turn, dominated
by HBI IV, while IP25 fluxes were peaking during the ice breakup
period after the main sympagic bloom. These high fluxes could
possibly be explained by markedly increased IP25 production
induced by sympagic nutrient limitation, which has been
observed towards the end of the sea ice season65: Nutrient
depletion induces an increase in algal lipid synthesis and increases
in HBI lipid synthesis by an order of magnitude as a result of
nutrient depletion have been observed in laboratory conditions
(Brown et al. 66 and references therein). Thus, sympagic algae
may produce IP25 at the end of the sea-ice season as an energy
storage in preparation of unfavourable conditions during ice melt
and subsequent sinking. The two other quantified HBIs, IPSO25

and HBI III, were present in small amounts in all samples.
Isoprenoid IP25 is a simple, excellent indicator of seasonal sea-

ice conditions when found in marine sediment records, but its
absence has a binary interpretation: either complete absence of
sea-ice cover or perennial sea-ice cover. Thus, IP25 records are
often combined with a phytoplankton biomarker to form various
sea-ice indices, e.g. with brassicasterol to calculate the PBIP25
index67,68 or with HBI III to calculate the PIIIIP25 index37,38.
These indices are used semi-quantitatively to infer sea-ice
conditions directly or via a calibration set, similarly as TR25

and T25 indices based on HBI III/IV are used to calculate spring
productivity38,58. The premise in the use of HBIs as proxies is
founded on their source specificity, and uncertainty in habitat
source may distort interpretations. Our results highlight the
importance of further studies on HBI source species and their
habitats. Since diatom species composition varies regionally,
species assemblage data can have important ramifications for
studies using HBIs, in particular when calculating indices such as
PIP25 or HBI T25 in new areas.

The surface sediment sample (top 0.5 cm) incorporates
sediment flux over ca. three years69. Surface sediment diatom
(150,000 valves g−1) and HBI (IP25 209 ng g−1, IPSO25 23 ng g−1,

HBI III 1.8 ng g−1 and HBI IV 16.4 ng g−1) concentrations were
comparable to those found in pan-arctic surface sediments, and
the species and isoprenoid composition resembled the sediment
trap data. However, while HBI IV was the most common HBI
lipid in ice and water samples, both IP25 and IPSO25 had higher
concentrations in the surface sediment. While production of sea-
ice proxy lipids IP25 and IPSO25 could be a late season stress
response as explained above, better preservation of HBI structures
with fewer double bonds could also play a role39. However, the
surface sediment diatom assemblages show a much higher
proportion of pelagic summer-blooming species and a markedly
lower proportion of HBI-producing taxa, compared to the trap
assemblages. Surface sediment dinoflagellate cyst concentration
(36 000 cysts g−1) was also comparable to that of pan-arctic and
Hudson Bay surface sediments, and the species composition
closely matched with that reported from eastern Hudson Bay69

(Fig. 5, Supplementary Table 2). Our results indicate that while
diatoms dominate the sea-ice and ice-edge environments in the
spring, cyst-producing dinoflagellates bloom later in the summer
and autumn.

We highlight that specific proxy types and indices are not
universally applicable, and underline the need for contextual
knowledge in both qualitative and quantitative sea-ice recon-
struction. In the coastal system studied here, diatoms almost
exclusively dominate the spring season sympagic and pelagic
communities based on both microscopic and biomarker data, and
they constitute the bulk of vertical export of biogenic matter,
while dinoflagellates and their cysts are nothing short of absent
from all spring season samples despite forming a typical Arctic
assemblage in the surface sediment. This implies that dino-
flagellate cyst species may not have a direct sea-ice indication
value, and their use as sea-ice proxies requires careful, site-specific
consideration and more experimental evidence.

Diatom community dynamics and HBI producers. The sea-ice
samples collected during April and May 2019 reveal a diverse
community that includes a marked number of species, which are
not found in the sediment trap or in the surface sediment, while
sharing many species with the water-column diatom community
(Figs. 4–6, Supplementary Table 1). The sea-ice samples included
a total of 121 diatom taxa compared to a total of 72 taxa in the
water-column samples taken during the same period (Supple-
mentary Table 1). The most common genera and the most
abundant species within each genus in the ice and the underlying
water-column (0–30 m) were pennate taxa such as Nitzschia (N.
frigida, N. neofrigida, N. hudsonii), Navicula (N. directa, N. sep-
tentrionalis, N. transitans incl. sub-species, N. valida), Pleur-
osigma (P. stuxbergii, P. rhomboides), Diploneis (D. littoralis var.
clathrata and var. arctica), Pinnularia (P. quadratarea incl. sev-
eral varieties, Pinnularia semiinflata), Pseudogomphonema (P.
septentrionale, P. groenlandicum) and Stenoneis (S. inconspicua
var. baculus), amounting to >99% and >90% of all taxa enum-
erated in the sea ice and water column, respectively.

The Hudson Bay sea-ice communities share the marked
contribution of Nitzschia and Navicula species with other
seasonally sea-ice covered Arctic regions (e.g. 26,70–74). However,
they also host a relatively high abundance of Diploneis, Pinnularia
and notably Pleurosigma species (Fig. 5, see further discussion on
HBI producers), uncommon in the other studies cited. The
dominance of pennate benthic species (adapted to living attached
to a surface) in the sea ice and (released into) the underlying
water column is likely facilitated by the long ice-cover period,
which allows for this unique community to fully develop75.
Melosira arctica, another common Arctic sub-ice diatom species,
was only observed in the surface sediment as a minor component
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Fig. 4 Diatom concentrations and fluxes in sea ice, water column and sediment trap samples. Diatom concentrations (valves ml−1) from sea ice (light
blue) and water column (orange) samples between April 25 and May 25, and diatom fluxes (valves × 10−5m−2 d−1) from the sediment trap (dark blue
silhouette) between April 16 and July 5. Note that not all species are shown here but are listed in Supplementary Table 1. Note the gap in sampling period
between May 4 and May 17 and a gap in the sediment trap sampling in mid-June.
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Fig. 5 Relative abundances of the proxies in sea ice, water column, sediment trap and surface sediment samples. Relative abundances (%) of the
diatom taxa in (a) sea ice, (b) water column, (c) sediment trap and (d) surface sediment samples, dinoflagellate cysts and HBIs in surface sediment.
Dinoflagellate cysts present in any other than surface sediment samples are marked with an asterisk. Total diatom concentrations (valves ml−1; (a) sea ice,
(b) water column, valves g−1 × 10−4; (d) surface sediment), total diatom flux (valves m−2 d−1 × 10−5; (c) sediment trap), total dinoflagellate cyst
concentration (cysts g−1 × 10−4; (d) surface sediment), and total HBI concentration (ng g−1; (d) surface sediment) are marked with white circles
connected with a black dashed line.

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00719-3

8 COMMUNICATIONS EARTH & ENVIRONMENT |            (2023) 4:78 | https://doi.org/10.1038/s43247-023-00719-3 | www.nature.com/commsenv

www.nature.com/commsenv


of the assemblage (<2%), presumably as it has a strong association
to multi-year ice72.

The water column communities showed a clearly larger
portion of the sea-ice associated spring blooming species
Fragilariopsis oceanica, F. cylindrus, F. reginae-jahniae and
Fossulaphycus arcticus, which inhabit the marginal ice zone
(Weckström et al. 33 and references therein). Centric Thalas-
siosira taxa were present at moderate abundances (up to ca.
10%), most notably T. antarctica var. borealis resting spore
(listed as T. gravida spore in many earlier studies), which is
associated with less-stratified open-water environments (com-
pared to the MIZ31,57).

The sediment trap samples contained a notably lower number
of taxa compared to the sea ice and water column (58 in total
excluding Chaetoceros resting spores; Fig. 6). While the dominant
species and genera were mostly shared with the sea ice and water
column, the three Fragilariopsis species and Fossulaphycus
arcticus were clearly more abundant than in these above-lying
habitats in particular after the ice breakup. Of these four species,
F. oceanica is by far the most abundant. Also, the centric pelagic
Thalassiosira taxa were markedly more abundant and diverse in
the trap samples, which, unlike the sea-ice and water-column
samples, extend to late July (Fig. 5). Further, while many of the
less abundant species found in sea ice and underlying water
column were not present in the sediment trap, it also hosted
species not found in these above-lying habitats (Supplementary
Table 1).

The surface sediment sample, encompassing the diatom
production of one to several years, reveals an assemblage more
similar to the trap samples than the sea ice or water-column
samples. However, there are also marked differences: species
forming the marginal ice zone/early pelagic spring bloom
(Fragilariopsis species, Fossulaphycus arcticus; >20%), Thalassio-
sira species and other centric taxa (such as Bacterosira bath-
yomphala, Sinerima marigela, Melosira arctica, Porosira glacialis)
comprise ca. 75% of the assemblage (Fig. 5), while the abundance
of pennate taxa typical to the other habitats (P. rhomboides,
Nitzschia, Navicula, Pinnularia and Pseudogomphonema species)
is much lower, suggesting the surface sediment assemblage is
dominated by spring and summer open-water production.

The species diversity, assessed using the Shannon-Wiener
diversity index, was notably higher in the sea ice and in the water-
column compared to the sediment trap and surface sediment, as
expected based on species numbers in each habitat (Fig. 6). The
sea-ice assemblages had the highest diversity, aligning with
findings elsewhere in the Arctic17,72. Based on these results, it
appears that many of the rarer and/or lightly silicified species
found in the sea ice and the water column either do not make it to
the seafloor (dissolution, predation), or are diluted by the more
abundant pelagic spring blooming species.

The sea-ice communities in Hudson Bay appear to be more
diverse compared to several other detailed studies on sympagic

communities in seasonal sea-ice environments (based on species
numbers57,75,76). Their diversity is, however, clearly lower
compared to the exceptionally high species number reported
from Chukchi Sea first-year ice71. It is also important to note that
diatom species diversity in multi-year ice is on average higher
than in first-year ice76, which covers Hudson Bay in the winter.

The sea ice and water column proportional species composi-
tions (Fig. 5) are similar to each other throughout the sampling
season (April-May). There is minor temporal variability, the most
notable changes observed in the ice between the relative
abundance of Nitzschia frigida+N. neofrigida and Navicula
species, with the former dominating especially in late April (when
snow and sea ice thickness were momentarily reduced) and in
mid-May. The minor seasonal variability in Hudson Bay sea-ice
community composition differs markedly from a similar study in
NE Greenland, where sea-ice community composition was highly
variable over the spring season26. In NE Greenland, the sympagic
diatom spring bloom started during the one-month study period
and was brief, similarly to the pelagic diatom bloom in this High-
Arctic setting. In the more southern Hudson Bay, the sympagic
spring bloom appears to have begun already before the start of
the study period, which could partly explain the lower seasonal
variability observed here.

In contrast, the sediment trap data displays marked variability
in the proportional species composition of diatom assemblages
throughout the sampling season (April–July) (Figs. 4, 5). Overall,
the Fragilariopsis species and Fossulaphycus arcticus dominate
from mid-April to early May and again towards the end of June
(up to ca. 85% of the total assemblage). Their dominance in mid-
April to early May is likely due to advection of these species to the
still ice-covered study site from nearby partially open-water areas
(MIZ environments, see satellite images in Fig. 1). This is
supported by the generally low diatom concentration (white
circles in Fig. 5). From mid-May to early June, the trap
assemblages have a closer resemblance to the sea-ice species
composition and are dominated by Pleurosigma rhomboides (up
to ca. 40%), indicating a release of diatoms from the sea-ice
matrix at our study site.

The individual diatom species concentrations in ice and water
(Fig. 4) largely follow the trends in total diatom concentrations
throughout the study period (Fig. 3): Most sea-ice diatoms are
found only at low concentrations in the water column and in the
sediment trap, while some species, such as Navicula septentrio-
nalis, are completely absent. An exception to this observation is
the species Pleurosigma rhomboides, which dominates the trap
samples in May and early June when the ice starts melting
(Figs. 4, 5). Taxa that have been traditionally considered sea-ice
species especially in paleoceanographic studies (Fragilariopsis
taxa32) and the Thalassiosira antarctica var. borealis spore are
found in the sea ice and in the underlying water column at
notably low concentrations, but these species dominate the trap
samples in late June and early July around the transition from ice

Fig. 6 Diatom species diversity in sea ice, water column and sediment trap samples. Shannon-Wiener diversity indices for sea ice (light blue triangle),
water column (orange circle) and sediment trap (dark blue silhouette) samples during the sampling periods.
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cover to open-water (Figs. 1, 4). Underrepresentation of the sea-
ice taxa in sediment trap and surface sediment has also been
observed in other studies. While diatom composition from traps
under multi-year ice resembles sea-ice communities, diatom
assemblages from traps under seasonal sea ice are dominated by
the pelagic spring bloom. The markedly higher biomass of the
pelagic spring bloom compared to the ice algal bloom is reflected
in the vertical diatom export, and hence dominates the diatom
species assemblage found in the traps/sediment72,76. In addition,
the preservation of the often lightly silicified sea-ice taxa may play
a role (Limoges et al. 26 and references therein).

Of the known IPSO25 and IP25 producers6,35, we found
Pleurosigma rhomboides and Haslea kjellmanii. The latter was
detected only in the sea ice at relative abundances <0.7%, whereas
Pleurosigma rhomboides was present at moderate to high relative
abundances in all habitats (Fig. 5), apart from the surface sediment,
where it was rare (1% of the total assemblage). This may be due to
the aforementioned open-water spring bloom diluting the
sympagic signal in the surface sediment sample, which presents
an order of magnitude longer period of formation compared to the
other samples (sea ice, water column, sediment trap). Its abundance
in the sea ice samples was markedly higher than the combined
abundance of the known IP25 producers found in Arctic sea ice at a
number of locations35. All four HBIs were detected in the surface
sediment, suggesting that the lipid biomarkers may better indicate
the presence of sea ice in instances where the diatom species
producing these lipids are found in small numbers or their siliceous
valves have not been preserved.

Both HBI III and HBI IV were present in the sea-ice samples,
with HBI IV as the most abundant HBI type, which contrasts
with many previous studies, and may change the interpretation of
these biomarkers as sea-ice related proxies (see discussion in
section “Production and vertical fluxes of biogenic proxies over
spring melt” and references therein). However, as none of the
known HBI III or HBI IV producing species (Pleurosigma
intermedium, certain Rhizosolenia species and Berkeleya
rutilans60) were found in any of our samples, it could be possible
that these HBIs are also produced by other (yet unknown) sea-ice
diatom species. As seen in Figs. 3, 4, Pleurosigma rhomboides and
HBI concentrations are near coeval throughout the spring
succession. Hence, another and more likely explanation may be
that Pleurosigma rhomboides produces all four types of HBIs in
the sea ice, which are then released into and/or possibly produced
in the water column. This remains to be verified by future studies
on P. rhomboides cultures.

Conclusions
Diatoms, dinoflagellate cysts and HBI lipids produced by certain
sympagic and pelagic diatom species are valuable paleoclimato-
logical proxies in sea-ice covered environments. The interpreta-
tion of these proxies with respect to sea-ice conditions is however
not universal. Instead, their sea-ice signatures are affected by
factors such as nutrient availability, salinity and light regime, and
importantly, as our study from southeastern Hudson Bay further
indicates, by the temporal bloom windows and biogeography of
the species.

Diatoms dominated the sea-ice blooms in our data and the
sympagic diatom community was diverse compared to that of the
sinking flux, and especially the surface sediment. Dominant
sympagic diatom species, including HBI synthesiser Pleurosigma
rhomboides, were also common in the spring sinking flux. The
contribution of sympagic species to the surface sediment assem-
blage was however insubstantial, likely due to the dilutive effect of
high biomass contribution from pelagic blooms later in the sea-
son. The typical sea-ice proxy species Fragilariopsis oceanica, F.

cylindrus, F. reginae-jahniae and Fossulaphycus arcticus encom-
passed limited concentrations in sea ice and water-column sam-
ples, but dominated the sinking flux after the ice breakup, and
made up >20% of the surface sediment diatom assemblage.
Dinoflagellate cysts, in their turn, were strikingly near absent in
the ice, water column and sediment trap samples. The surface
sediment dinoflagellate cyst assemblage, however, composed of
typical concentrations of Arctic species. Thus, notably, the sedi-
ment dinoflagellate cyst assemblage is likely represented by late
season bloomers solely. Our seasonal study highlights the
understudied and multifaceted associations of diatom and dino-
flagellate cyst species with the sea-ice environment and points out
that the common sedimentary sea-ice proxy species are in fact not
directly affiliated with sea ice. Thus, contextual understanding is
critical for their use in qualitative and quantitative sea-ice
reconstruction. Enhanced understanding of the seasonal sources,
environmental preferences and behaviour of these species (and
assemblages) across the ice-water-sediment continuum will cru-
cially benefit interpretation of sediment core data.

Analysis of HBIs from the sediment can offer valuable insights
into past sea-ice conditions, and notably complements inter-
pretations based on species assemblage data, and vice versa.
However, we highlight the importance of improving the under-
standing of the effects of growth conditions (nutrients, salinity
and light), and of HBI source species and habitats. To date, HBI
IV has been considered an open-water indicator. Based on our
results, it appears that HBI IV can also be produced in the sea-ice
matrix, likely by P. rhomboides. We underline that the inter-
pretation of HBI records found in Arctic sediments could also be
dependent on the regionally dominant sea-ice diatom species
producing these lipids. Furthermore, in our data, the dominance
of sea-ice proxy IP25 in the late season HBI flux and in the surface
sediment contrasts the fact that it was not a governing con-
tributor to the total HBI concentration during the peak sympagic
bloom. We thus highlight the need for studies of HBI production
over the final sea-ice disappearance.

Methods
Sample collection. A 66mmooring line was deployed on 12 April 2019 in Coats Bay
(56.256°N; 79.422°W). The set-up included an upward-looking RDI WorkHorse
Acoustic Doppler Current Profiler (ADCP) at 65-m depth, seven RBR solo CT
sensors at different depths (6 m, 15m, 25m, 35m, 44m, 53.5m, and 65m), two
turbidity sensors at 6-m and 44-m depths, and an automated Gurney Instruments
Baker-style, cylindrical sediment trap (aperture 0.032m2) at 40-m depth, 30-m above
the seafloor. The sediment trap collectedmaterial at 8-day intervals over 80 days from
mid-April to late-June 2019 (Table 1). Prior to deployment, the collector cups were
filled with formalin and sodium borate with a salinity adjusted to 40 per mil. The
samples were stored in a cold room at 4 °C until further processing. Zooplankton
swimmers were removed by sieving the samples through a 180-µm stainless steel
sieve. The samples were wet-split into eight subsamples using a HAVER RPT
Rotating Sample Reducer at Aarhus University, Denmark.

The surface sediment (top 0.5 cm) sample was collected using a Kajak-
Brinkhurst gravity corer, designed to preserve the soft water-sediment surface
interface, and deployed through a hole in the ice at the site of trap deployment on
April 15, 2019 (the day before sediment trap sampling began). The sediment
samples were stored at +4 °C until further processing.

Sea ice, seawater and plankton net samples were collected at 2- to 5-day
intervals during the field campaign from late April to late May 2019, with a gap
between the sampling dates in early May (Table 1). The sampling site (56.33°N;
79.40°W) was located close to the sediment trap deployment, but far enough away
to allow undisturbed sedimentation. Each sampling day, snow and ice cover depths
(average of ten measurements), under-ice seawater temperatures and salinities
(CTD cast with RBR Concerto® and CastAway-CTD® sensors) were measured, and
ten sea-ice cores, a seawater sample (0–30 m) and a plankton net sample were
collected (Table 1). Sea-ice cores were extracted with a Kovacs Mark II core barrel
with an internal diameter of 9 cm (Kovacs Ent., Lebanon, U.S.A.). The bottom-
most 5 cm of each ice core was sealed into a sampling bag, transported and stored
frozen in the dark until further treatment. The samples were melted at the field
camp within 12 h from sampling. To prevent the algae from going into hypo-
osmotic shock77, the ice samples were melted with filtered (0.2 μm polycarbonate
filters) sea water collected in situ, using a 1:3 ice:water volumetric ratio. After
melting, the ice sample representing ten core bottoms was carefully mixed. For
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diatom and dinoflagellate cyst analyses, 500-ml subsamples were stored in amber
glass bottles (+4 °C), fixed with 1% acidic Lugol’s solution to prevent microbial
growth. For HBI and algal pigment analyses, 1000 ml of the ice sample (for each
analysis) was filtered onto Whatman GF/F (0.7 μm pore size) glass fibre filters and
stored frozen.

Water samples (17.5 L) were collected with a 2.5 L Kemmerer water sampler by
pooling seawater from 2.5-, 5-, 10-, 15-, 20-, 25- and 30-metre depths. The sample
was well mixed and two 500 ml subsamples for microscopic analyses were fixed
with 1% Lugol’s solution and stored in amber glass bottles (+4 °C). For HBI and
pigment analyses, 3000 ml of the water sample (for each analysis) was filtered onto
Whatman GF/F (0.7 μm pore size) glass fibre filters and frozen until further
treatment.

The plankton net (Ø 18 cm, 10 µm) haul covered the top 30 m of the water
column. The net was rinsed into a 250 ml amber glass bottle and fixed with 1%
acidic Lugol’s solution. The samples were stored in +4 °C. The plankton net
samples were used for diatom and dinoflagellate cyst analyses.

Mass fluxes, TOC fluxes and δ13C. For sediment total organic carbon (TOC) and
δ13C analyses, inorganic carbon was removed with hydrochloric acid (HCl) fumi-
gation (sediment trap samples) or rinse (surface sediment sample) methods78. The
sediment trap samples were filtered onto pre-combusted Whatman GF/F filters,
fumigated with 12M HCl in a desiccator for 12 h, and dried at 60 °C. The surface
sediment sample was treated with 10% liquid HCl for 24 h, rinsed with distilled water
until neutral and freeze-dried. All samples were packed in silver capsules prior to
analysis by Elementar Vario EL Cube elemental analyser (Elementar Analysensys-
teme GmbH, Hanau, Germany) interfaced to an Isoprime VisION IRMS (Elementar
UK Ltd, Cheadle, UK) at the UC Davis Stable Isotope Facility, USA.

Diatom and dinoflagellate cyst analysis. Diatom slides from sea ice, seawater,
sediment trap and surface sediment samples were prepared using standard
paleolimnological methods79 at the Marine Biology Laboratory, University of
Helsinki. Prior to preparation, the samples were left to settle in an Utermöhl
chamber for 24 h, after which the settled material was rinsed into a glass beaker,
treated with 30% hydrogen peroxide for 4 h to remove organic material and with
10% hydrochloric acid to remove inorganic carbon. The samples were subsequently
rinsed multiple times with deionized water. After the last rinse, 1 to 15 drops of
microsphere solution with a concentration of 6.03 × 105 spheres per ml was added
into each sample. One to two drops of the sample were left to dry on cover slips
and mounted onto permanent glass slides with Naphrax™.

Dinoflagellate cyst slides from the sea ice, water and sediment trap samples were
prepared at the Marine Biology Laboratory, University of Helsinki, after first
settling samples in an Utermöhl chamber for 24 h. The settled material was rinsed
into a glass beaker and Lycopodium clavatum marker grains80–82 were added to
each sample in order to estimate cyst concentrations and fluxes. Samples were
treated with 10% hydrochloric acid to remove inorganic carbon and subsequently
rinsed with deionized water. Dinoflagellate cyst slides were mounted with glycerine
jelly, using ~1 ml of prepared suspension per slide. The dinoflagellate cyst slide
from the surface sediment sample was prepared using standard palynological
methods at the laboratory of Research Unit Palaeontology, Ghent University,
Belgium. Lycopodium clavatummarker grains were added to the sample, which was
subsequently treated with 6% HCl and 40% HF to digest carbonates and silicates,
respectively. The remaining organic fraction was then sieved with a 20-μm nylon
mesh. About a millilitre of material remaining on the mesh was mounted on a
microscope slide with glycerine jelly.

Diatom species were identified according to Poulin and Cardinal83–85, Cremer
et al. 86 and Witkowski et al. 87, with a Zeiss Axio Imager.A2 upright research
microscope, Plan-Apochromat 100×/1.4 oil immersion objective, phase contrast
optics and a total magnification of ×1000. At least 300 diatom valves (600 for the
surface sediment sample) were identified to species level whenever possible. Co-
occurring Chaetoceros spp. resting spores were enumerated. Dinoflagellate cyst
species were identified according to Radi et al. 88 and Zonneveld and Pospelova89

using Plan-Apochromat 60×/1.4 oil immersion objective, bright-field optics, and a
total magnification of ×600. At least 300 dinoflagellate cysts (surface sediment), or
a minimum of 500 Lycopodium clavatum marker grains (sea ice, water, sediment
trap), were counted.

Biomarkers and pigments. The filters from ice and water samples, as well as
sediment from trap and core top samples, were freeze-dried and sent to the
TAKUVIK research laboratory at the University of Laval, Canada, for HBI analysis.
The extraction, identification and quantification followed the protocols described
by Belt et al. 34,60,90. Prior to lipid extraction an internal standard (7-hex-
ylnonadecane and 9-octylheptadecene) was added to each filter and freeze-dried
sediment sample to allow quantification. The samples were saponified in a
methanolic KOH solution (ca. 4 ml H2O:MeOH 1:8; 5% KOH) for 2 h at 90 °C.
Hexane (3 * 1 mL) was added to the saponified content, with non-saponifiable
lipids transferred to clean vials and dried over N2 (30 °C). The non-saponifiable
lipids were then re-suspended in hexane (0.5 mL) and fractionated using open
column chromatography (SiO2; 0.5 g) prior to analysis by gas chromatography
mass spectrometry (GC-MS). Procedural blanks and standard sediments were run
every 15 samples. Hydrocarbon fractions were analysed using an Agilent 7890 GC
(30 m) 50 m fused silica columns; 0.25 mm internal diameter and 0.25 μm film
thickness) coupled to an Agilent 5975 C series mass selective detector (MSD). Oven
temperatures were programmed as follows: 40–300 °C at 10 °C min−1, followed by
an isothermal interval (at 300 °C for 10 min). Data were collected and analysed
with Agilent Chemstation software. HBIs were identified by comparison of
retention indices and mass spectra to those of authentic standards.

The filters for ice chlorophyll and carotenoid pigments were kept frozen and sent
for analysis at the University of Nottingham, UK. Freeze-dried sediment was
extracted in a mixture of acetone/methanol/water in a ratio of 80:15:5 in a freezer at
−4 °C for 24 h. Extracts were then filtered with a 0.22-μm-pore PTFE filter, dried
under N2 gas, re-dissolved in an acetone/ion-pairing reagent/methanol mixture with
a ratio of 70: 25: 5, and then injected into an Agilent 1200 series high-performance
liquid chromatography unit. Pigments were separated using a modification of Chen
et al. 91 and identified and quantified based on their retention time and absorption
spectra, compared with pigment standards92. To calculate pigment concentrations,
chromatogram peak areas were calibrated using commercial standards (DHI
Denmark). Linear regressions (r >0.99) of mass pigment injected (as
volume × concentration) and peak area were used for calibration93.

Data availability
The datasets generated during and/or analysed during the current study are archived in
the PANGAEA data repository at https://doi.org/10.1594/PANGAEA.955160. The
satellite imagery is provided by NASA’s Worldview application, part of NASA’s Earth
Observing System Data and Information System (EOSDIS), freely available at https://
worldview.earthdata.nasa.gov.
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