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Abstract

In this study, we reconstruct three-century of sea ice cover history in the Chukchi Sea from the
downcore profile of total organic carbon (TOC) and biomarker proxies, namely the Ice Proxy with 25
carbon atoms (IP,s), the di- and tri-unsaturated highly branched isoprenoid (HBIII and HBI IIT) and
two phytosterols (brassicasterol and dinosterol) in three sediment cores from the northern, eastern
and southern Chukchi Sea reflecting different sea ice conditions. Our data indicate higher IP,5 values
in the eastern site and lowest ones in the northern Chukchi Sea site that are consistent with the modern
sea ice distribution. They also underline the predominance of sympagic over pelagic production
except at the southern site where pelagic production depicts a sharp increased over the last decades.
We present a new approach improving the linear relationship between PyjIP,5 (PgIP,5) and satellite-
derived spring (summer) sea ice concentrations (SIC) to advance sea ice reconstructions across the
Arctic Ocean. This method results in better assessment of PIP,5 derived SIC and reconstruction of past
seasonal sea ice conditions. They indicate marginal sea ice conditions at the three sites until 1950s—
1960s followed by a reduction of seasonal sea ice as captured by PgIP,5 index.

1. Introduction

Climate change is the major challenge for the world population of the 21st century that requires urgent
mitigation and adaptation actions to be taken (Calvin et al. 2023). The Arctic region is a key component of the
global climate system and a hotspot of climate change due to polar amplification (Bernstein et al 2008). Over the
last four decades, the Arctic Ocean has experienced a dramatic reduction of sea ice extent, thickness and volume
that is most pronounced in late summer (Perovich et al 2019). Remote sensing data between 1979 and 2020
evidence a decrease of sea ice extent by 13.1% per decade in summer (September) and by 2.2% per decade in
winter (March) (Perovich et al 2019). Sea ice thickness and volume as well as the multiyear ice extent (e.g. the sea
ice that survives at least one summer melting) have also considerably reduced (Kwok and Rothrock 2009,
Tschudi ez al 2016, Perovich et al 2019). These declines are due to several factors among which the increase of sea
surface temperature (Timmermans and Labe 2020), surface air temperature (Ballinger et al 2020), radiative
forcing and near surface winds, which are among the strongest on Earth (Ogi et al 2010, Kapsch et al 2016).
Winds indeed facilitate heat transfer within the ocean interior and contribute to sea ice cover decline through
dynamical air-sea processes as sea ice thins and becomes more exposed to wind forcing. The atmospheric

© 2024 The Author(s). Published by IOP Publishing Ltd
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Table 1. Location of short sediment cores from the Arctic region with average PIII-IP,5 and PB-IP,s during the remote sensing period and corresponding average seasonal SIC from satellite data (1979-2017).

Cores Lat. (°North) Lon. (°East) Water depth (m) PIIIIP3s PIIIP,;5(c=1) PBIP3; SpSIC (%)° SuSIC (%)" Sp-SuSIC (%)° References
DA17-NG-ST08-090R 78.5 —17.307 595 NA NA 0.60 99.11 90.94 95.03 Davies et al
BASICC8 77.98 26.79 135 0.49 0.95 NA 88.10 11.98 50.04 Koseoglueral 2018
DA17-NG-ST10-109R 77.95 —15.493 503 NA NA 0.62 98.14 67.21 82.68 Davies et al
DA17-NG-ST12-134R 77.125 —10.663 501 NA NA 0.41 95.09 50.45 72.77 Davies et al
ARCI11-R1 74.64 —169.13 200 0.49 0.54 0.44 98.99 62.79 80.89 Suetal 2023
14R09 74.61 —168.98 184 0.56 0.96 0.44 99.00 62.53 80.76 This study
ARA01B-03MUC 73.52 —168.94 72.5 0.64 0.96 0.46 98.90 56.94 77.92 Kim etal 2019
BASICC1 73.1 25.63 425 0.00 0.00 NA 0.00 0.00 0.00 Koseoglueral 2018
ARC4-C07 72.54 —165.33 51 0.50 0.92 0.48 98.44 38.69 68.56 Bai et al 2022
BASICC 43 72.54 45.74 285 0.39 0.14 NA 11.03 0.00 5.51 Koseoglu etal 2018
R406MC032 72.32 15.38 1035 0.00 0.00 NA 0.00 0.00 0.00 Beltetal 2019
14503 72.23 —157.05 172 0.39 0.90 0.49 97.81 37.55 67.68 This study
R248MC010 7031 12.88 1254 0.00 0.00 NA 0.00 0.00 0.00 Beltetal2019
LV77-4 69.2 —174.9 60 0.30 0.59 0.36 90.64 7.90 49.27 This study

* cvalue s calculated from biomarker data of each core
® Average SIC values at each core site are calculated for the period between 1979 and 2017.
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circulation, primarily controlled by the Arctic Oscillation (AO), also plays a part in sea ice reduction by flushing
out thick ice in winter across Fram Strait resulting in thinner winter ice pack. Furthermore, Ogi et al (2010) have
shown that anticyclonic circulation over Beaufort Sea in summer enhances sea ice export into the Atlantic Ocean
thereby affecting the thermohaline circulation through freshwater export to convection sites of the North
Atlantic, with probable consequences on the global climate (van Westen et al 2024). Finally, it has been shown
that these changes in the Arctic Ocean are already altering polar ecosystems (Coupel eral 2012, 2015, Lee et al
2019, Zhuang et al 2020). For instance, chlorophyll-a observations from remote sensing show higher primary
productivity between 2003 and 2020 across all regions of the Arctic Ocean primarily because of sea ice cover
shrinking and longer growing season of phytoplankton, impacting on the carbon cycle (Frey et al 2021).

Data on secular sea ice conditions in the subpolar and polar Pacific Arctic Region (PAR) are still insufficient
to fully understand the response of sea ice to the emergence of global warming dated around 1860 (Abram et al
2016, McCulloch et al 2024). Only few paleo-sea ice reconstructions based on biomarkers exist in the polar PAR
(Kim etal 2019, Hu et al 2020, Bai et al 2022, Su et al 2023) and therefore sea ice changes at regional scale are still
largely under documented, limiting reliable prediction of environmental conditions and marine resources in the
region. In order to place the satellite observations into a longer perspective and better evaluate on-going changes,
we analyzed sea ice proxies in three marine sediment cores in the Chukchi Sea to reconstruct the decadal
variability and mid- to long-term trends of Arctic sea ice prior to atmospheric CO, rise caused by human
activities.

In this study, we combine sympagic phytoplankton biomarkers, e.g. the mono- and di-unsaturated Highly
Branched Isoprenoids (HBIs), IP,5 and HBI Il respectively (Belt er al 2007, Brown et al 2014), with open-water
pelagic phytoplankton biomarkers e.g., HBIIII, brassicasterol and dinosterol, measured in three marine
sediment cores of the Chukchi Sea to reconstruct past sea ice conditions. These data are used to calculate PIP,5
indexes (Miiller et al 2011) and derive sea ice cover estimates and reconstructions at three sites, two of them
extending back into the pre-industrial period. We compare these reconstructions against satellite and historical
data as well as existing paleo-records to evaluate the temporal evolution of sea ice cover in the Chukchi Sea since
the beginning of the Industrial Era.

2. Materials

2.1.Sediment cores

Three sediment multi-cores were retrieved from areas exposed to different sea ice conditions of the Chukchi Sea
(East, South and North) to be analyzed for biomarkers. Core 14503 (72.23°N, 157.05°W; 51 cm long, 172 m
water depth) and core 14R09 (74.61°N, 168.98°W; 33 cm long but only the upper 13 cm are analyzed, 184 m
water depth) were recovered during the Chinese National Arctic Research Expedition (CHINARE) in 2014 on
board the R/V Xuelong from the eastern and northern Chukchi Sea, respectively. Core LV77-4 (69.20°N,
174.9°W; 44 cm long, 60 m water depth) was retrieved from the southern Chukchi Sea during LV77 cruise on
board the R/V Akademik M A Lavrentiev in 2016. The three cores were subsampled on-board ata 1 cm
sampling step and stored frozen at —20°C until analyses in the laboratory.

2.2. Satellite and historical sea ice concentration (SIC) data and biomarker records compilation

Time series of observed monthly SIC (1850-2017) at each core site (averages shown in table 1) were extracted
using the version 2 of the 0.25° x 0.25° grid monthly sea ice extent and concentrations of Walsh et al (2019)
available at the National Snow and Ice Data Center (NSIDC; https://noaadata.apps.nsidc.org/NOAA /G10010_
V2/). Monthly SIC data were retrieved from the nearest 0.25° of latitude and longitude grid using the latest
version of Panoply (https://www.giss.nasa.gov/tools/panoply/). Seasonal SIC was calculated by averaging the
corresponding months as in Belt 2018, e.g. April-May-June for spring and July- August-September for summer.
Adjacent-averaging smoothing was then applied to the SIC data for comparison with our lower resolution
records.

From 1979 onward, we used Walsh et al (2019) dataset that consists of monthly satellite passive microwave
SIC data only. For the period that predates the satellite era (i.e. 1850-1978), SIC data in the Chukchi Sea are from
whaling ship reports, from the Russian Arctic and Antarctic Research Institute and historical sea ice charts of the
Danish Meteorological Institute (Walsh et al 2017). Due to the temporal and spatial heterogeneity of the data, in
particular those from whaling ships (between 1850 and 1919), temporal interpolation and analog-based
estimations have been applied (Walsh et al 2017), therefore resulting in larger uncertainties in the historical part
of the dataset (Walsh efal 2019). However, historical SIC data are used here for comparison with our biomarker
records and only long-term trends are discussed.

Available data of IP,5, HBI III and brassicasterol were compiled from our cores and eleven other sediment
cores retrieved from the pan Arctic Ocean (table 1). Only records strictly meeting selection criteria, i.e. dating
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based on *'°Pb and *’Cs and overlapping with the satellite era with at least one data point, are considered here.
We also compiled the same proxy data from over 590 non-dated surface sediments in the sub-Arctic and Arctic
regions for comparison with dated sediment calibrations (tables S1 and S2). Satellite SIC data at each core site in
table 1 were obtained from Walsh et al (2019) dataset. For non-dated surface sediments, the satellite passive
microwave SIC data are those provided in the original publications (Xiao et al 2015, Smik et al 2016, Kolling et al
2020, Koch et al 2020, Bai et al. 2024, Su et al 2023) (tables S1 and S2).

3. Methods

3.1. Core dating

The age models of the three cores are based on *'°Pb and '*’Cs measurements. The age models of cores 14503
and 14R09 have been published by Astakhov et al (2019). For core LV77-4, the *'°Pb and '*”Cs measurements
were performed at the State Key Laboratory of Estuarine and Coastal Research, East China Normal University,
Shanghai, China, using an HPGe gamma spectrometry (GSW275L, Canberra). *'°Pb,, was determined by
subtracting the activity supported by its parent isotope, >*°Ra, from the total *'°Pb activity in the sediments.
Errors in *'°Pb,, were calculated by propagation of errors in the corresponding pair (***Pa and *'°Pb).

3.2. Total organic carbon analysis

For total organic carbon (TOC) about 0.5 g of freeze-dried and homogenized sediment was acidified using 1 mol
L~ HCl and heated in a water bath for over three days to remove carbonates. Samples were then washed three
times using ultrapure water and placed in an oven at 60°C until complete dryness. About 4 mg was then placed
into assilver capsule and analyzed for TOC on an Elementar CHNOS elemental analyzer coupled with an isotope
ratio mass spectrometer (IRMS) Thermo, Delta V advantage. These analyses were undertaken at the Key
Laboratory of Marine Ecosystem Dynamics, Second Institute of Oceanography, Ministry of Natural Resources
(MED, SIO, MNR, Hangzhou, China). Urea (with carbon wait 0of 20%) was used as a standard for TOC
measurements. Based on replicate analyses, the analytical error was estimated to 0.1%.

3.3. Biomarker analyses
Between 2 and 4 g of freeze-dried and homogenized sediments were used to extract lipids in a mixture of
dichloromethane/methanol (2:1 v/v). A known amount of internal standard 7-hexylnonadecane was added to
the sediments before extraction for HBIs quantitation. Extraction and biomarker separation into compound
classes by silica gel chromatography were performed following the procedure described in Ternois et al (2000).
The hydrocarbon fraction, containing the HBIs, and the sterols were analyzed using a gas
chromatograph Agilent Technologies 7890 (30 m HP-1MS column, 0.25 mm in diameter, and 0.25 pm film
thickness) coupled to mass spectrometry Agilent 262 Technologies 5975C inert XL (GCMS). An external
standard 5a-cholestane was added prior to GCMS analysis for the determination of sterol concentrations. For
HBIs, the oven temperature was ramped from 40 °C to 300 °C, with a heating rate of 10 °C min~', and held at
300 °C for 10 min. For sterols, the GC oven temperature was programmed from 50 °C to 100 °C (at 30 °C
min™"), then from 100 °C to 150 °C (at 1.5 °C min™~ ') and then from 150 °C to 300 °C (at 3 °C min ") and
maintained for 20 min at 300 °C. Detection of HBIs and sterols was achieved using selective ion monitoring
mode based on mass spectral responses of selected ions (m/z 350 for IP,5, m/z 348 for HBI I, m/z 346 for HBI
111, m/z 470 for brassicasterol and m/z 500 for dinosterol). The same is done for the two standards;
7-hexylnonadecane (m/z266) and 5a-cholestane (m/z 372). The relative abundances of biomarkers were
determined by comparing their peak areas to those of the added standards. The concentrations were then
normalized to dried sediment weights and TOC.

The PIP,s indexes were calculated using the following equation (1) (Miiller et al (2011):

_ [1Ps]
[IPys] + [phytoplankton biomarker] 4c

PIP)s (1)

Where cis the balance factor calculated from biomarker concentrations of each core using equation (2)
below:

o= mean IP,s concentration @)
mean phytoplankton biomarker concentration

H-Print was calculated using equation (3) below based on the peak areas of IP,5, HBI Il and HBI III as
determined by the GC-MS:
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Figure 1. (a) Map showing the location of the studied cores (red diamonds) and sites where HBIs and sterols records covering the
Industrial Era have been produced (green triangles); core ARC11-R1 (Su et al 2023), core ARC4-C07 (Bai et al 2022) and core
ARA01B-03MUC (Kim et al 2019). Main water currents and Beaufort Gyre are also shown. (b) Spring (April, May and June) and (c)
summer (July, August and September) averaged sea ice concentrations from 1994 to 2014 (http://nsidc.org). AW: Anadyr Water;
BSW: Bering Sea Water; ACW: Alaska Costal Water; SCC: Siberian Costal Water; BG: Beaufort Gyre.

H — Print% = LHBI — I11] x 100 (3)
[IP,s] + [HBI — II1 + [HBI — III]

4. Results

4.1. Chronology
Based on the *'°Pb and '*”Cs data published in Astakhov et al (2019), the sedimentation rates of cores 14R09 and
14503 are estimated to be 0.044 cmyr ' and 0.16 cmyr ', respectively. Assuming constant sedimentation rates,
we found that 14503 covers a period ranging from 1698 to 2005 and core 14R09 from 1707 to 1980. Note that the
difference between the coring date (2014) and the core-top age is due to the missing top 1 cm for the two cores.
The *'°Pb, profile of core LV77-4 shows a nearly exponentially downcore decrease (figure S1; table S3).
However, four >'°Pb,, measurements show reversal and/or low values and high error bars and have thus been
excluded from the log-linear 219pb, profile. Using the constant flux/constant sedimentation model, the mean
sedimentation rate is estimated to 0.24 cm yr_1 (R% = 0.93), which is consistent with a more coastal location of
this core. The '*’Cs peaks in the early 60s and late 80s, are also consistent with the >'°Pb profiles. Based on the
sedimentation rate value of 0.24 cm yr_l, we calculated that core LV77-4 spans from 1827 to 2014.
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Figure 2. Concentration of biomarkers from cores 14R09 (in green), 14503 (in red) and LV77-4 (in blue). (a) IP,s, (b) HBI-IIL, (c)
brassicasterol and (d) dinosterol.

4.2. TOC downcore records

The TOC values vary between 0.59% and 0.91% in the northern core 14R09 (mean: 0.67%) (table S4). Higher
values are found in the southern core LV77-4, ranging from 1.79% to 2.3% (mean: 2.02%), and intermediate
ones in the eastern core 14503 ranging from 1.42% to 2.3%, with a mean value of 1.65%. All three TOC profiles
exhibit increase towards present but at different rates (figure S2).

4.3. HBIs and sterol downcore records

IP,5 is detected throughout the three cores indicating the presence of seasonal sea ice (figure 2(a); table S4). The
lowest IP,5 values are found in the northern core 14R09 (from 0.22 t0 0.95 ug g~ ' TOC; mean: 0.46 pg g~ ' TOC)
and southern core LV77-4 (from 0.42 t0 0.88 ug g~ ' TOC; mean: 0.61 pgg ' TOC) while they are significantly
higher at the eastern 14503 site (from 0.87 t0 2.96 g g~ ' TOC; mean: 1.58 pg g~ ' TOC) and show a sharp
increase since 1850, which is less pronounced and delayed at 14R09, taking off at around 1900 (figure 2(a)). In
contrast, IP,5 in LV77-4 shows a modest increase with a short interval of slightly higher values between 1960 and
the mid-1980s (figure 2(a)). IP,5 and HBI Il in the three cores show similar behavior, though with more scatter at
LV77-4, in agreement with previous findings (Brown et al 2014) (figure S3). Pelagic phytoplankton biomarkers
are generally low at the northern core 14R09, higher at 14S03 and even more at LV77-4 (figures 2(b), (c) and (d);
tables S4). HBI III also show the lowest values at the northern core 14R09. Pelagic phytosterols increase towards
present except for the northern core and for dinosterol in LV77-4 that display a strong variability with no clear
rising trend. Interestingly, HBI III and brassicasterol in core LV77-4 show a drastic rise since the 1970s while IP,5
remains rather stable (figures 2(a), (b) and (d)).

5. Discussion

5.1. Uncertainties related to sedimentation rate
The sedimentation rate at core 14R09 is low and in the range of earlier reports in nearby cores, i.e. 0.09 cmyr ™
(Kim etal 2019),0.07 cmyr ™' (Suetal 2023) and 0.09 cm yr ' (Bai et al 2022). At 14503 and LV77-4,
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averaging smoothing are applied for data corresponding to 14R09, 14S03 and LV77-4, respectively, to fit the time-resolution of each
core.

sedimentation rates fall into the range of 0.03 to 0.37 cm yr ' reported for the Chukchi Shelf by Cooper and
Grebmeier (2018). Although bioturbation and physical reworking of sediments cannot be ruled out (Cooper and
Grebmeier 2018), the steady decline in *'°Pb,, profiles in the three cores and the presence of the '*’Cs peak
capturing the nuclear tests in the 60s in core LV77-4 (figures S1 and 2 in Astakhov ef al 2019) suggest that
sedimentation was not significantly affected by post-depositional processes. This finding is also consistent with
the depth (60, 172 and 184 m) and geographical location of these sites far from areas highly influenced by
bioturbation and water currents as testified by the radionuclide inventories of Cooper and Grebmeier (2018).

5.2. Reconstruction of sea ice conditions in the Chukchi Sea
5.2.1. Regional and temporal changes of biomarkers

The co-occurrence of sympagic HBIs (IP,5 and HBI II) and pelagic phytoplankton biomarkers (HBI I1I,
brassicasterol and dinosterol) throughout the three cores establishes the presence of seasonal sea ice as far back as
the 1700s (figure 2) in agreement with previous studies in the northern Chukchi Sea (Kim et al 2019, Bai et al
2022, Suetal 2023) (figure 1(a)). The onset of the progressive increase of IP,5 around 1850-1900 agrees with the
beginning of summer sea-ice retreat reported in historical and observational data (Perovich et al 2019, Walsh
etal 2019) (figures 2(a) and 3(f)) suggesting that shrinking sea ice and thinner snow cover favored sympagic
production and export to the sea floor. The very low concentrations of sterols and H-Print (%) in the northern
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Figure 4. Correlation of PyjIP,s from 11 sediment core-tops with (a) spring (April-May-June), (b) summer (July-August-September)
and (c) spring-summer (April to September) sea ice concentration derived from satellite data (Walsh et al 2019). Thick black line
represents the linear regression and the red band indicates the confidence level at 95%. The correlation coefficient R?, p-value as well
as the equation linking the PyIP,5 to the SIC are shown for each correlation.

core 14R09 underline the dominance of sympagic production at 74.6° latitude (figures 2(c), (d) and 3(d)). At
14503, sea ice algal production is highest but pelagic algal production is also high most likely reflecting sea ice
edge conditions as pointed out by rising and high HBI III values (figure 2(b)). In core LV77-4, the sharply
increase of pelagic HBI Il and brassicasterol (figure 2(b), (d)) as well as H-Print (%) (figure 3(d)) during the last
decades indicate a drastic increase of pelagic phytoplankton production in summer (Perovich et al 2019, Frey
etal2021). Note that dinosterol diverges from this trend and instead shows a strong variability. All together,
these results feature the northward increase of sympagic versus pelagic algal production as expected from
retreating sea ice in agreement with summer sea ice observations between 1994 and 2014 at the three sites

(figure 1(c)) and previous reconstructions of Koch et al (2020) and Su et al (2023) based on surface sediments and
short cores.

5.2.2. Semi-quantitative estimates of sea ice cover in the Chukchi Sea

PIP,5 indexes (PpIP,s, PgIP,5 and Py IP,5) were calculated to derive semi-quantitative estimates of sea ice cover
atour sites (figures 3(a), (b) and (c)) (table S4). At the northern 14R09 site the three indexes translate into
different patterns. PyjIP,s values (ranging between 0.5 and 0.75, figure 3(c)) indicate relatively stable conditions
over thelast 300 years corresponding to marginal to seasonal sea ice (Miiller et al 2011) while PpIP,5 (figure 3(a))
show increase sea ice. Only PIP,5 (figure 3(b)) broadly reproduce the summer sea ice decline seen in the
historical and satellite data since 1850 (figure 3(f), Walsh et al 2019). Comparison with previously published data
from a nearby site 03MUC in the northern Chukchi Sea published by Kim et al (2019) indicate similarities for
PgIP,5 and PypIP,5 and to alesser extent with PpIP,5 (figure S4).

In the eastern Chukchi Sea, core 14503 under the influence of the Alaska Costal Water (ACW, figure 1), the
three indexes indicate marginal (0.5 to 0.75) to variable sea ice conditions (0.1 to 0.5) throughout the core
(figures 3(a), (b) and (c)). Again, PgIP,5 seems to better reproduce the summer sea ice decline documented by the
historical and satellite data until 2000 than PpIP,5 and PyyIP5s.
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Figure 5. Py;;IP,5-derived spring (AMJ; left column), spring-summer (A-S; middle column) and summer (JAS; right column) sea ice
concentration from cores LV77-4 (a, b and ¢), 14503 (d, e and f) and 14R09 (g, h and i) sites using calibrations shown in figure 4 (in
green) and those from non-dated surface sediments shown in figure S6B (in orange). The same seasonal sea ice concentration from
historical and satellite data at each core site (Walsh et al 2019) are also shown for comparison (blue lines represent adjacent-averaging
smoothing that corresponds to the temporal-resolution of each core).

At the southern site LV77-4, the three PIP,5 indexes indicate marginal to seasonal sea ice conditions from
1830 to the 1950s (figures 3(a), (b) and (c)). Only PIP,s seems to reflect the decrease of summer sea ice cover and
to some extent spring sea ice seen in the satellite and historical data (figures 3(e), (f)), when sea ice starts
breaking out.

Overall our results suggest that PgIP,5 better match remote sensing and historical data of summer sea ice at
the northern and eastern sites when sea ice breakdown (Bai et al 2019) and to some extent also with spring sea ice
cover at the southern site, where melting occurs earlier.

5.3. PIP,5-derived SIC: insight from remote sensing and proxy data correlation

PIP,s indexes have been often calibrated against satellite data to then reconstruct SIC in the Arctic prior to the
instrumental period (Xiao et al 2015, Smik et al 2016, Kolling et al 2020, Bai et al 2022). In this approach,
biomarker data have been generally measured in surface sediments retrieved from different sea ice settings
across the Arctic Ocean (Kolling et al 2020) but, as highlighted by Xiao et al (2015), the sediments are often
poorly or not dated and thus represent different time spans ranging from several years to hundreds of years
depending on the sedimentation rates.

To reduce biases linked to time uncertainties and improve the proxy calibration against observed SIC, we
used here our 2'°Pb-dated P5IP,5 and PiyIP,5 dataset and combined them with published 219ph_dated sediment
records overlapping the remote sensing period (table 1; figure S5) (Koseoglu et al 2018, Belt et al 2019, Kim et al
2019, Baietal 2022, Suetal 2023, Davies et al. 2024). Only sediment cores recovered in Arctic marginal seas
(Chukchi, Greenland and Barents seas) with high sedimentation rate and seasonal sea ice were considered
(table 1).

PyyIP,5 records meeting these criteria are from five sediment cores from the Barents Sea (Koseoglu et al
2018, Belt et al 2019) and six sediment cores from the Chukchi Sea (including our three cores, Kim etal 2019,
Baietal 2022, Suetal 2023) (table 1; figure S5a). For P3IP,s, in addition to six cores from the Chukchi Sea, we
used recently published data from three short cores off NE Greenland (Davies et al. 2024) (figure S5b). All
PiIP,s and PgIP,5 data are calculated using a balance factor ¢ = 1 and using c calculated from biomarker data of
each core, respectively. At each core site, PIP,5 values are averaged over the time-interval of the remote sensing
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Figure 6. Correlation of PgIP,5 from 9 sediment core-tops with (a) spring (April-May-June), (b) summer (July-August-September)
and (c) spring-summer (April to September) sea ice concentration derived from satellite data (Walsh et al 2019). Thick black line
represent the linear regression while red band indicates the confidence level at 95%. The correlation coefficient R?, p-value as well as
the equation linking the PgIP,s5 to the SIC are shown for each correlation.

period (from 1979 to the most recent data point) to one single value. The same is done at each core site for
satellite SIC data obtained from Walsh et al (2019) (table 1). Linear correlations are then calculated from PIP,5
(PgIP,5and PypyIP,5) and satellite SIC for summer (SuSIC), spring (SpSIC) and average of these two seasons (Sp-
SuSIC). For the non-dated surface sediments of the pan-Subarctic and Arctic regions, the compilation of Py;IP,5
and PgIP,5 data are given in table S1 and S2, respectively (Xiao et al 2015, Smik et al 2016, Kolling et al 2020,
Koch etral 2020, Su et al 2022, Bai et al. 2024). The same linear correlations between PIP,5 from non-dated
surface sediments and satellite SIC are calculated for comparison with dated sediment calibrations (figure S6).

The Py;IP,5 shows significant correlation with both SuSIC (JAS) and SpSIC (AM]) with R* 0f 0.53 and 0.89,
respectively (p < 0.01; figures 4(a), (b)). For Sp-SuSIC, the correlation is 0.83 (p < 0.01) (figure 4(c)). Figure 5
shows the downcore profiles of Py;IP,5-derived SpSIC, SuSIC and Sp-SuSIC in our three sediment cores using
the new calibrations as well as that based on non-dated surface sediments and the modern observations (Walsh
etal 2019). Py IP,s-derived SpSIC indicates high values at the three core sites, with only few ones exceeding
100%, that however agrees with historical and satellite data during the overlapped period (figures 5(a), (d) and
(@)). PyIP,s-derived Sp-SuSIC indicates relatively good correspondence with historical and satellite data except
for the northern site becoming less accurate moving northwards (figures 5(b), (e), (h)). Reconstructions perform
even less to reproduce Su-SIC (figures 5(c), (f) and (i)). These results reflect the higher correlation between
PypIP,s and SpSIC than with SuSIC (figures 4(a), (b)) and the higher export of HBI Il in late spring-early
summer from surface waters evidenced by Bai et al (2019) under sea ice edge conditions. Comparison of
PyIP,s-derived SpSIC, Sp-SuSIC and SuSIC using the non-dated sediment-based calibration (figure S6B)
indicates that SIC are almost always underestimated compared to historical and satellite data (figure 5).

PRIP,5 values from 9 dated sediment cores indicate significant correlation with SuSIC and Sp-SuSIC
(figure 6). Contrary to the PyjIP,s, PpIP,5 values do not show a significant correlation with SpSIC but with SuSIC
as evidenced in the previous section (figures 6(a), (b)). PsIP,5-derived SpSIC, SuSIC and Sp-SuSIC generally
agree with historical and satellite time series but less for the southern site where Py;IP,5 better matched
(figure 7). The PIP,s-derived SpSIC indicates extensive sea ice conditions with SIC values close to 100% at the
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Figure 7. PgIP,s-derived spring (AMJ; left column), spring-summer (A-S; middle column) and summer (JAS; right column) sea ice
concentration from cores LV77-4 (a, b and ¢), 14503 (d, e and f) and 14R09 (g, h and i) using calibrations shown in figure 6 (in green)
and those from non-dated surface sediments shown in figure S6A (in orange). The same seasonal sea ice concentration from historical
and satellite data at each core site (Walsh et al 2019) are also shown for comparison (blue lines represent adjacent-averaging smoothing
that corresponds to the temporal-resolution of each core).

three core sites in good correspondence with the historical and satellite data (figures 7(a), (d) and (g)). However,
SuSIC from core 14R09 yields lower values during the pre-industrial period due to relatively high values of
brassicaterol that may be explained by diatoms production below the sea ice (Coupel et al 2012) (figure 7(i)).
Moreover, data from core LV77-4 broadly overestimate the SuSIC and Sp-SuSIC compared to the historical and
satellite data with few values slightly exceeding 100% (figures 7(b), (c)), a result that might be explained by
advection of sea ice. Indeed, Su et al (2023) suggested that in this coastal area track drifting and land-fast ice may
contribute to the sedimentary HBIs, and possibly account for the HBI II profile diverging from IP,s in this core.
Similar to PyyyIP,5-derived SIC, reconstructions based on PgIP,5 from non-dated surface sediments broadly
underestimate SIC compared to those reconstructed using dated sediment-based calibrations and to historical
and satellite data (figure 7). Overall our study shows that dated sediments contribute to improve the statistical
relationship between PIP,5 and observations and subsequently the quantitative estimates of past changes of SIC
beyond the Satellite Era.

6. Conclusions

Biomarker records of IP,5, HBIII, HBI II1, brassicasterol and dinosterol, were generated from three new
sediment cores recovered in the northern, eastern and southern Chukchi Sea to reconstruct sea ice conditions
beyond the Industrial Era (since 1700). PIP,5 and H-Print evidence dominant sympagic over pelagic production
at the three core sites and a sharp increase of pelagic phytoplankton production at the more coastal southern
core over the last decades.

Our study demonstrates that the compilation of dated sediments improves calibrations between PIP,5 index
and satellite data and provides statistically stronger relationships between Pyj;IP,5 and SpSIC and between PgIP,5
and SuSIC. Application of the new calibrations to the downcore PIP,5 records results in a better degree of
agreement between SIC estimates and historical and satellite time series. In particular, our results show that
PIP,5 reproduce SuSIC in historical and satellite data at the two northern cores while Py IP,5 better reflects
SpSIC in the southernmost site, as expected from the export pattern of HBI IIT in late spring-early summer
evidenced from sediment trap time series.
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