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ARTICLE INFO ABSTRACT

Editor: Prof. M Elliot The environments of Arctic Ocean nearshore areas experience high intra- and inter-annual variability, making it
difficult to evaluate the impact of anthropogenic warming. However, a sediment record from the southern Ca-
Keywords: nadian Beaufort Sea allowed us to reconstruct the impacts of climate and environmental changes over the last
Benthic foraminifera 1300 years along the northern Yukon coast, Canada. The coring site (PG2303; 69.513°N, 138.895°W; water
O.str.aco.ds depth 32 m) is located in the Herschel Basin, where high sedimentation rates (0.1-0.5 cm a ) allowed analyses
Tintinnids . . . . e .
Beaufort Sea at sub-centennial to decadal resolutions. Benthic foraminiferal, ostracod, and tintinnid assemblages, as well as
Arctic coasts the stable isotope composition of the foraminifera Elphidium clavatum and Cassidulina reniforme were used as
Climate change paleoclimatic and ecological indicators, while the age model was based on the combined radiometric data of *C,
219} and 1%7Cs. From ca 700 to 1050 CE, our data suggest penetration of offshore shelf-break waters inferred by
the dominance of C. reniforme followed by the relatively abundant Triloculina trihedra in the foraminiferal as-
semblages as both species are associated with stable saline conditions. Afterwards, the occurrence of ostracods
Kotoracythere arctoborealis and Normanicythere leioderma suggests influx of Pacific-sourced waters until ca. 1150
CE. From ~1150-1650 CE, persistent frigid waters, limited sediment supply, and low abundances of microfossils
suggest cold conditions with pervasive annual sea-ice cover that may have restricted upwelling of oceanic waters.
After ~1800 CE, the co-occurrence of Tintinnopsis fimbriata and bacterial/complex organic carbon feeder fora-
minifera (Quinqueloculina stalkeri, Textularia earlandi and Stetsonia horvathi), suggest an increased influence of
freshwater rich in particulate organic matter, which may be related to the spreading of the Mackenzie River
plume and/or increased coastal permafrost erosion during longer ice-free seasons. Based on these proxy data, the
shift at ~1800 CE marks the onset of regional warming, which further intensified after ~1955 CE, likely in
response to the anthropogenic forcing.

1. Introduction ecosystems, as it influences the timing, flux, and export of primary
producers (Grebmeier and Barry, 2007; Nadai et al., 2021), the up-
Sea ice is a key parameter for marine food webs in nearshore Arctic welling of nutrient-rich subsurface waters onto the continental shelves
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(Schulze and Pickart, 2012), and vertical mixing and/or stratification
(Rainville and Woodgate, 2009; Blais et al., 2017). In the Beaufort Sea,
sea-ice cover extent decreased ten times faster from 2000 to 2012 CE
(—12.84 days a’l) than during the two previous decades (1979-2000
CE; Frey et al., 2015). The ongoing climate warming likely plays an
important role in the decreasing sea-ice cover trend (Notz and Stroeve,
2016), but its temporal and spatial extent also depends on dynamic and
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thermodynamic factors (Spreen et al., 2011; Frey et al., 2015; Belter
et al., 2021). Numerous relationships between the sea-ice cover and
large-scale modes of atmospheric circulation, as indicators of dominant
wind and thus water mass transport patterns, have been identified
(Rigor et al., 2002; Screen and Francis, 2016; Cox et al., 2019; Zhang
et al., 2019). These indices may have undergone significant amplitude
variations over the last few millennia, notably in relation to the Pacific
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Fig. 1. a) Regional map showing the location of the study area (dotted white square) and the Hanna Shoal (black square). The pink and orange arrows indicate the
flow of the Alaskan Coastal Waters (ACW) and other Pacific water branches (winter/summer water masses), respectively; the dotted red arrow shows the path of the
subsurface Atlantic Water along the continental margin, and the yellow arrows represent the Beaufort Gyre based on Grebmeier et al. (2006). b) Map of the study area
showing the coastal flow (purple arrow), the Beaufort shelfbreak jet (dark blue arrow), and the waters recirculating in the Mackenzie Trough under the Beaufort Gyre
influence (yellow arrows) based on Lin et al. (2020). The gray arrows in the lower right corner mark the dominant wind directions (Radosavljevic et al., 2016), the
black diamonds show the location of cores mentioned in the text, and the white diamond shows the location of the Komakuk Beach weather station. In the lower-left
corner is a close-up of the study area with the core site location (pink diamond) and bathymetry of the Herschel Basin (EBA Engineering Consultants Ltd., 1992). ¢)
Salinity (purple) and temperature (green) profiles in the Herschel Basin in August 2015 (solid line) and April 2016 (dotted lines) from CTD data (Falardeau et al.,
2023). The blue and yellow dots refer to the location of the CTD measurements shown in the close-up of Fig. 1b, while the gray shading area separates the local
surface waters from the bottom waters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Decadal Oscillation (PDO; Mantua and Hare, 2002) and the Arctic
Oscillation (AO; Thompson and Wallace, 1998) as suggested by terres-
trial and marine proxies (MacDonald and Case, 2005; Darby et al., 2012;
Lapointe et al., 2017).

For a complete understanding of climate dynamics in the past, long
time series are needed to assess the interplay between different envi-
ronmental forcings, including their relationships to sea-ice cover and,
thus, how they influence oceanic conditions and productivity. Further-
more, these time series help identify natural variability, which in turn
can serve to sort out the effects and the magnitude of recent anthropo-
genic climate changes. To a certain extent, reconstructions of past con-
ditions in the nearshore environments could also offer insights into
marine biological resources and their tolerance to changes over cen-
turies of harvesting, i.e. fisheries, in the Beaufort Sea (Usher, 2002;
Friesen et al., 2020). Over the last two millennia, large-amplitude cli-
matic events have been inferred in the terrestrial environment of
northwestern America based on tree rings and sediment cores in lakes (e.
g. Riihland et al., 2003; Bird et al., 2009; Viau and Gajewski, 2009; Fritz
et al., 2012; Anchukaitis et al., 2013; Porter et al., 2013; Wolter et al.,
2017; Nicolle et al., 2018) and in offshore marine environments of the
Beaufort Sea (Richerol et al., 2008; Schell et al., 2008; Bringué and
Rochon, 2012; Scott et al., 2009; Kutos et al., 2021). However, Canadian
Beaufort Sea continental shelf records are rare (Seidenstein et al., 2018;
Gemery et al., 2023), especially near the coasts.

The first objective of this study is to reconstruct the environmental
conditions of the Canadian Beaufort Sea shelf over the last millennium,
where harvesting of marine biological resources has been and still is
extremely important for local communities. Our study’s second objec-
tive is to disentangle the effect of anthropogenic activities from the
natural variability. To meet these objectives, we document past marine
conditions, focusing on evaluating changes in sea ice, water temperature
and salinity, as well as marine productivity. We base the study on
microfossil investigations of two marine sediment cores retrieved at the
same site (PG2303) in the Herschel Basin, northern Yukon, Canada. The
study site is in an area of relatively high and continuous sediment
accumulation, which enables sub-decadal temporal resolution over
millennia (Grotheer et al., 2020), together with abundant, diverse, and
well-preserved microfossils (Falardeau et al., 2023).

2. Regional setting

Coring site PG2303 is in the Herschel Basin on the continental shelf
off northern Canada (Fig. 1a, b). The basin is located 3 km west of
Herschel Island-Qikiqtaruk, and 7 km north of the Yukon coast (Fig. 1b).
The organic carbon sequestered in Herschel Basin is dominated by
terrestrial sources. It is derived either from coastal erosion of Herschel
Island-Qikiqtaruk and the mainland coast or from particulate matter
transported by the Mackenzie River (Grotheer et al., 2020), with the
Mackenzie River mouth located at Shallow Bay ca 130 km east of our
study site (Fig. 1b). Today, suspended particulate matter from the
Mackenzie River reaches the study site during the spring freshet when
turbidity is at a maximum (Juhls, 2021) and under easterly winds (Wood
et al., 2015). The spring freshet occurs from mid-May to the end of June
(Carmack and Macdonald, 2002; Mulligan and Perrie, 2019). On
average, the sea ice break-up occurs by the end of June, and sea ice
forms again around mid-October (Carmack and Macdonald, 2002; Frey
et al., 2015).

Hydrographic conditions in the area depend on local winds. Gener-
ally, the Beaufort shelfbreak jet flows eastward, transporting cold and
saline nutrient-rich Pacific winter waters (blue arrow; Fig. 1b; Pickart,
2004; hereafter referred to as Pacific waters). They are also known as the
Remnant Winter Water (Lin et al., 2020). These Pacific waters overlay
the dense, warm, and saline Atlantic waters (dotted red arrow; Fig. 1a;
Lin et al.,, 2020). Alongshore, the coastal flow transports warmed
meteoric waters or sea-ice meltwaters and possibly warmer and less
saline Pacific summer waters towards the east (purple arrow; Fig. 1b; Lin

Palaeogeography, Palaeoclimatology, Palaeoecology 625 (2023) 111670

et al., 2020). Offshore, the Beaufort Gyre circulates clockwise, causing
recirculation in the Mackenzie Trough (yellow arrows; Fig. 1a, b; Lin
et al., 2020). Dominant winds are either from the northwest or the east-
south-east (Fig. 1b; Radosavljevic et al., 2016). Easterly wind events
favor the upwelling of shelf-break waters onto the continental shelf,
decreased sea-ice cover, and enhanced primary productivity (Tremblay
et al., 2011, 2012; Pickart et al., 2013). In contrast, westerly winds are
unfavorable for upwelling and lead to persistent sea-ice cover (Carmack
and Macdonald, 2002; Pickart et al., 2011). The water column in the
Herschel Basin is stratified in summer with a freshwater layer 7-15 m
thick at the surface above the frigid (<0 °C) and saline waters at the
bottom (Fig. 1c; Mulligan et al., 2010). The Herschel Basin bottom
waters are formed by a mixture of brines from sea-ice formation in
winter and upwelled waters from the shelf break (Williams and Car-
mack, 2012).

3. Methods
3.1. Sediment cores

Marine sediment core PG2303 was collected with a UWITEC piston
corer on April 20th, 2016, using a tripod placed on the sea ice, as part of
the Yukon Coast spring expedition led by the Alfred Wegener Institute in
Potsdam, Germany (Fig. S1). The 12.3 m long core was collected in 32 m
water depth at 69.513°N and 138.895°W in clastic mud (Falardeau
et al., 2023). The sediment record is constructed as a composite
sequence of five overlapping core segments that were correlated based
on magnetic susceptibility (Pfalz, 2017). It covers about 4000 years of
sedimentation (Grotheer et al., 2020). In this study, we focus on the
upper 322 cm of the core, which encompasses the last 1300 years (see
Section 4.1; Fig. 2; Table S1). The core was subsampled at 10-cm in-
tervals from 322 to 62 cm and at 5-cm intervals from 62 cm to the top of
the core (Table S2); subsamples were 1-cm thick.

During the same expedition, a short surface sediment core of 20 cm
in length (PG2303-1) was collected at the same site using a UWITEC
gravity corer to recover the water-sediment interface better. It was
stored cool before subsampling at 1-cm intervals using a vertical
extruder. The short core likely covers the last two decades (see Section
4.1; Fig. S2; Appendix A; Falardeau et al., 2023).

3.2. Grain size

A minimum of 0.2 g of dry sediment per sample was weighed for
grain size analysis. Next, the sediment was mixed with hydrogen
peroxide (30%) to remove organic matter. Once the reaction was com-
plete, the samples were measured in the Microtrac MRB Bluewave laser
diffraction instrument at the Geotop-UQAM. The instrument can detect
grain sizes from 0.01 to 2000 pm. The data were processed in GRADI-
STAT (Blott, 2010), which defines sand as particles between 2 mm and
63 pm, silt between 63 and 2 pm, and clays <2 pm. Results are reported
in Table S3.

3.3. Radiometric chronology

The age models were defined based on radiometric analyses,
combining 210Pb, 226Ra, 137cs and '4C measurements; fore core PG2303
all methods were used, while for PG2303-1 we concentrated on 2!°Pb,
226Ra, and '¥’Cs. The age model for PG2303-1 has previously been
presented by Falardeau et al. (2023), who showed that the bottom of this
core may be dated to 1999 + 6 CE.

For core PG2303, fifteen samples in the upper 75 cm of the core were
analyzed for 210p}, 226Ra and '¥7Cs at Geotop-UQAM (Table S2). For
210pp, a spike of 2°°Po was added into the ground sediment samples (~1
g), before it was successively digested in three different acids (HNOs;
HCl, HF and HNO3), and in hydrogen peroxide with acid (H>O, and
HNO3). Then, the residue was dissolved in HCI 0.5 N with ascorbic acid.
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Fig. 2. Core PG2303 age model based on OxCal (version 4.4; Bronk Ramsey,
2008, 2009). The vertical gray bar indicates the length of the core section used
for this study. The blue shading indicates the 2-sigma probability range of the
age depth model. Details on the two constrained ages based on 2!°Pb and '*"Cs
activity profiles at the top of the core can be found in the methods Section 3.3
and Appendix A. The age model of core PG2303-1 (20-0 cm) from Falardeau
et al. (2023) is illustrated in the gray rectangle in the top right corner. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

The 2%°Po (recovery of the internal tracer) and the 210pq activities
(sample) were measured by alpha spectrometry using ORTEC detectors
coupled to Maestro™ data acquisition software on silver disks. We
calculated 21°Pb by assuming secular equilibrium between 2'°Pb and

Table 1
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210pg, The 22°Ra and '*”Cs were measured using high-resolution gamma
spectrometry with a germanium detector (ORTEC). Samples were dried
and sealed in plastic containers for at least 3 weeks prior to measure-
ment. The 2?°Ra activity average can represent the value of supported
lead (Zlonsup) in the core. The excess of 21°Pb (ZloneX) is obtained by
subtracting the 210Pbsup from the total activity of 210pp, (210Pbtot).

Four *C ages on biogenic carbonates, i.e.mollusk shells and large
specimens of the benthic foraminifera Vaginulina sp., measured at the
AMS facility at the University of Cologne and the Alfred Wegener
Institute (AWI) MICADAS laboratory were used to constrain the age
model of core PG2303 (Table 1). The two l4c ages at 248-246 cm and
238-237 cm delivered similar ages ranging ~861-932 CE (Table 1),
offering a robust age anchor at this core depth interval. The model was
constructed using the OxCal program (version 4.4; Bronk Ramsey, 2008,
2009) and we applied the Marine20 curve (Heaton et al., 2020). We used
a AR of 330 £ 41 years based on a 3600-year-old tephra layer in a
sediment core of the Chukchi Sea (Pearce et al., 2017; West et al., 2022).
It is similar to the AR of 308 + 111 years based on '*C ages of seven
mollusks collected in the nearshore areas of Alaska prior to bomb testing
(Table S4; cf. McNeely et al., 2006). These two independent AR suggest
that the reservoir effect in the area was most probably constant over the
last few millennia.

While the overall age model of PG2303 is based on radiocarbon
dating, the radiogenic isotope activity of 2!°Pb, 2?%Ra, and '*’Cs in the
top 75 cm helped constrain the upper part of the age model. We used the
core depth at which the supported 210pp, js reached, i.e. 1906 CE at 46 +
2 cm (Fig. S2), as an age marker (Fig. 2). Moreover, we assumed that the
drop in '¥Cs recorded at 14.5-9.5 cm core depth (midpoint at 12 cm;
Fig. S2) correlated to the drop in atmospheric '*”Cs fallout at ~1980 CE
(Kuzyk et al., 2013). As the tintinnid concentrations and grain size data
between the top of core PG2303 and the bottom of core PG2303-1 show
no communalities (Fig. 3), we interpret the top of core PG2303 to be
older than the age at the bottom of core PG2303-1 and that there is no
overlap between the cores. Thus, the top of core PG2303 must be older
than 1999 + 6 CE (cf. Falardeau et al., 2023). Nevertheless, the total
inventory of '%’Cs in PG2303 indicates that only a limited amount of
surface sediment has been lost in the coring process (cf. Kuzyk et al.,
2013). Using levels for the drop in 137Cs and for the supported 210pp, we
calculated a mean sedimentation rate of 0.44 + 0.06 cm a~! for this
interval and extrapolated the age upwards. This gave an age of 2010 +
20 CE for the core top, but due to the maximal possible age of 1999 + 6
CE at the core top, we reduced the possible range to 1990-2005 CE
(Fig. 2; see Fig. S2 and Appendix A for more details).

The sediment mass accumulation (g ecm2a™ 1) results from the
calculated mean sedimentation rates (cm a’l) based on the OxCal age
model multiplied by the mean density of 1.05 =+ 0.05 g cm™>. The mean
density was calculated from the fifteen samples measured for 2!°Pb,

l4c ages on core PG2303 calibrated according to Marine20 with the CALIB 8.20 calibration program (Stuiver and Reimer, 1993) in consideration of a AR of 330 + 41
years. The 1*C age in gray was not considered in the model. The 1*C ages with a laboratory sample ID starting with AWI and COL were measured at AWI MICADAS and

at the University of Cologne, respectively.

Date name as Depth (cm) Uncalibrated'*C age  Calibrated age Median age Median age  Dated material Reference Laboratory
reported in (years BP) range (2 sigma) (cal. years (years CE) sample ID
Fig. 2 (cal. years BP) BP)
One large specimen of
benthic foraminifer
Outlier 112-113 2313 + 80 1164-1618 1385 565 Vaginulina sp. This study AWI-7126.1.1
Grotheer
PG4 151-152 1865 + 41 738-1099 921 1029 Bivalve; Nuculana sp. et al. (2020) COL4367.1.1
One large specimen of
benthic foraminifer
PG3 237-238 2024 + 67 898-1283 1089 861 Vaginulina sp. This study AWI-7127.1.1
PG2 246.5-247.5 1955 + 65 813-1231 1018 932 Mollusk This study AWI-7148.1.1
Grotheer
PG1 673.5 3062 + 47 2050-2492 2269 -319 Bivalve; Nuculana sp. et al. (2020) COL4368.1.1
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Fig. 3. Microfossil concentrations (black lines), fluxes (green lines), grain size (black = sand; gray = silt; green = clay), and mass accumulation rates of the composite
sequence of cores PG2303-1/PG2303 as a function of depth (cm). Dashed lines represent the flux and mass accumulation rate errors. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

which showed homogeneous values (Table S5). Uncertainties on the
accumulation rates follow the propagation of the errors on the ages and
the density.

3.4. Micropaleontological preparations

A total of 39 subsamples (~6 g of dried sediment) from core PG2303
were dried, weighed, and subsequently wet sieved at 63 pm. The >63
pm fraction was used to observe and count microfossils under a binoc-
ular microscope at 40x. In three samples, fine sand was abundant, and
we used dense liquid (tetrachlorethylene, C2Cls) to separate mineral
grains from biogenic remains (Table S2). The most common microfossils
were benthic foraminifera, ostracods, and tintinnids.

The identification of foraminifera largely follows previous work by
Feyling-Hanssen et al. (1971), Polyak et al. (2002), Scott et al. (2008a),
and Jennings et al. (2020). All benthic foraminiferal taxa identified in
this study are the same as those found in the short core PG2303-1
collected at the same site in the Herschel Basin (Table 2a). For a detailed
description of the micropaleontological content in the gravity core
PG2303-1, see Falardeau et al. (2023). All calcareous benthic forami-
niferal taxa belonging to the Polymorphinoidea superfamily were
grouped as “polymorphinids” (Table S6).

For the ostracod community, some taxa occurred exclusively in core
PG2303. Among these, Acanthocythereis dunelmensis, Roundstonia glob-
ulifera, Cytheropteron biconvexa, Kotoracythere arctoborealis and Norma-
nicythere leioderma are reported here for the first time in the Herschel
Basin (Table 2b). Their identification is based on Gemery et al. (2017)
and Stepanova et al. (2003). The ostracods are categorized into two
groups following their tolerance to salinity (Table 2b); the low salinity
tolerant (LST) taxa and the euhaline taxa, which prefer salinity >30 psu.

The only reported species of tintinnids in cores PG2303 and

PG2303-1 is Tintinnopsis fimbriata (Meunier, 1919; Agatha, 2008).
T. fimbriata is an agglutinated ciliate that uses small mineral particles to
build its shell (lorica). It was reported as Tintinnopsis rioplatensis (Souto,
1973) in Scott et al. (2008a).

We calculated the concentrations (# g’1 sediment) of calcareous
benthic foraminifera, agglutinated benthic foraminifera, ostracods, and
T. fimbriata by dividing the total counts by the dry mass in each sample.
For microfossil fluxes (# cm’za’l), we multiplied the concentrations (#
g’l) with the accumulation rates (g cm’za’l). We considered the un-
certainties in accumulation rates to calculate the errors in the fluxes.
Next, we calculated the relative abundance (%) of benthic foraminiferal
and ostracod taxa. The benthic foraminiferal counts are reported as the
relative frequency of the taxa versus the total benthic foraminiferal
(calcareous and agglutinated) assemblage. The agglutinated forami-
nifera are found in lower numbers, but we also calculated the percentage
of the calcareous and agglutinated species separately, together with the
total foraminiferal concentrations and fluxes (Fig. S3). Finally, we used
the Arctic Ostracode Database 2020 (AOD2020; Cronin et al., 2021) and
built distribution maps of selected species using Ocean Data View
(Schlitzer, 2018; Fig. S4).

The percentages of foraminifera are considered statistically signifi-
cant for dominant taxa (>5%) when a minimum of 100 foraminiferal
tests are counted per sample, although >300 specimens should normally
be counted to fully account for the proportions of rare species (Fatela
and Taborda, 2002). For ostracods, we considered abundances of >10
valves as significant. All counts of calcareous benthic foraminifera
satisfied the minimum threshold value of 100 with a mean of 458 + 173
specimens per sample, with one exception (sample at 63-62 cm; 1790 +
30 CE; 78 foraminifera counted; Table S6). When calcareous and
agglutinated foraminiferal specimens are combined, counts <300 are
reached in only seven samples, among those two have a sum <200.
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Table 2a Thus, we are confident in the robustness of the foraminiferal assemblage
List of benthic foraminiferal and tintinnid taxa identified in the cores (x = data. Ostracod valve counts ranged from one to 45 with a mean of 15 +
present). 11 valves per sample (Table S6). We calculated the percentages of
PG2303 PG2303-1 ostracod taxa for all samples, but assemblages should be considered with
- caution especially with low abundance counts of <10 valves. For
Calcareous foraminifera . . X
Bolivinellina pseudopunctata (Hoglund, 1947) X X T. fimbriata, there were <10 loricae counted per sample below 53 cm,
Buccella frigida (Cushman, 1922) X x but the counts reached a mean of 53 + 31 specimens in the upper part of
Cassidulina reniforme Ngrvang, 1945 X X the core. Only the concentrations and fluxes are presented for the tin-
Cornuspira involvens (Reuss, 1850) X X tinnids as one species was identified.
Elphidiella groenlandica (Cushman, 1933) X -
Elphidium albiumbilicatum (Weiss, 1954) X X
Elphidium asklundi Brotzen, 1943 X X 3.5. PCA analyses and community diversity
Elphidium bartletti Cushman, 1933 X X
Elphidium clavatum Cushman, 1930 X X .. . .
Flphidium hallandense Brotzen, 1943 X X . W.e.peljformed.a [.)r.mc1pal Fomponent a.n'f\1y51s (PCA) to guide th.e
Eoeponidella pulchella (Parker, 1952a) % % identification of significant shifts and to divide the record of benthic
Epistominella takayanagii Iwasa, 1955 X X foraminiferal and ostracod assemblages in the composite sequence of
Haynesina “i‘;e“ ELaf“gnZ';gﬁf’;sl ) x X cores PG2303-1 and PG2303 into ecozones. For the abundant and
Haynesina orbicularis (Brady, a X X . . .. .
Islandiella helenae Feyling Hanssen & Buzas, 1976 N N dlver‘se benthic for:amlmferal assemblages (cal.careous and agglutinated
Islandiella norcrossi (Gushman, 1933) x X taxa included), we included taxa that occurred in at least 20 out of the 74
Nonionellina labradorica (Dawson, 1860) X X samples of the composite core and that were > 2% of the assemblages in
Polymorphinoidea X X at least one sample. Then, we analyzed the samples with >300 test
Pyrgo williamsoni (Sylvestri, 1923) X X counts. For ostracods, all taxa were kept, but we ran the analysis only on
Quinqueloculina stalkeri Loeblich & Tappan, 1953 X X 1 ith £10 val F he PCA d th
Quinqueloculina seminulum (Linnaeus, 1758) X X samples with counts o valves or more. For the , we used the
Stainforthia feylingi Knudsen & Seidenkrantz, 1994 X X vegan package (Oksanen et al., 2013) on the standardized (z-scores)
Stainforthia loeblichi (Feyling-Hanssen, 1954) X b relative abundances using the R software (R Core Team, 2021).
Stetsomia horvathi Green, 1960 x x The Shannon diversity index (Shannon, 1948) was used as an indi-
Tnl‘?wl%m Mhedm. Loeb.hm & .Tappan’ 1953 x x cator of diversity, which is the exponential of the Shannon entropy. The
Vaginulina trondheimensis (Feyling-Hanssen, 1964) X - X S X
Valvulineria spp. Cushman (1926) x X Shannon diversity index was calculated on the Hellinger-transformed
Agglutinated foraminifera raw counts of foraminifera and ostracods of the composite core in the
Ammotium cassis (Parker, 1870) - X vegan package under R. For foraminifera, the specimens identified to the
C”b"’“"_'"‘"des crassimargo (Norman, 1892) X X genus level were discarded, except those belonging to specimens usually
Eggerelloides advenus (Cushman, 1922) X X identified at th 1 1 h Valvuli N Table 22). W
Lagenammina difflugiformis (Brady, 1876) X < identified at the genus leve . suc' as' alvulineria spp. (see Table 2a). We
Portatrochammina karica Shchedrina, 1946 X X calculated the Shannon diversity index at the genus level for the
Recurvoides turbinatus (Brady, 1881b) X X ostracods.
Spiroplectammina biformis (Parker & Jones, 1865) X X
Textularia earlandi Parker, 1952b X X .
Textularia torquata Parker, 1952a X X 3.6. Stable isotopes
Tintinnids
Tintinnopsis fimbriataMeunier, 1919 X x The isotopic composition (5'%0 and 5'3C %o vs. VPDB) of benthic
foraminiferal tests was measured on Elphidium clavatum and Cassidulina
reniforme. For each species, between 50 and 120 pg from the >63 pm
fraction (equivalent to about 80-200 specimens of E. clavatum and
Table 2b
List of ostracod taxa identified in the cores (x = present).
PG2303 PG2303-1 Low Salinity Tolerant Euhaline References
Acanthocythereis dunelmensis (Norman, 1869) X - X 5
Cluthia cluthae (Brady, Crosskey & Robertson, 1874) X - X 1,5,6
Cytheropteron biconvexa Whatley and Masson,1979 X - X 1,3
Cytheropteron brastadensis Lord, 1981/Cytheropteron discoveria Brouwers, 1994 X X X 1,2,6
Cytheropteron elaeni Cronin, 1989 X X X 2,4,5
Cytheropteron sulense Lev, 1972 X X X 5
Cytheropteron suzdalskyi Lev, 1972 X X X 2
Eucythere spp.: Eucythere argus (Sars, 1866); Eucythere declivis (Norman, 1865) X X X 5
Eucytherura delineata Whatley & Eynon, 1996 X X X 4
Heterocyprideis sorbyana (Jones, 1857) X X X 3,56
Kotoracythere arctoborealis Schornikov & Zenina, 2006 X - X 7
Loxoconcha venepidermoidea (Swain, 1963) X X X 2
Normanicythere leioderma (Norman, 1869) X - X 1,2,5
Paracyprideis pseudopunctillata Swain, 1963 X X X 2,3,4,5
Rabilimis mirabilis (Brady, 1868) X X X 1,2,5
Roundstonia globulifera (Brady, 1868) X - X 5
Semicytherura complanata (Brady, Crosskey & Robertson, 1874) X X X 6

1- Olausson (1982).

2- McDougall et al. (1986).
3- Stepanova et al. (2003).
4- Gemery et al. (2017).

5- Stepanova et al. (2019).
6- Tian et al. (2020).

7- Gemery et al. (2021).
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60-150 specimens of C. reniforme) were weighed with a microbalance
and transferred into conical glass vials. The vials were closed with
septum caps and heated at 90° for an hour prior to the analysis at
Geotop-UQAM. The laboratory uses a Micromass Isoprime isotope ratio
mass spectrometer coupled to a MultiCarb system in dual inlet mode. In
some intervals, successive samples were grouped to reach a suitable
mass of calcium carbonate. Some samples could not be measured due to
insufficient mass (Table S7). The results were normalized using two
internal reference materials (6'%0 = —1.48 + 0.03 %o and — 14.25 +
0.05 %o; 5'3C = 2.21 + 0.03%0 and — 40.78 + 0.05%o). The analytical
uncertainty is less than +0.05 %o and + 0.08 %o for §'%0 and 5'3C,
respectively.

E. clavatum tests have shown a disequilibrium of around —0.6 to —1.0
%o vs. VPDB (Erlenkeuser and von Grafenstein, 1999; Polyak et al.,
2003), but also a positive one of +1.0 %o vs. VPDB (Bauch et al., 2004),
for 5'%0 in other studies of Arctic sediments. E. clavatum is known to
have different offsets depending on water salinity (Polyak et al., 2003;
Bauch et al., 2004). Therefore, although it is one of the most common
species on Arctic Ocean shelves, E. clavatum is not ideal for isotopic
analysis in shallow estuarine environments. Nevertheless, since the
studied core site is from the deeper part of the basin, below the pycno-
cline (Fig. 1c), the isotope data should reflect a relatively stable and
saline environment. C. reniforme normally calcifies close to equilibrium
with a low vital offset of 0.13 4 0.2 %o (Austin and Kroon, 1996).

Negative 5'3C values of E. clavatum have been reported in previous
studies (Erlenkeuser and von Grafenstein, 1999; Polyak et al., 2003;
Bauch et al., 2004), which would suggest infaunal habitats where pore
waters are depleted in 3¢ (McCorkle et al., 1990). Indeed, E. clavatum
often lives as shallow infaunals in the upper millimeters of sediment
(Murray, 2006) and can tolerate high sedimentation rates and burial
(Ullrich et al., 2009), while Cassidulina can be both epifaunal and
infaunal (Murray, 2006).

Seawater samples were poured from a water sampler at the sampling
site directly into 30 mL narrowneck LDPE bottles. Samples were stored
dark and cool at +4 °C prior to analysis. The oxygen (5'%0) and
hydrogen (5%H) stable isotope compositions of precipitation were
measured in the Stable Isotope Facility of the Alfred Wegener Institute in
Potsdam (Germany), using a Finnigan MAT Delta-S mass spectrometer
(16 <0.1 %o for 880, 16 <0.8 %o for 52H; Meyer et al., 2000). Values are
given as per mil (%o) difference from the Vienna Standard Mean Ocean
Water (VSMOW) standard (see data in Table S8). The 5'20 in the water
was used to calculate the equilibrium calcite §'%0 as a function of
salinity using the equation of Shackleton (1974) modified for the PDB
scale (Hut, 1987) based on Polyak et al. (2003) and assuming stable
water temperatures of —1 °C (Fig. 1c). The equation is:

Equilibrium calcite 80 = 8" x O yyer — 0.27 + (Temperature rcl
-16.9)/ —4.0

4. Results
4.1. PG2303 grain size and age model

The ratios between sand, silt, and clay are relatively constant
throughout core PG2303, with concentrations ranging from 1 to 4%,
63-74%, and 23-36%, respectively. The OxCal model performed on the
14¢ data for core PG2303 yielded ages of 690 + 150 CE in the bottom
sample (322-321 cm) up to 1998 + 8 CE at core top (Fig. 2). The mean
mass accumulation rates are 0.38 + 0.02 g cm 2 a~! from the bottom to
1160 + 130 CE, then they decrease to 0.15 g cm™2 a~}, subsequently
again increasing to 0.52 g cm 2 a~* from 1910 + 10 CE to the core top
(Fig. 3). The bottom of the short core PG2303-1 is younger than the top
of the long piston core PG2303 in accord with high 210pp, . values and
sedimentological and micropaleontological data (see Section 3.3;
Fig. S2; Appendix A; Falardeau et al., 2023).
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4.2. PG2303 Microfossil abundances

The most abundant microfossils reported in this study are calcareous
benthic foraminifera with mean concentrations of 72 + 25 g~. The
concentrations decrease by half towards the core top, with values of
~106 g’1 at the bottom of the core (690 + 150 CE) down to mean values
of 55 + 20 g at <110 cm (>1440 + 90 CE; Fig. 3). The flux of
calcareous foraminifera is estimated at 25 + 13 cm2a™!, with recurrent
higher values prior to 1160 + 130 CE (mean of 33 £+ 7 cm 2 a’l).

The concentrations of agglutinated benthic foraminifera average 11
+ 8 g1 and their fluxes average 4 + 4 cm ™2 a~!. A distinct interval of
low agglutinated foraminiferal abundances occurs around 120-50 cm
(~1330-1880 CE) with mean concentrations of 7 + 4 g’1 and mean
fluxes of 1 + 1 cm™2 a~'. However, the presence of calcareous and
agglutinated foraminifera throughout the record suggests good
preservation.

The concentration of ostracods ranges from 1 to 6 valves g1, except
for a maximum of 9 valves g ' at 1160 + 130 CE (Fig. 3), corresponding
to a maximum flux of 4 + 1 valves cm™2 a~'. Tintinnopsis fimbriata
abundance is low until 53 cm (1825 + 20 CE; <1 g’l). Afterward, mean
T. fimbriata concentrations are 8 + 5 g~! and fluxes are 4 + 3 cm 2a™1,

4.3. Benthic foraminiferal assemblages

A total of 22 species of calcareous and 11 species of agglutinated
benthic foraminiferal taxa were identified (Table 2a). There was no
indication of dissolution of the carbonate tests. The Shannon diversity
index is 12 + 2 in cores PG2303-1/PG2303 but reaches recurrent lower
values towards the present (<10; Fig. 4). Elphidium clavatum and Cas-
sidulina reniforme dominate the assemblages of core PG2303 with per-
centages of 35 + 7% and 24 + 8% of the calcareous and agglutinated
assemblage, respectively. Spiroplectammina biformis is the dominant
agglutinated taxa with relative abundances ranging from 5 to 35%.
Islandiella helenae, Haynesina orbicularis, Haynesina nivea, Buccella frig-
ida, Eoeponidella pulchella, Stainforthia feylingi, polymorphinids, and
Textularia torquata are occasional accompanying taxa (0-10%). Islan-
diella norcrossi, Elphidium asklundi, Epistominella takayanagii, Quinquelo-
culina stalkeri, Triloculina trihedra, Stetsonia horvathi, Textularia earlandi,
and Recurvoides turbinatus are common, but occur in low percentages
(<3%; Fig. 4; Table S6). Stainforthia loeblichi and Bolivinellina pseudo-
punctata were also recovered in addition to rare specimens of Cornuspira
Spp., Elphidium bartletti and the agglutinated Cribrostomoides crassimargo,
Portrochammina karica and Eggerelloides advenus (Tables 2a and S6).

The PCA of benthic foraminiferal assemblages revealed that the first
principal component (PC1) explains 28% of the variance (Fig. 5; See
Table 3 for the corresponding abbreviation names). Negative PC1 scores
characterize the modern assemblages (samples younger than 1790 + 30
CE; Fig. 5), which are marked by the increase of T. earlandi, S. feylingi,
E. pulchella, H. nivea, S. horvathi, S. biformis, and Q. stalkeri (Figs. 4-5).
The second principal component (PC2) explains 15% of the variance. It
shows an opposition between the agglutinated taxa R. turbinatus,
S. biformis and T. torquata together with the calcareous taxon
B. pseudopunctata against H. nivea, E. clavatum, E. pulchella, and B. frigida
(Fig. 5).

The foraminiferal assemblages were divided into three ecozones
based on the PCA results. Ecozone F-III is distinguished by positive PC2
values from 690 + 150 to 950 + 140 CE (Figs. 4-5). However, Ecozone
F-III, is more importantly defined by the abundance of C. reniforme,
which dominates the assemblages only during this interval (Fig. 4). In
Ecozone F-II, PC1 scores positive and PC2 scores negative values until
1790 + 30 CE. Finally, in Ecozone F-I, PC1 values decrease to near zero
values and then oscillate (Ecozone F-L.II) until a clear shift to negative
values at ~1955 CE occurs (Ecozone F-I.I; Fig. 4).
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Calcareous foraminifera
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Fig. 4. Percentages of benthic foraminiferal taxa in the composite sediment sequence of cores PG2303-1/PG2303 as a function of depth (cm). The assemblages
calculated with <300 foraminiferal tests are represented in gray. The principal component analysis (PCA) scores are represented by thick black bars (PC1) and thin
gray bars (PC2). The ecozones were defined based on the PCA of the foraminiferal assemblages (see Fig. 5) and a shift in the dominant taxa.

4.4. Stable isotopes

The 580 of Cassidulina reniforme (5'80cg) mostly ranges from 1.5 to
2.5 %o (mean = 1.9 £ 0.3 %o) throughout the composite sequence. It
shows little variations nearly through ecozones F-III to F-II, after which
large amplitude oscillations of +1.0 %o occur (Fig. 6a). The stable carbon
isotope of C. reniforme (8'3C¢g) records mean values of —1.6 =+ 0.1 %e.

The 5'80 of Elphidium clavatum (6180Ec) ranges between 0.2 and 1.6
%o before 1955 + 10 CE (mean = 1.0 + 0.2 %o; Fig. 6a). Above, in
Ecozone F-LI, the §'®0p¢ shows a decrease accompanied by large
amplitude oscillations of up to 4.0 %o, with values ranging from —2.5 to
2.0 %o. On the other hand, the §'3Cgg is relatively uniform prior to 1790
+ 30 CE with a mean of —3.2 + 0.1 %o and slowly decreases in the upper
part of the sequence to reach values of —4.0 + 0.1 %o at the core top (see
raw data in Table S7).

4.5. Ostracod assemblages

In total, 19 ostracod taxa were identified. Among those, six are low
salinity tolerant (LST) and 11 are euhaline (Table 2b; Fig. 7). The
recurrent euhaline taxa are Cytheropteron spp., Cytheropteron suzdalskyi,
and Cytheropteron sulense (cf. McDougall et al., 1986; Stepanova et al.,
2019). Paracyprideis pseudopunctillata is the dominant LST taxa. The
Shannon diversity index indicates that one to five ostracod genera
compose the assemblages (Fig. 7). Kotoracythere arctoborealis occurs at
three distinctive intervals, often accompanied by Normanicythere
leioderma.

The PCA of the ostracod assemblages shows an opposite trend be-
tween two groups of species on the first axis, which explains 22% of the
variance (PC1, Fig. 8; see Table 3 for the corresponding abbreviation
names). The first group of PC1 includes C. suzdalskyi, Cytheropteron
brastadensis, Semicytherura complanata, and Cytheropteron spp. scoring
negatively, and the second group of PCl is composed of
P. pseudopunctillata, K. arctoborealis, Cluthia cluthae, N. leioderma, and

Rabilimis mirabilis scoring positively. PC2, which explains 14% of the
variance, is mainly characterized by Heterocyprideis sorbyana and Lox-
oconcha venepidermoidea scoring negative values in contrast to
S. complanata, C. cluthae and C. brastadensis (Fig. 8). PC2 seems to
discriminate ostracod taxa based on their salinity preference (Table 2b).

The Ecozones O-I1I, O-II, and O-I division is based on PC1. In Ecozone
O-III, from 690 + 150 to 1040 + 135 CE, Cytheropteron spp. and
C. suzdalskyi largely dominate the assemblages (57 + 23%), which
corresponds to negative PC1 scores and low species diversity (means of 2
=+ 1; Figs. 7-8). In Ecozone O-II, PC1 values are positive with abundant
P. pseudopunctillata (46 + 20% of the assemblages). In Ecozone O-, from
1920 + 10 CE to the top of the record, PC1 values shift back to negative
scores with the dominance of Cytheropteron spp. and C. suzdalskyi (65 +
29%), and the species diversity drops (means of 2 + 1). Ecozone O-1 was
subdivided into two subzones, based on marked negative PC2 scores
after 1998 + 8 CE associated with a notable increase of LST taxa oc-
currences (Fig. 7).

4.6. Ecozones and ecological shifts

The ostracod and foraminiferal ecozones are nearly similar in range,
although the transitions from ecozones III to II, and from ecozones II to I,
both occur later for ostracods than for the foraminifera (Figs. 4 and 7).
The ecozones are compared in the summary Fig. 9, which is shown in
function of depth due to the poorly constrained age model, especially
prior to 1790 + 30 CE (Fig. 2). Interpretations and comparisons with the
literature are thus cautious for this interval. However, one important
ecological shift at 1160 + 130 CE was identified independently from the
ecozones (see Section 5.2.2; Fig. 9). The two main ecological shifts
identified are based on the more diverse and abundant foraminiferal
assemblages, i.e. ecozones F-LII and F-LI, an interval where the age
model is supported by additional radiogenic isotope data, and thus
better constrained (i.e. after ~1800 CE; Figs. 2 and S2; Appendix A).
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Fig. 5. PCA plot of foraminiferal assemblages in the composite sediment sequence of cores PG2303-1/PG2303 (black dots for piston core PG2303 samples and
orange dots for the short gravity PG2303-1 core samples). Agglutinated foraminifera are shown in blue, the low-oxygen tolerant calcareous species Bolivinellina
pseudopunctata (B_pseu) is in green, while the remaining calcareous species are shown in red. See Table 3 for the full names of the abbreviations used. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5. Discussion

5.1. Identification of environmental conditions from micropaleontological
proxies

5.1.1. Variable salinities and turbidity on Arctic shelves

The nearshore PG2303-1/PG2303 cores were retrieved at a rela-
tively shallow depth (32 m), around 20 m below the summer halocline
(Mulligan et al., 2010; Fig. 1c), and within the propagation limit of the
Mackenzie River plume (Wood et al., 2015). Our microfossil assem-
blages reflect the highly variable salinity, temperature, and sediment
discharge typical of Arctic estuaries, with the occurrence of Elphidium
clavatum, Haynesina orbicularis, and Buccella frigida (cf. Khusid and
Korsum, 1996; Polyak et al., 2002). Haynesina nivea, which occurs
throughout the sequence and records high percentages in the upper part
of the core, is indicative of shallow environments with fluctuating low
salinity (light blue in Fig. 9) and relatively warm waters (Madsen and
Knudsen, 1994; Luoto et al., 2011; Voltski et al., 2015; Falardeau et al.,
2023). The other common taxa include Cassidulina reniforme, Islandiella
helenae, Spiroplectammina biformis, and Textularia spp. that are typical of
Arctic Ocean shelves (Jennings and Helgadottir, 1994; Scott et al.,
2008a; Cage et al., 2021). They also include Eoeponidella pulchella that
thrives in particularly nutrient-rich waters (Wollenburg and Kuhnt,

2000; Knudsen et al., 2008; Scott et al., 2008b; Falardeau et al., 2023),
and together with Epistominella takayanagii (light green in Fig. 9), it may
relate to enhanced productivity.

The presence of LST ostracods (light blue in Fig. 9; except Para-
cyprideis pseudopunctillata), notably Heterocyprideis sorbyana found in
river-influenced shallow environments (Stepanova et al., 2007; Gemery
et al., 2021), also suggests varying salinity.

Interestingly, the euhaline taxon Cytheropteron sulense reaches its
highest abundance near the river mouths (Fig. S4b), similar to the tin-
tinnid Tintinnopsis fimbriata, characteristic of sediment-loaded freshwa-
ters (Echols and Fowler, 1973; Burkovsky, 1976; Rogers et al., 1981;
Scott et al., 2008a; Falardeau et al., 2023). The relationship between
C. sulense and estuaries is not clear yet, but this shallow-water taxon
found at littoral depths may tolerate turbidity and feed on the seasonal
supply of food from river discharges.

5.1.2. Relationships to sea ice and food requirements

The nearshore study site is influenced by sea ice with land-fast ice
that persists for nearly 9 months per year, from October to June (Car-
mack and Macdonald, 2002). The dominance of Cassidulina reniforme
and Elphidium clavatum is compatible with such an environment and
often constitute sea-ice proximal assemblages in fjords and glacial
tongues (Hald and Korsun, 1997; Korsun and Hald, 2000; Jennings et al.,
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Table 3
List of abbreviations used for foraminiferal and ostracod taxa in the Figs. 5 and 8.

Benthic foraminifera:

B_frig Buccella frigida

B_pseu Bolivinellina pseudopunctata
C_ren Cassidulina reniforme
E_ask Elphidium asklundi

E_clav Elphidium clavatum

E_pul Eoeponidella pulchella
E_tak Epistominella takayanagii
H_niv Haynesina nivea

H_orb Haynesina orbicularis

Lhel Islandiella helenae

I_nor Islandiella norcossi

Polym Polymorphinids

Q_stalk Quingqueloculina stalkeri
R_turb Recurvoides turbinatus
S_bif Spiroplectammina biformis
S_fey Stainforthia feylingi

S_hor Stetsonia horvathi

S_loeb Stainforthia loeblichi

T ear Textularia earlandi

T_tor Textularia torquata

T_Tri Triloculina trihedra
Ostracods:

C_bic Cytheropteron biconvexa
C_bras Cytheropteron brastadensis
C_clut Cluthia cluthae

Cela Cytheropteron elaeni

C_spp Cytheropteron spp.

C_sul Cytheropteron sulense
C_suz Cytheropteron suzdalskyi
E_del Eucytherura delineata
H_sorb Heterocyprideis sorbyana

K arcto Kotoracythere arctoborealis
L_ven Loxoconcha venepidermoidea
N_lei Normanicythere leioderma
P_pseu Paracyprideis pseudopunctillata
R_glob Roundstonia globulifera
R_mir Rabilimis mirabilis

S_comp Semicytherura complanata

2020). The ostracod Semicytherura complanata, which records maximum
abundance in polynyas of the Bering and Siberian shelves (Barber and
Massom, 2007; Fig. S4f), may indicate enhanced sea-ice formation and
brine rejections (Stepanova et al., 2003). The ostracod Paracyprideis
pseudopunctillata, although also tolerant to low salinity (light blue in
Fig. 8), may relate to an environment characterized by brine rejections
(Gemery et al., 2021). Hence, P. pseudopunctillata is widely distributed
along the Arctic nearshore areas, particularly where new sea ice is
formed year-round on the East Siberian shelf (Fig. S4e).
P. pseudopunctillata accompanied by S. complanata and Cluthia cluthae
forms an assemblage similar to those of Hanna Shoal, NW Alaska
(Fig. 1a), where frigid winter waters (dark blue in Fig. 9; Gemery et al.,
2021) are accompanied with brine rejections. Furthermore, Stainforthia
feylingi has a connection with sea ice as it typically thrives in the high-
productivity areas near sea-ice margins (dark green in Fig. 9; Seid-
enkrantz, 2013).

Textularia earlandi and Stetsonia horvathi usually dominate oligotro-
phic waters under permanent sea-ice cover (Wollenburg and Mack-
ensen, 1998; Wollenburg and Kuhnt, 2000; Jennings et al., 2020).
However, in this study, we propose that the presence of T. earlandi and
S. horvathi may be controlled by their feeding strategy. Both taxa can
feed on complex organic carbon or bacterial degradation products that
constitute food of poor quality (Alve, 2010; Jennings et al., 2020).
Quinqueloculina stalkeri is a more bacterial feeder than a fresh algal
feeder and can tolerate high turbidity (Guilbault et al., 2003). Hence, the
three taxa, T. earlandi, S. horvathi, and Q. stalkeri, are here grouped as
bacterial/complex carbon feeders (brown in Fig. 9). The bacterial/
complex carbon feeders may represent opportunistic behavior taking
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advantage of increased food supply regardless of the food type (cf. also
Makela et al., 2018). Intervals of more depleted §'3C in the tests of
benthic foraminifera may point to enhanced organic carbon fluxes and
remineralization (Mackensen, 2008).

5.1.3. The shelf-break waters

The shelf-break waters, which are mainly derived from Pacific waters
and the slightly saltier and warmer Atlantic waters (Lin et al., 2020), are
important components of the Herschel Basin hydrography. They upwell
along the margin and fill the bottom of the basin (Williams and Car-
mack, 2012). These water masses have a more oceanic signatures and
may be associated with species that prefer cool stable saline bottom
waters such as Islandiella norcrossi (cf. Polyak et al., 2002), a species
which has been found associated with chilled Atlantic Water (Rytter
etal., 2002; Cage et al., 2021; Seidenkrantz et al., 2021), and Cassidulina
reniforme (cf. Polyak et al., 2002; Scott et al., 2008a). The occurrence of
Triloculina trihedra, even in relatively low numbers, also suggests inflow
of stable and saline bottom waters as miliolids thrive in such conditions
(Murray, 1991; Polyak et al., 2002). Moreover, T. trihedra was previ-
ously found in assemblages dominated by the Atlantic-water indicator
Cassidulina neoteretis cf. (Seidenkrantz et al., 2021) in the Kara Sea
(Husum et al., 2015) and the Eurasian Basin (Wollenburg and Mack-
ensen, 1998). However, although these taxa suggest stable and saline
bottom waters, they do not necessarily provide evidence of Atlantic
waters in the Herschel Basin.

Kotoracythere arctoborealis today reaches its maximum abundance in
the Bering and Chukchi Seas (Fig. S4c; Gemery et al., 2021; orange in
Fig. 9), while Normanicythere leioderma is found in relation to productive
bottom waters in the Bering-Chukchi-Beaufort Seas (Fig. S4d; Gemery
etal., 2021), and often co-occurs with K. arctoborealis (Fig. 7). Together,
the intermittent occurrence of these species in our record may indicate
variable presence of nutrient-rich Pacific waters (green and orange in
Fig. 9) and thus, that influx of Pacific-sourced waters has occurred in
pulses in the Herschel Basin during the last millennium (orange in
Fig. 9); this may be partly due to its bathymetric features. Hence,
intensified penetration of shelf-break water masses into the basin may
occur during events of particularly favorable climatic conditions for
upwelling on the Beaufort Sea shelf and/or for the eastward flow of
Pacific waters.

5.2. History of environmental conditions prior to ~1800 CE

5.2.1. Influence of oceanic waters in the Herschel Basin from ~700 to
1150 CE

In Ecozone F-III, the dominance of Cassidulina reniforme and the
occurrence of Islandiella norcrossi (Fig. 4) suggest influx of relatively
saline bottom waters from the open shelf (see discussion in Section
5.1.3). The enhanced inflow of oceanic waters persisted slightly into
Ecozone F-1I as Triloculina trihedra relative abundance increases from
950 + 140 to 1040 + 135 CE (Fig. 9). Yet, the frequent occurrence of
Cytheropteron sulense through Ecozone O-III (~690-1040 CE; Figs. 7,
S4b) rather suggests estuarine-like conditions (Section 5.1.1) with epi-
sodes of freshwater discharge consistent with the abundance of Hay-
nesina orbicularis and Buccella frigida (Fig. 4; Polyak et al., 2002).
Altogether, the foraminiferal and ostracod assemblages thus suggest a
combination between relatively high inflow of oceanic waters as well as
relatively strong outflow of lower-salinity waters presumably derived
from river runoff and/or snow and sea-ice melt. Similarly, oscillations in
the oxygen stable isotope signals of ostracod valves and in the aggluti-
nated foraminiferal abundances in the more offshore core HLY1302
(Fig. 1b) suggest fluctuating salinity and temperature in bottom waters
between 800 and 1200 CE (Gemery et al., 2023).

In contrast, the §'80g¢ and §'®0¢y are relatively stable and oscillate
close to 1.0 %o and 1.8 %, respectively, through Ecozone F-III (Fig. 6a).
Based on the strong linear relationship between 5'80 of seawater and
salinity in the Herschel Basin, these values would correspond to a
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salinity of ~31 psu if assuming a negative offset of 1.0 %o for Elphidium referred to as Polar Mixed Layer). Thus, the temporal resolution
clavatum (Fig. 6b; Erlenkeuser and von Grafenstein, 1999; Polyak et al., captured by the 5'80gc and 8'®0cp is likely not sufficient to be used as
2003). This is within the current mean annual (summer to winter) range indicators of summer bottom water salinity variations in this interval (cf.

for the bottom water salinity (ranging 28-32 psu; Mulligan et al., 2010; Gemery et al., 2023).
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At 1040 + 135 CE, the presence of Paracyprideis pseudopunctillata
accompanied by Cluthia cluthae and Semicytherura complanata supports
persistent frigid and saline bottom waters through Ecozone O-II (Section
5.1.2). Concurrently, the presence of Rabilimis mirabilis (Fig. 7) may
indicate the development of stable cold and saline bottom waters as this
species thrives in the upper limit of the Arctic Ocean halocline (Cronin
et al., 2022). Such conditions may suggest enhanced sea-ice formation
and brine rejections leading to poorly mixed bottom waters and strong
stratification. The increased occurrence of the calcareous low-oxygen
tolerant species Bolivinellina pseudopunctata (Alve and Bernhard, 1995;
Patterson et al., 2000) combined with the relatively high frequencies of
agglutinated foraminifera in Ecozone F-II (Figs. 4-5; Table S6), suggests
episodes of reduced bottom-water ventilation and increased rejection of
corrosive brines (Nardelli et al., 2023), respectively. However, condi-
tions on the continental shelf were likely still favorable for biological
productivity with continuous influence of shelf-break waters until 1160
+ 130 CE as suggested from the occurrence of Pacific water indicators
(orange and green, Fig. 9).

5.2.2. The culmination of a regional cooling between ~1150 and 1650 CE

Afterwards, for a few hundred years, from 1160 + 130 CE to 1650 +
50 CE, there is no indication of strong oceanic inflow (Section 5.1.3). We
associate this interval with the coldest phase of our record. It was likely
marked by dense sea-ice cover, limited upwelling to the shelf (Schulze
and Pickart, 2012), and low productivity as illustrated by low micro-
fossil abundances and fluxes (Fig. 3). This interval was characterized by
low sediment accumulation rates (Fig. 3), which concurs with a perva-
sive sea-ice cover limiting sediment supply from coastal erosion, floating
ice, or the spreading of the Mackenzie River plume. The transition to-
wards these cold conditions at 1160 + 130 CE is probably synchronous
with a decrease in air temperatures over Alaska (~1150 CE; cf. Nicolle
etal., 2018; Fig. 9) and with an increase of Arctic sea-ice extent (Kinnard
et al., 2011; Fig. 9). This time period also approximately corresponds to
the period of the Little Ice Age (Mann et al., 2009).

5.2.3. The early decline of harsh climate conditions near the coast,
~1650-1800 CE

Towards the end of Ecozone F-II, at 1650 + 50 CE, bio-productivity
increased slightly (light green, Fig. 9) while Pacific waters were rein-
troduced (orange, Fig. 9). The combination of productivity and influx of
Pacific waters suggests longer sea-ice-free seasons and recurrence of
milder conditions on the Beaufort Sea shelf. This agrees with the con-
clusions of Richerol et al. (2008), who documented high cyst concen-
trations of phototrophic dinoflagellate taxa as early as ~1624 CE in a
site close to the coast in the Mackenzie Trough (core 912A, Fig. 1b), and
about 300 years earlier than what was recorded at more offshore study
sites (cores 906B, 803BC and HLY1302; Fig. 1b; Richerol et al., 2008;
Bringué and Rochon, 2012; Gemery et al., 2023). Notably, the 5'%0cr
signal starts to oscillate of about 1.0 %o at approximately the same time
(~1580 CE) in our record (end of Ecozone F-II; Fig. 6a). These oscilla-
tions may suggest larger amplitude salinity variations of +2 psu (Fig. 6),
albeit still within the present seasonal salinity variations (Mulligan
et al., 2010).

5.3. The modern warming after ~1800 CE

5.3.1. The environmental impact of the gradual warming from ca 1800 to
2000 CE

At 1790 + 30 CE, both benthic foraminiferal and ostracod records
suggest a short but strong freshwater pulse (light blue; Fig. 9). Bringué
and Rochon (2012) also reported a low salinity event at 1790 CE (core
803BC; Fig. 1b), which they linked to a release of freshwater accumu-
lated by the Beaufort Gyre, due to a shift from anticyclonic to cyclonic
regime. Shortly after this freshwater pulse, the concentrations of Tin-
tinnopsis fimbriata, which lives at depths of 0-40 m in the water column
(Paranjape, 1987), increased significantly at our study site, which
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suggests enhanced inflow of fresh and sediment-loaded waters (Echols
and Fowler, 1973; Scott et al., 2008a; Falardeau et al., 2023; light blue,
Fig. 9). The high accumulation rates (Fig. 3) also point to high sediment
supply, which is in agreement with increased abundance of Spi-
roplectammina biformis (Fig. 4), a taxon tolerant to rapid sedimentation
and turbid meltwater (Jennings and Helgadottir, 1994). Concurrently,
enhanced input of terrestrial organic carbon is illustrated by the increase
in bacterial/complex feeders (brown, Fig. 9; Section 5.1.2).

The input of terrestrial particles may be linked to a westward spread
of the Mackenzie River plume (Ehn et al., 2019; Juhls, 2021) or could
alternatively originate from coastal erosion (Grotheer et al., 2020; Jong
et al., 2020). Fluvial inputs and coastal erosion can both be linked to a
more extended open-water season with a more rapid response of the
river plume to wind stress (Mulligan and Perrie, 2019). Increased
permafrost degradation in response to an enhanced wave impact under
ice-free conditions may also be a cause (Overeem et al., 2011; Giinther
et al., 2015; Mioduszewski et al., 2018). Moreover, longer ice-free sea-
sons would facilitate the recorded increase in biological productivity
(light and dark green, Fig. 9). Altogether, the low and variable salinity in
surface/subsurface waters (light blue, Fig. 9) and the increased terres-
trial organic input and productivity (brown and green, Fig. 9) illustrate
the beginning of the modern warming at the onset of foraminiferal
Ecozone F-I (Fig. 9).

A break-up of the cold and saline bottom winter waters at around
1920 + 10 CE is inferred from the ostracod assemblages mainly as
Paracyprideis pseudopunctillata decreases drastically (Figs. 7 and 9). This
coincides with the reduced abundances of Islandiella norcrossi, which
prefers stable saline waters (after sample 43-42 cm; Fig. 4; Cage et al.,
2021; Falardeau et al., 2023). Thus, this transition may relate to
enhanced seasonal mixing/renewal of the bottom waters, causing
increased variability of the bottom-water salinity, which is often char-
acterized by open waters in nearshore settings. A sea-ice break-up earlier
in the summer season, and thus a more extended open-water season,
would coincide with enhanced sea-ice margin productivity, as it is also
suggested by increased abundance of the foraminifera Stainforthia fey-
lingi (Figs. 4 and 9; Section 5.1.2). Reduced summer sea-ice cover may
have favored offshore inputs of terrestrial matter as reworked paly-
nomorphs peaked on the slope of the Mackenzie shelf around 1920 CE
(core 803BC; Fig. 1b; Bringué and Rochon, 2012). The microfaunal
transition around 1920 £ 10 CE coincides with the regional warming
inferred from other records on land using varves (Bird et al., 2009),
pollen (Wolter et al., 2017), and tree-ring series (Porter et al., 2013).

All the above listed indicators of warming reach maximum values
after 1955 + 10 CE (Ecozone F-I.I; Fig. 9), which could be the regional
signature of the main onset of anthropogenic warming. The 1955 CE
shift corresponds to a significant decrease in Arctic sea-ice extent (Kin-
nard et al., 2011; Fetterer et al., 2017; Fig. 9) and accelerated atmo-
spheric warming (Anchukaitis et al., 2013; Porter et al., 2013; Nicolle
et al., 2018; Fig. 9). The timing of the onset and the acceleration of the
modern warming are consistent with those in the synthesis of Abram
etal. (2016) at 1830 CE and 1930 CE, respectively, for the Arctic region.

5.3.2. The post-2000 CE environmental conditions

After ~2000 CE, the Herschel Basin bottom waters are characterized
by low salinity excursions, expressed by large 6180EC oscillations,
abundant Haynesina nivea and LST ostracods (light blue, Fig. 9). The
5180 signal would correspond to high salinity variations ranging from
24.5 to 33 psu (Fig. 6a, b). Although, the large amplitudes might to some
extent be an artifact of changing internal offsets of Elphidium clavatum in
low salinities (Polyak et al., 2003; Bauch et al., 2004), the peaks of
depleted 580y still strongly suggest episodes of low salinity. The low
salinity fluctuations observed at depth in the basin may be explained by
enhanced vertical mixing under seasonal sea-ice-free conditions (Rain-
ville and Woodgate, 2009), in agreement with the low summer sea-ice
concentrations recorded after ~2000 CE (Fetterer et al., 2017; Falar-
deau et al., 2023). Hence, low sea-ice leading to the increased impact of
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storms (Mioduszewski et al., 2018) probably have fostered mixing and
turbulence in the water column.

Stronger easterly winds have been recorded at the Komakuk Beach
weather station after 1996 CE (Fig. 1b; Environment Canada, 2020).
Such winds foster the spreading of the Mackenzie River plume, partic-
ularly during ice-free conditions (Wood et al., 2015; Mulligan and Per-
rie, 2019). This could explain the high Tintinnopsis fimbriata
concentrations (Figs. 3 and 9). Concomitantly, easterly winds favoring
upwelling of cold and saline subsurface waters (Carmack and Macdon-
ald, 2002; Pickart et al., 2011) may have resulted in salinity variations
(light blue, Fig. 9) and enhanced productivity (light green, Fig. 9;
Tremblay etal., 2011, 2012; Pickart et al., 2013). Easterly winds are also
associated with sediment resuspension and turbidity around Herschel
Island-Qikiqtaruk (Klein et al., 2019), in agreement with increased
erosion rates recorded since 2000 CE (Jones et al., 2009; Obu et al.,
2016; Radosavljevic et al., 2016), which may have contributed to
maximum terrestrial inputs in accord with the depleted 8'3Cy( signal
(Figs. 6a and 9; Polyak et al., 2003; Mackensen, 2008; Grotheer et al.,
2020).

6. Conclusions

The unique setting of the Herschel Basin as a sedimentary depocenter
with high accumulation rates in the nearshore zone of the western Ca-
nadian Arctic yields microfossil records that allow us to reconstruct
changes in the nearshore environments of the Canadian Beaufort Sea at
high temporal resolution over the last 1300 years. The foraminiferal,
ostracod, and tintinnid data, together with the isotopic composition of
foraminiferal tests, provide complementary information about bottom
(benthic foraminifera and ostracods) and surface (tintinnids) water
conditions (temperature, salinity), sea-ice coverage, and organic matter
fluxes through productivity and terrestrial input.

The records also enable inferences about regional climate changes,
which appear related to terrestrial temperature anomalies in Alaska and
sea-ice cover extent in the Arctic Ocean. A particularly cold interval was
recorded between 1150 CE and 1650 CE as marked by persistent frigid
winter waters, together with hampered upwelling of shelf-break waters,
low productivity, and limited sediment supply to the basin, most prob-
ably in response to heavy annual sea-ice cover.

The most salient feature of this study is the regional signature of the
ongoing global climate warming that was recorded as early as 1790 +
30 CE, but increased sharply after 1955 + 10 CE, likely in response to
the ongoing anthropogenic forcing. It seems to coincide with the onset
and emergence of the industrial-age warming, as evidenced by Abram
et al. (2016) on an hemispheric scale and more regionally, in Alaska, as
shown by Nicolle et al. (2018).

The impacts of climate changes include salinity variations in surface
water that may be caused by the Mackenzie River plume extent and sea-
ice melt. They also include higher terrestrial input with regards to the
Mackenzie River plume and coastal erosion. These impacts reach max-
ima after 2000 CE and are marked by particularly high fluctuations of
bottom water conditions because of intensified vertical mixing. All the
above-listed impacts of climate change are probably directly or indi-
rectly related to reduced summer sea-ice cover. Finally, we can conclude
that the magnitude of these impacts in the post 2000 CE interval is
unprecedented over the last 1300 years and thus over the history of
traditional harvesting in the nearshore waters of the Canadian Beaufort
Sea by the Inuvialuit and their ancestors.
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