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ABSTRACT: A 2,000 year-long oceanographic history, in sub-centennial resolution, from a Canadian Beaufort Sea continental shelf
site (60 meters water depth) near the Mackenzie River outlet is reconstructed from ostracode and foraminifera faunal assemblages, shell
stable isotopes (�18O, �

13C) and sediment biogenic silica. The chronology of three sediment cores making up the composite section was
established using 137Cs and 210Pb dating for the most recent 150 years and combined with linear interpolation of radiocarbon dates from
bivalve shells and foraminifera tests. Continuous centimeter-sampling of the multicore and high-resolution sampling of a gravity and pis-
ton core yielded a time-averaged faunal record of every ~40 years from 0 to 1850 CE and every ~24 years from 1850 to 2013 CE. Proxy
records were consistent with temperature oscillations and related changes in organic carbon cycling associated with the Medieval Cli-
mate Anomaly (MCA) and the Little Ice Age (LIA). Abundance changes in dominant microfossil species, such as the ostracode
Paracyprideis pseudopunctillata and agglutinated foraminifers Spiroplectammina biformis and S. earlandi, are used as indicators of less
saline, and possibly corrosive/turbid bottom conditions associated with the MCA (~800–1200 CE) and the most recent ~60 years
(1950–2013). During these periods, pronounced fluctuations in these species suggest that prolonged seasonal sea-ice melting, changes in
riverine inputs and sediment dynamics affected the benthic environment. Taxa analyzed for stable oxygen isotope composition of car-
bonates show the lowest �

18O values during intervals within the MCAand the highest during the late LIA, which is consistent with a 1° to
2°C cooling of bottom waters. Faunal and isotopic changes during the cooler LIA (1300–1850 CE) are most apparent at ~1500–1850 CE
and are particularly pronounced during 1850 to ~1900 CE, with a ~0.5 per mil increase in �

18O values of carbonates from median values
in the analyzed taxa. This very cold 50-year period suggests that enhanced summer sea ice suppressed productivity, which is indicated by
low sediment biogenic silica values and lower �

13C values in analyzed species. From 1900 CE to present, declines in calcareous faunal as-
semblages and changes in dominant species (Cassidulina reniforme and P. pseudopunctillata) are associated with less hospitable bottom
waters, indicated by a peak in agglutinated foraminifera from 1950-1990 CE.

Keywords: benthic ostracodes, benthic foraminifera, stable isotopes, biogenic silica, paleoceanography, late Holocene, microfossils,
Arctic Ocean

INTRODUCTION

The recent acceleration of Arctic Ocean warming (Timmer-
mans et al. 2018), freshwater storage (Proshutinsky et al. 2019),

river discharge (Rawlins et al. 2010; Rood et al. 2017) and de-
clines in sea ice extent, concentration and duration (Frey et al.
2015; Wood et al. 2015; Comiso et al. 2017) provide motivation
to better understand past natural climate variability in the Arc-
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tic. Proxy data from natural archives can provide a context for
anthropogenically influenced climate change, and extend cli-
mate records back in time from the available instrumental ob-
servations (e.g. PAGES 2k Consortium, 2013). However,
understanding the Arctic’s response to Holocene climate
change is difficult due to limited records with high spatial and
temporal resolutions.

In this study, we infer paleoenvironmental signals from multi-
ple proxy records at a continental shelf site in the Canadian
Beaufort Sea over the past 2 millennia. The data were obtained
using a set of composite cores collected from a mean water
depth of 60 m – a jumbo piston core (JPC32), a gravity core
(GGC30) and a multicore (MC29) – that were collected during
a U.S. Coast Guard Cutter Healy 2013 (HLY1302) expedition
(text-fig. 1). We constrain the timing of Medieval Climate
Anomaly (MCA) and Little Ice Age (LIA) climatic fluctuations
in this region using biogenic silica (opal), microfossil faunal as-
semblages and stable oxygen and carbon isotope ratios from a
dominant ostracode species, Paracyprideis pseudopunctillata,
and a benthic foraminiferal species, Cassidulina teretis s.l.

Oxygen isotopes (�18O) of ostracode and foraminifera shell cal-
cite can provide insights into benthic environmental change, in-
cluding recording temperature variability and possibly sea ice
change (such as increased salinity due to brine rejection from
ice formation) or river water mixing to the seafloor. Water
masses, and thus �

18O values, in this region are affected not
only by Pacific Water advected from the Bering and Chukchi
Sea shelves but by localized processes, such as
upwelling/downwelling, vertical mixing, sea ice freeze-up and
melt-back, and Mackenzie River discharge. Since cryophilic
ostracodes calcify and molt their shells during warmer months
to an adult stage in order to reproduce (Horne, 1983; Athersuch
et al. 1989), the �

18O values of ostracodes reflect a summer wa-
ter mass (Gemery et al. 2022). Carbon isotope variation (ex-
pressed as �

13C) reflects the composition of dissolved inorganic
carbon (DIC) in seawater in which the shell calcified. In addi-
tion to specific bottom water microhabitats where the animal
lives, �

13C values may also be influenced by the organism’s
food sources and, like calcite �

18O, species-specific vital effects
from shell calcification processes (stemming from the incorpo-
ration of metabolic CO2 into the shell; Xia et al. 1997a,b; von
Grafenstein et al. 1999; Wefer and Berger 1991; Rohling and
Cooke 1999; Mackensen et al. 2000). Marine ostracodes are
herbivores and detritivores (Smith and Horne 2002), feeding on
particulate organic matter that reaches the sea floor and/or mi-
crobial components (Elofson 1941). �

13C values at the sediment
interface are affected by organic carbon flux rates to the sea
floor (Buzas et al. 1993). Generally, higher productivity results
in higher �

13C values in the dissolved inorganic carbon that is
incorporated into the shell. Lower (more negative) �

13C values
may indicate periods with less export of productivity to the
seafloor and DIC from terrestrial carbon sources or microbial
reworking. Reviews of stable oxygen and carbon isotopes in
benthic ostracodes and foraminifera can be found in Holmes
and Chivas (2002) and Ravelo and Hillaire-Marcel (2007).

Arctic climate variability during the last 2,000 years

Proxy records and models that examine the middle-late Holo-
cene, north of 60°N, support a long cooling trend (i.e. the Neo-
glacial) beginning between 6 and 3 kyr ago, depending on the
particular proxy examined, and extending until the late 20th
century (Kaufman et al. 2009; Miller et al. 2010). The cooling

during the late Holocene has been linked to the orbitally driven
decrease in summer insolation, sulfates from volcanic erup-
tions, and the Maunder sunspot Minimum, 1650–1710 CE (Am-
mann et al. 2007). This declining temperature pattern is
supported by a dataset of 59 Arctic/subarctic time-series multi-
proxy records with annual-decadal resolution covering the last
2,000 years (PAGES 2k Consortium, 2013; McKay and Kaufman
2014; https://www.ncdc.noaa.gov/paleo-search/study/16973).
The increase in sea ice extent during the late Holocene appears
to be circum-Arctic, although there are different regional pat-
terns of temperature and ice variability (e.g. de Vernal et al.
2005, 2013; Farmer et al. 2011; Bringu� and Rochon 2012;
Stranne et al. 2014; Stein et al. 2017; Hörner et al. 2016). Super-
imposed within the overall cooling trend are many multi-decad-
al to centennial-scale warmer or colder summer intervals that
vary by region, as revealed in records from, for example, tree
rings, Greenland ice cores, and lake sediments (Kaufman et al.
2009; PAGES 2k Consortium, 2013).

A period of milder climate identified in many records is the
MCA, from ~800–1200 CE (e.g., Broecker 2001; Bradley et al.
2003b), but it is not synchronous in all regions (Bradley et al.
2003a,b; Kaufman et al. 2009; PAGES 2k Consortium, 2013).
Proxy data are insufficient to determine if this was an Arc-
tic-wide or wholly northern hemisphere event (Kaufman et al.
2009). Neoglacial summer cooling reached a maximum during
the LIA (~1300–1850 CE; Miller et al. 2010). In many areas of
the Arctic, glaciers and ice caps began to re-advance ~1300 CE
(Anderson et al. 2008), with the coldest period between
~1550–1900 CE (Bradley et al. 2003a), ±50 years (Kaufman et
al. 2009). Despite decreasing summer insolation through the
20th century, instrumental and proxy data show a “hockey-
stick” shaped increase in temperature attributed to greenhouse
gas emissions during the late 20th to early 21st centuries (Mann
et al. 2008; Miller et al. 2010; IPCC, 2021). This warming is
globally ubiquitous and amplified in the Arctic (e.g. McKay and
Kaufman 2014; PAGES 2k Consortium, 2013 and references
therein).

Environmental significance of microfossil species

Micropaleontological studies of benthic ostracodes and foram-
inifera have demonstrated that faunal biofacies record re-
gional-scale and short-term ecosystem changes linked to sea-ice
cover, surface productivity, and bottom temperature (e.g. Scott
et al. 2009; Cronin et al. 2010; Poirier et al. 2012; Polyak et al.
2013; Gemery et al. 2017, 2021). These benthic faunal records
are interpreted by comparison with modern species distributions
and their affinities. This comparison allowed us to consider en-
vironmental changes in temperature, salinity, productivity, sea
ice, sediment substrate, the strength of Pacific water inflows and
river inputs, and storm events as possible conditions that can al-
ter species abundance and distribution.

All taxa discussed here are typical representatives of Arc-
tic-subarctic shallow-water continental shelf fauna (Cronin et
al. 2021). Specifically, in order to identify changes in water
mass characteristics of Arctic-Pacific water vs. Atlantic water
vs. freshened water from river inputs, we relied on published
preferences concerning a taxon’s ecological/environment habi-
tats, which are commonly associated with temperature and sa-
linity. For purposes of this study, we distinguish three water
mass categories and the foraminifera and ostracode taxa used as
indicators of each water mass:
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1.) Indicators of Atlantic water are species commonly found in
relatively warm water (>0°C) and high salinities (33–35), with
wider depth tolerances (shelf and slope waters). Species indi-
cating Atlantic water suggest considerably less influence of
river inputs and sea ice melt. These species are: Cassidulina
teretis s.l., Cassidulina reniforme, and Semicytherura
complanata (see Supplementary Table 1 for a note on C. teretis
s.l. taxonomy).

2.) Indicators of Arctic shelf water are versatile species more
adapted to cold (=0-3°C) water and typically shelf salinity of
31-33. These species include Islandiella helenae-norcrossi (See
Polyak et al. 2002, Supplementary taxonomic notes), Elphid-
ium excavatum forma clavatum, Sarsicytheridea bradii, and
Kotoracythere arctoborealis. The ecological affinities of C.
reniforme also align with this group when it appears in an as-
semblage with E. excavatum forma clavatum (Hald et al. 1994).

3.) Low-salinity tolerant species are adapted to environments
with high variability, with seasonal fluxes of salinity, food sup-
ply and temperature. Indicators of cold Arctic waters (=1°C) in-
fluenced by river inputs at polar surface water depths are
Paracyprideis pseudopunctillata and two agglutinated species
Spiroplectammina biformis and S. earlandi.

A more detailed ecological overview of the foraminifera and
ostracode species in each water mass group is available in Sup-

plementary Table 1, with dominant ostracode species
summarized in Table 1.

REGIONAL SETTING

Mackenzie Shelf Hydrography

The Mackenzie Shelf, a broad rectangular-shaped platform in
the southeastern Beaufort Sea (text-fig. 1; width ~120 km;
length ~530 km), is one of most estuarine of all the panarctic
shelves (Macdonald et al. 1989). The Mackenzie River is the
fourth largest of the Arctic rivers, discharging ~280 km3 (±25)
annually (Melling 2000) to the Mackenzie Shelf, mostly be-
tween May and September (Macdonald et al. 1998). During
summer, this equates to a 3.7- to 10-meter-thick freshwater sur-
face layer across the shelf (Macdonald et al. 1998; Carmack et
al. 1989; Jackson et al. 2015) that is separated from the underly-
ing cold saline water by a seasonal (summer) halocline (average
salinity 20; Carmack et al. 1989).

Beaufort Sea shelf waters are mainly derived from relatively nu-
trient-rich Pacific Ocean waters advected from the Bering Strait
and Chukchi Sea. Flowing northeastward closest to shore
(~50-m isobath) is the Alaska Coastal Current (ACC) that
mainly transports warm (T>3°C), low-salinity (S=30-32) and
nutrient-poor Alaskan Coastal Water in summer (text-fig. 1;
Weingartner et al. 2005; Nikolopoulos et al. 2009). Most of the

347

Micropaleontology, vol. 69, no. 3, 2023

TEXT-FIGURE 1
Schematic circulation of Chukchi and Beaufort Seas and geographic names. The HLY1302 MC29, GGC30 and JPC32 (69.97°N, 137.24°W) core site
(magenta circle) on the Mackenzie shelf in 60 m water depth. The green arrows denote the main pathway of Pacific-origin water exiting Chukchi Sea
shelf and contributing to the Chukchi Slope Current to the west and Beaufort Shelfbreak Jet to the east. The blue arrow represents the Shelf Current in the
vicinity of Mackenzie Canyon. The Beaufort Gyre (yellow arrow) situates in the Canada Basin. The bathymetry (in meters) is from The International
Bathymetric Chart of the Arctic Ocean (IBCAO) v3 (Jakobsson et al. 2012).



Pacific-origin waters (including warm and fresh Pacific Sum-
mer Water and cold and salty Pacific Winter Water) from the
other pathways in Chukchi Sea eventually rejoin to the ACC
before draining off the shelf via Barrow Canyon (Lin et al.
2016, 2019b). The Barrow Canyon outflow then forms the
Beaufort Shelfbreak Jet to the east. The Beaufort Shelfbreak Jet
is surface-intensified in summer with significant seasonal varia-
tion (Nikolopoulos et al. 2009). It progresses eastward to the
Canadian Beaufort Sea through the Mackenzie Canyon (Lin et
al. 2020, 2021). Besides the Shelfbreak jet, the primary circula-
tion on the Mackenzie Shelf, the Shelf Current, is predomi-
nantly wind-driven (Kulikov et al. 1998; Lin et al. 2020), and
the anticyclonic Beaufort Gyre is dominant further offshore in
the Canada Basin. Driven by wind, upwelling and downwelling
commonly occur in both the Alaskan and Canadian Beaufort
Sea, and play an important role in shelf-basin interactions (e.g.,
Foukal et al. 2019; Lin et al. 2019a; 2021). Upwelling com-
monly brings up warm and salty Atlantic water (T -1°C to 3°C
and S 34-35) that generally resides at depth (below 150m on the
slope and even deeper in the basin, Nikolopoulos et al. 2009),
while downwelling can transport waters in the lower shelf layer
into the basin (Lin et al. 2021). Mackenzie Shelf waters are
modified by multiple factors, including vertical mixing, winds,
ice and river runoff (text-fig. 1; Macdonald et al. 1987; Wil-
liams et al. 2008). Hence, water mass analyses on the Macken-
zie Shelf are not necessarily straightforward (Carmack et al.
1989; Macdonald et al. 1989).

Sea surface temperature varies during summer (1°C to 10°C),
but below ~40m, water temperatures remain ~< -1 to -2°C

year-round (Macdonald et al. 1987) and salinities are between
30.4 and 34.4 (Carmack et al. 1989), These general patterns are
also consistent with recent bottom salinity and temperature
measurements from conductivity-temperature-depth (CTD)
profiling system collections (Okkonen 2013; as shown in
text-fig. 2a,b). During fall and winter (November-April), winds,
cooling and freezing flush out low-salinity surface water and
break down the shelf stratification so the water column is verti-
cally well-mixed and uniform in temperature and salinity (Mac-
donald et al. 1987). Sea ice covers the Mackenzie Shelf from
September/October to May and can reach 2–3m thick (Melling
and Riedel 1996). In the vicinity of our core site in winter, mean
salinity is 32.15 (±0.05) and mean temperature is -1.76°C
(±0.01°C; Jackson et al. 2015).

MATERIAL AND METHODS

Coring, sedimentology, sampling

The MC29, GGC30, JPC32 cores (69.97°N, -137.24°W, 60 m)
were collected during expedition HLY1302 in summer 2013
onboard USCGC Healy. The site, in which all cores were col-
lected, was located in the moat of a diapiric-like feature caused
by methane gas hydrate decomposition during a prior warming
period, which enabled recent, well-laminated sedimentation to
occur. Additional description of the site is available elsewhere
(Seidenstein et al. 2018). Cores were sub-sampled in September
of 2016, 2018 and again in May 2019, including a second
multicore, at Woods Hole Oceanographic Institution (WHOI).
The sediment was primarily dark gray clay-mud. Altogether,
core samples were taken every centimeter from MC29A and
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TABLE 1
Dominant ostracode species used in the HLY1302 composite cores (multicore [MC29], gravity core [GGC30], and piston core [JPC32]) to infer water
mass changes at the Mackenzie shelf site. SEM photos taken from Gemery et al. 2015.
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TEXT-FIGURE 2
Near-bottom summer a.) salinity and b.) temperature measurements (n=238) from a subset of CTD collections during August and September,
1990–2012 (Okkonen 2013), with the core site denoted by a white circle. Archived data sets from which the CTD summary data were derived (detailed in
Grebmeier et al. 2015, Appendix G1) include: The Bering-Aleutian Salmon International Survey (BASIS), Chukchi Sea Offshore Monitoring in Drilling
Area – Chemical and Benthos (COMIDA), R/V Mirai, University of Alaska Fairbanks Institute of Marine Science, Japan Oceanographic Data Center
(JODC), NOAA’s National Centers for Environmental Information (ww.ncei.noaa.gov), Russian-American Long-term Census of the Arctic
(RUSALCA), Western Arctic Shelf-Basin Interactions project (SBI), Shell Oil, Study of the Northern Alaska Coastal System (SNACS)/ Bowhead
Whale Feeding Ecology Study (BOWFEST), HLY1104, and Louis S. St. Laurent. Figure created using Ocean Data View software (Schlitzer 2018).



MC29B, and at 2-cm intervals from GGC30 and every 6cm
from JPC32. Samples of 1-cm-thick slices at 1-cm intervals
were taken from MC29A and MC29B, 2-cm3 aliquots were
taken every 2cm from GGC30 and 4-cm3 aliquots were taken
every 6cm from JPC32. Subsamples representing every 1cm in-
crement of MC29B and each 10-cm interval in GGC30 and
JPC32 were used for biogenic silica analysis. In addition,
subsamples of MC29B in 2-cm intervals from 1 cm to 37 cm
were assayed for the radioisotopes 210Pb and 137Cs in order to
assess sedimentation rates and chronology in combination with
the 14C-dated intervals.

Microfossil sample processing and assemblage analysis

Sediments were washed through a 63-micron sieve and the resi-
due oven-dried. Because the full round diameter of core MC29
was used, the average weight before processing was 30 g and
the dry weight (after processing) of these 1-cm samples aver-
aged 0.07 g. In GGC30 and JPC32, half of the core was sam-
pled, and for each 2-cm interval, half of the half-round was
taken. Sample weight before processing ranged from 30 to 44g
and after processing averaged 0.03 g. Ostracodes were picked
from all sediments greater than 125-micron size fraction to a
microslide, sorted and identified using the taxonomy of
Stepanova (2006) and Gemery et al. (2015). In accordance with
counting protocols, up to 200 foraminiferal specimens were
picked per sample (Seidenstein et al. 2018). All ostracode spec-
imens found in the samples were picked and counted. Sample
binning was done by combining count data from adjacent sam-
ples into one grouped sample comprising a larger depth inter-
val; for ostracodes, samples from core MC29 was binned every
5cm, from core GGC30 every 10cm and from core JPC32 every
20cm (Supplementary Table 2; ostracode counts are expressed
as number of valves; articulated carapaces were counted as two
valves). For foraminifera data, individual samples contained
sufficient specimen numbers (~200, with a few exceptions in
core JPC32) and binning was not necessary. To identify signifi-
cant changes in the faunal assemblages, 95% confidence limits
were calculated using the algorithm for binomial probability
from Raup (1991).

Stable isotope analyses

Stable oxygen and carbon isotope ratios were determined for
calcium carbonate tests of C. teretis s.l. (n= 61) and P.
pseudopunctillata (n=50; Supplementary Table 3). Data are re-
ported in parts per thousand, or per mil (‰) deviations of the
18O/16O and 13C/12C ratios relative to the V-PDB (Vienna
Peedee Belemnite) standard using laboratory standards cali-
brated against NBS19 and NBS18 (National Institute of Sci-
ence and Technology). The ratios between 18O/16O and 13C/12C
are expressed as delta values (�18O and �

13C) as follows:

�
18O and �

13C ‰ = [(Rsample/Rstandard)-1]*1000

where R = 18O/16O for �
18O values or 13C/12C for �

13C in the
sample vs. the standard (Craig 1961; Coplen 1994). Values pre-
sented are not corrected for species vital effects, and are used as
a relative measure for changes in water mass characteristics
and/or meltwater/river inputs to the area.

Analyses of ostracode shell �
18O and �

13C values were con-
ducted at the University of Maryland Center for Environmental
Science in Solomons, Maryland, USA using a Thermo Fisher
Scientific™ Delta V Plus stable isotope mass spectrometer cou-
pled to a GasBench® peripheral preparation device. The preci-

sion of the measurements, based upon repeated measurements
of carbonate standards, was determined to be ~ ± 0.1‰ for �

18O
and ~ ± 0.06‰ for �

13C. Each isotope measurement consisted of
two adult valves from the same sample interval that were
cleaned of debris with water to achieve a weight of 40–90 ìg.
Only adult ostracode specimens were used for geochemical
analyses due to possible ontogenetic differences in shell chem-
istry during the life cycle. This also minimizes differences in
shell weights due to varying shell size.

Foraminifera C. teretis s.l. �
18O and �

13C values were measured
on an Elementar IsoPrime dual inlet mass spectrometer with a
Multiprep peripheral at the National Environmental Isotope Fa-
cility at the British Geological Survey, Nottingham, UK. The
precision of the data, based upon repeated measurements of the
internal standard (Keyworth Carrara Marble calibrated against
NBS), was determined to be ~ ± 0.04‰ for �

18O and ~ ±0.03‰
for �

13C. Each isotopic measurement comprised between 4-20
tests from the same sample interval. Tests from each sample
were cleaned of debris with water to achieve a weight of
30–120 µg.

The intervals from which shells were derived depended on the
abundance and preservation of specimens available in the sam-
ple. Because post-mortem processes can alter the original shell
chemistry, only shells that were translucent or translucent-white
were selected with no signs of early diagenetic effects.

Biogenic silica (opal)

Subsamples of HLY1302-MC29, -GGC30, and -JPC32 (n=79;
Supplementary Table 4) were analyzed for biogenic silica (opal)
at the USGS Biogenic Silica Lab in Menlo Park, CA, USA fol-
lowing the modified procedure of Mortlock and Froehlich
(1989). This method is considered reliable for quantifying
biogenic opal in opal-poor deposits. Briefly, samples were
treated with 1N HCl overnight to remove carbonates and rinsed
with distilled Nanopure water three times. Sediments were then
freeze-dried, and 100 mg per sample was placed in a 0.1 M
Na2CO3 solution at 85°C for four hours and cooled to room tem-
perature overnight. 100 µL were reacted with a molybdate blue
complex. Absorbances were measured at 812 nm wavelength
using a Thermo Scientific GeneSys 10S spectrophotometer.
Biogenic silica measurements were converted to opal concen-
trations using a 2.4 multiplication factor assuming 10%
hydration (SiO2 * 0.4 H2O). To estimate error, we measured a
subset of replicates; the average 1-sigma standard deviation for
all replicates was 0.05 wt%. These assessments of precision and
accuracy, in addition to comparisons of internal standards, sug-
gest the estimate of error for the analysis is 0.06 wt%. Sample
values are reported as a proportion of the sediment mass.

Chronology

Consecutive subsamples of MC29B in 2-cm intervals (0–38 cm)
were analyzed on a low energy, high-purity germanium well de-
tector for activities of 210Pb and 137Cs (Supplementary Table 5)
at the St. Petersburg Coastal and Marine Science Center
(SPCMSC), a United States Geological Survey lab in St. Peters-
burg, FL, USA. Each subsample (approximately 20-25g of wet
sediment) was oven-dried at 60°C for 48 hours. The dried sedi-
ment was homogenized to a fine powder with a porcelain mortar
and pestle. Dried ground sediments (6g) were sealed in polysty-
rene vials with epoxy to prevent gas emanation. The sample
weight and counting container geometry were matched to a
pre-determined calibration standard. The samples were sealed
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TEXT-FIGURE 3
Alignment of multicore 29 (MC29B) chronology with activities of 210Pb and 137Cs in the top 37cm of sediment. In MC29, the consistent decline of 210Pb
(measured in disintegrations per minute per gram [dpm/g]) shows baseline activity (indicated by the red bars) is reached at a 23- to 33-cm depth range.
Based on the 22.3-year half-life decay rate of 210Pb, near zero concentrations should be reached by the year 1880 and per our age model, this date coin-
cides with ~29 cm depth. The temporal change of 137Cs radioactivity in MC29 shows the 1963 nuclear weapons testing maximum between 7–15 cm (in-
dicated by the red bars), which is the depth of peak 137Cs maximum activity. Our age model for the core aligns with the 1963 date at ~11cm depth, which is
the middle of the 7–15 cm 137Cs maximum. The first testing of nuclear weapons in 1954 aligns with 13 cm, also within the range of peak 137Cs activity.



for a minimum of three weeks prior to analysis to allow 226Ra to
reach secular equilibrium with its daughter isotopes 214Pb and
214Bi. The sealed samples were then counted for 24–36 hours.
Detector efficiency was determined with IAEA RGU-1 refer-
ence material. Radioactive activities were decay-corrected to
the date of field collection. The accumulation of both 210Pb and
137Cs is assumed to be constant from direct deposition but likely
with some import from the watershed (text-fig. 3).

Radiocarbon dates from molluscs and mixed benthic foram-
inifera were generated using the National Ocean Sciences Ac-
celerator Mass Spectrometer (NOSAMS) facility at Wood
Hole, MA, USA. Ages were calibrated to calendar years BP
with the Marine20 radiocarbon age calibration curve (Heaton et
al. 2020) using the Calib version 8.2 software (Stuiver et al.
2021; text-fig. 4; Table 2). Because old Pacific waters are a
component of the Beaufort Sea, we corrected for a regional res-
ervoir age of 477±60 years based on late Holocene sediments
absolutely dated by 3.6 ka Aniakchak volcanic ash (Pearce et al.
2017). Radiocarbon ages are reported using the BP 1950-time
14C scale, meaning years before 1950 and also converted to cal-
endar years (CE). The age model for MC29 was fit linearly us-
ing the regression equation based on the most recent
radiocarbon date at 30cm and back-dated under the assumption
that the 0–1cm interval represents the year the core was col-
lected (text-fig. 4; calendar year 2013, -63 years BP). The activ-
ity levels of 137Cs and 210Pb in MC29 were used to corroborate
the MC29 age model from the radiocarbon dates. By matching
the foraminiferal faunal assemblages of GGC30 with MC29, it
was determined by Seidenstein et al. (2018) that 20 cm was
missing from the top of GGC30. Likewise, we followed that
study’s determination that 301 cm was missing from the top of
JPC32 to align with the bottom of GGC30. Although there is
some uncertainty when splicing the two cores chronologically,

two sequential radiocarbon dates from JPC32 support this
assumption. Linear sedimentation rates were calculated by di-
viding the difference in depth by the difference in age between
two samples. These rates do not account for possible compac-
tion of sediment with depth, elastic rebound of sediment cores
with decreased pressure, or coring disturbance.

Statistical analyses

Multivariate statistical analyses were carried out using the
Paleontological Statistics (PAST) software package, version
3.24 (Hammer et al. 2001). We calculated relative frequencies
(percent abundance of total assemblage) for each species and
used this relative abundance data in the correspondene analyses.
Principal component analyses (PCA) were used to group
ostracode and foraminifera species by their similarities/differ-
ences in dominance based on samples designated by year
groups (text-fig. 5a,b).

RESULTS

Correlation of radioisotopes and AMS
14

C dating

In MC29, a consistent logarithmic decline of 210Pb shows that
background activity (~3 dpm/g) was reached at the 23-cm core
depth (text-fig. 3a). Based on the 22.3-year half-life decay rate
of 210Pb, near zero above background activities should be
reached by the year 1880 CE. Per our age model, the 1880 CE
date coincides with ~28 cm depth. There are a few minor spikes
of slightly higher 210Pb activity sediment (~1dpm/g) after 23 cm
that may be a consequence of sediment transport.

The temporal change of 137Cs radioactivity in MC29 shows the
1963 nuclear weapons testing maximum between 7–15 cm,
which is the depth of peak 137Cs activity (text-fig. 3b). Our age
model aligns with the 1963 date at 11cm depth, which is the
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TABLE 2
List of radiocarbon dates for the HLY1302 composite cores and calibrations using CALIB 8.2 software (Stuiver et al. 2021), the Marine20 calibration
curve (Heaton et al. 2020) and a marine reservoir correction of �R =477±60 years (Pearce et al. 2017). Yellow highlight denotes seven new samples mea-
sured to improve the age model of Seidenstein et al (2018).



middle of the 7–15 cm 137Cs maximum. The first testing of nu-
clear weapons in 1954 aligns with 13 cm, within the beginning
range of peak 137Cs activity. Overall, both curves support that
sedimentation dominates over bioturbation at the core site
(text-fig. 3). Both curves corroborate the dates used in the
MC29 section of the age model.

Seventeen radiocarbon dates show that before ~550 cm com-
posite depth, the sediments of JPC32 are disturbed (Table 2;
text-fig.4a). A regression model with an r2 =0.97 is used to lin-
early tie the 10 most recent dates of the undisturbed sequence
(text-fig. 4b). Therefore, the record we present begins at 0CE

(2ka BP), or 490cm composite depth, and ends in the year 2013
at the top of MC29. We have confidence that the sedimentation
was relatively undisturbed through this period based on sequen-
tial radiocarbon dates and 137Cs and 210Pb activity. Sedimenta-
tion rates ranged from 22cm (in MC29) to 24cm/century (in
GGC30 and JPC32). This sedimentation rate in MC29 is also
supported by the 210Pb activities (Supplementary Table 5).

The age uncertainty associated with the radiocarbon dates pre-
cludes the study of decadal-scale variability, but the faunal and
isotopic fluctuations enable the evaluation of sub-centennial en-
vironmental changes and comparison with modern conditions.
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TEXT-FIGURE 4
a. Age-depth model of HLY1302 composite cores, MC29, GGC30, JPC32. Seventeen median radiocarbon dates shown with 2-sigma error bars (~95%
of the measurements fall within the bar range) in years before present (BP) and calendar years (in red parentheses). b. the regression model (y= 4.0683x +
16.91) is used to linearly tie the 10 most recent dates of the undisturbed sequence.
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TEXT-FIGURE 5
Principal component analyses of (a.) ostracode assemblages and (b) foraminifera assemblages colored by major time periods.



Ostracode and foraminifera faunal assemblages

A total of 11 benthic ostracode species were identified (Supple-
mentary Table 2), and are listed in order of percent abundance
within the 2 kyr record (n=4356 specimens in 52 binned sam-
ples; text-fig. 6): Paracyprideis pseudopunctillata (55%),
Semicytherura complanata (12%), Kotoracythere arctoborealis
(8%), Cytheropteron elaeni (5%), Acanthocythereis dunelm-
ensis (4%), Cytheropteron montrosiense (3%), Sarsicytheridea
bradii (3%), Cluthia cluthae (3%), Rabilimis mirabilis (2%),
Palmenella limicola (2%), Roundstonia globulifera (1%).
These species make up 98% of the assemblage composition
during the 2 kyr record. The number of specimens per binned
sample ranged from 18 to 274, with an average of 84 specimens
(± 50) per grouped sample. Two of the binned samples con-
tained less than 25 ostracode specimens (text-fig. 6; Supple-
mentary Table 2). Of the benthic foraminiferal fauna identified
by Seidenstein et al. (2018), 90% of the assemblage during the
last 2 kyr was comprised by varying proportions of calcareous
species Cassidulina reniforme (32%), Elphidium excavatum
forma clavatum (19%), Cassidulina teretis s.l. (11%), Stan-
forthia feylingi (7%), Buccella frigida (3%), Stainforthia
loeblichi (3%), Elphidium incertum (2%), and agglutinated spe-
cies Spiroplectammina biformis (12%), and Spiroplectammina
earlandi ([1%]; n=24,767 total specimens in 121 binned sam-
ples; selected species, text-fig. 7). Upon further investigation of

the foraminifer fauna, we believe Islandiella helenae-norcrossi
may be a component of specimens identified as C. teretis s.l.

The last 2,000 years were subdivided into four major time peri-
ods based on climate oscillations identified by other published
proxy compilations (e.g. Kaufman et al. 2009; PAGES 2k Arc-
tic, 2013; McKay and Kaufman 2014) and fluctuations of domi-
nant foraminifera and ostracodes species abundance and isotope
values (text-fig. 8). The lowermost zone 1, from 300-490 cm,
covers 0-800 CE. Zone 2, 190-300cm, covers the MCA
(800-1200 CE). Zone 3, 35-170 cm, covers the LIA (1300-1850
CE). The uppermost Zone 4, 0-35 cm covers 1850 to 2013 CE.
PCA analyses (text-fig. 5a,b) show ostracode and, to a lesser de-
gree, foraminifera species assemblage composition aligns with
these periods, which are described below.

Zone 1 (0–800 years CE)

This period is characterized by the ostracode P. pseudo-
punctillata dominating >60–90% of the assemblages. Kotora-
cythere arctoborealis is a consistent species in the assemblage,
and its abundances fluctuate from 0–12% in samples. Sarsi-
cytheridea bradii and S. complanata are present in only some
samples at very low percentages (<5%). Of the foraminifera, C.
reniforme averages 43%, E. clavatum averages 24% (with a
standard deviation of ± 8%, not shown, please refer to
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TEXT-FIGURE 6
Stack plot of ostracode species that make up 98% of the assemblages by composite depth.



Seidenstein et al. 2018) and C. teretis s.l. (including possible
Islandiella) averages 16% (standard deviation of ± 9%, text-fig.
5c) during this period. There is an interval of very low
microfossil abundance from 330–350 cm (~640-670 CE) with
18 ostracode specimens denoted by a yellow highlight (text-fig.
5a) and 24–49 foraminifera specimens (2 samples). While it ap-
pears that several faunas rapidly changed in relative abundance
within this interval, this should be considered an artifact due to
low microfossil abundance.

Zone 2 (MCA, 800–1200 CE)

A notable change in the record during the MCA is signaled by
distinct increases in the agglutinated species S. biformis to be-
tween 20% to 42% of the overall assemblage in 12 sample inter-
vals within the depth range of 175-300cm, and this results in a
decrease in C. reniforme to a proportion of between 5-25%. A
near absence of S. biformis coincides with a short-term maxima
of C. teretis at ~260-cm depth (~900 CE). Paracyprideis
pseudopunctillata remains the dominant ostracode species
(50-80% of assemblages), with some variable increases of S.
bradii (5-15%) and the consistent presence of K. arctoborealis
at low proportions.

Zone 3 (LIA, 1300–1850 CE)

The beginning of the LIA at ~1300 CE is marked by a precipi-
tous decline in P. pseudopunctillata to between 6-30% of the as-
semblage. Semicytherura complanata reaches its highest
abundances (44%) of the record during 1400 to ~1600 CE and
C. reniforme declines from 45% to <20%. Cassidulina teretis
(including possible Islandiella) increases modestly from ~4%
to 26% with some variability, as does K. arctoborealis, which
reaches 20% of the assemblage population at ~1600 CE. After
1600 CE, both P. pseudopunctillata and C. reniforme increase
and remain the dominant species to 1850 CE.

Zone 4 (1850–2013 CE)

The most recent part of the record was sampled at consecutive
one-centimeter resolution for benthic microfossils and repre-
sents a time-averaged faunal record of every 23 years from
1850 to 2013 CE. From 1850 to 1900 CE, dominant fauna P.

pseudopunctillata and C. reniforme decline in a somewhat
stair-stepped manner from abundance highs of 60% to an aver-
age of 35% and 30% by the 1950s. While these species decline
(after ~1950), agglutinated foraminifera S. biformis and S.
earlandi sharply increase to abundances of 30–62% and 4–14%,
respectively, and reach peak abundances ~1970 to 1990 (5–10
cm depth). Among the ostracode fauna, P. pseudopunctillata
represents 19% of the assemblage ~1980 and 32% ~2000, with
other taxa in the Cytheropteron spp. group (including C. elaeni,
C. inflatum, C. paralatissimum) representing up to 38% of the
assemblage. Kotoracythere arctoborealis maintains an average
population of 13% during the entire zone and 18% in the upper-
most interval. The most recent 20 years of the record shows the
agglutinated species declining with a wider diversity of
foraminifera representing the assemblage, notably, C. reniforme
(12%) and E. clavatum (9%) co-dominate with S. biformis
(17%). Other foraminifera that have significant increases in
abundance since ~2000 CE include Elphidium incertum (12%)
and Elphidium bartletti (8%), both of which prefer riverine-in-
fluenced habitats with sandy, shallow seafloor areas off estuar-
ies (Polyak et al. 2002).

Biogenic silica (opal)

Biogenic silica is used as an indicator of marine primary pro-
duction in the surface water from primarily diatoms, which are
the dominant photosynthesizing marine organisms (Okazaki et
al. 2005; Addison et al. 2013). The biogenic silica rain rate and
subsequent burial in the sediments may suggest increased/de-
creased primary productivity resulting from a reduced/enhanced
sea ice cover. Low percentages of biogenic silica content are
generally found in glacial periods with more stable sea ice cover
(Stein and Fahl 2000) and when there was no transport of Pa-
cific surface waters through the Bering Strait. At our core site,
biogenic silica concentration (n=79) averaged 1.2% ± 0.23,
with maxima (outside of the standard deviation ranges) corre-
sponding to a few intervals in Zone 1 between 100 and 400 CE
and in Zone 4 from 1925-2013 (text-fig. 9a). Minima corre-
sponded to intervals within Zone 2 during the MCA from
800–1150 CE, Zone 3 during the early LIA, and Zone 4 from
1850 to 1900.

Ostracode and foraminifera �
18

O and �
13

C

The �
18O values of cryophilic ostracodes reflect summer water

masses, since it is during the warmer months that ostracodes
calcify their shells to an adult stage in order to reproduce (Horne
1983). More variability in temperature and salinity would be ex-
pected in summer than winter due to warmer temperatures,
Mackenzie River discharge, and sea ice melt.

The �
18O of P. pseudopunctillata (n=50) varied from +3.0 to

+4.5‰, with an average value of +3.8‰ (± 0.31), and a
core-top value of +4.2‰ (Table 3; text-fig. 9b). Ten replicate
ostracode samples were measured from different sample inter-
vals, and the average standard deviation of the �

18O intra-sam-
ple measurements was 0.1‰ and for �

13C, 0.4‰. Comparing
�

18O of this species in the Beaufort Sea to values from modern
specimens in the northern Bering and Chukchi Sea shelves (at
75–80°N), we find average values to be lower in the Beaufort
Sea by 0.6‰ (+4.4‰ [± 0.4] per Gemery et al. 2022). This sug-
gests that �

18O of bottom water on the Canadian Beaufort shelf
may be lower overall due to some Mackenzie River water mix-
ing to the 60 m seafloor. It is likely not due to temperature dif-
ferences because values would be higher, and bottom
temperatures have remained cold (<0°C). The �

18O of C. teretis
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TABLE 3
Summary of �

18O and �
13C isotopic data.



s.l. (n=61) varied from +1.9 to +2.9‰, with an average value of
+2.3‰ (± 0.18), and a core-top value of +2.6‰ (Table 3;
text-fig. 9b).

The mean �
18O values of both species from the MCA to

post-LIA reveal a trend toward higher isotope values that, as-
suming temperature is the primary control, correspond to a
1-2°C decrease in bottom water temperature. The �

18O values
of P. pseudopunctillata ranged from +3.0‰ to +4.1‰ during
the MCA and from 3.7‰ to 4.5‰ during the LIA. The �

18O
value for C. teretis s.l. varied from +2.0‰ to +2.3‰ during the
MCA and from +2.3‰ to +2.6‰ during 1800-1900. Likewise,
for the two species, mean �

18O values during the last ~100 years
(1900–2013) is higher than average values over the past 2 kyr
(Table 3; text-fig. 9b).

The �
13C values of P. pseudopunctillata fluctuated from –2.6 to

–0.7‰, with an average value of -1.7‰ (± 0.48), and a core-top
value of –2.4‰ (Table 3; text-fig. 9c). The �

13C values of C.
teretis s.l. varied from -2.0 to -0.6‰, with an average value of
–1.2‰ (± 0.32), and a core-top value of –0.8‰ (Table 3;
text-fig. 9c). A comparison of �

13C values during the MCA and
late- to post-LIA showed no significant change.

DISCUSSION

The ostracode, foraminifera, stable isotope, and biogenic silica
records together demonstrate that bottom water conditions var-
ied considerably during the past 2 kyr. Alongside species’ fau-

nal changes (text-fig. 8) intervals with lower and higher �
18O

(text-fig. 9b) and �
13C carbonate values (text-fig. 9c) can be

used to identify periods of changing water masses. Here, we dis-
cuss how the fluctuations in proxy records (text-figs. 8 and 9)
may reflect the presence of specific water mass and paleo-
environmental conditions during and within the four chronolog-
ical zones established above.

Cold Arctic bottom water during Zone 1 (0–800 years CE)

Dominant ostracode and foraminifera species support that cold,
river-influenced Arctic shelf water was primarily present on the
bottom during this period. This is evident by high abundances
(>70%) of P. pseudopunctillata and a consistent presence
(5–10%) of K. arctoborealis and foraminifera (24%) E.
clavatum. Likewise, the abundance of C. reniforme alternates
from 30 to 70% of the assemblage. However, the varying pres-
ence of C. teretis s.l. (possibly including Islandiella) (>10%)
implies there may some sustained Atlantic water incursions
onto the shelf (Jennings and Helgadottir 1994), especially dur-
ing 370–570 CE when C. teretis s.l. and C. reniforme (Hald et
al. 1994) combined comprise upwards of 60% of the assem-
blage. The Atlantic Water hypothesis must be tested with addi-
tional sediment cores and ecological studies of Cassidulina and
Islandiella.

Stable isotope measurements of both species are not highly re-
solved during this period but do not fluctuate much from aver-
age values. The interval of low microfossil abundance (~600
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TEXT-FIGURE 7
Stack plot of primary foraminifera species that make up ~95% of the assemblages by composite depth. The C. teretis group might include members of the
genus Islandiella requiring further studies.



CE), which is not resolved in this record, could be attributed to
several possible scenarios, such as transport or dilution of the
fauna from a storm event, or dissolution from diagenetic pro-
cesses.

Variable warming, fluctuating conditions with Atlantic water
incursions during Zone 2 (MCA, 800–1200 CE)

High abundances (>60% assemblage average) of P. pseudo-
punctillata continue during the MCA in addition to low and
steady percentages of S. complanata and K. arctoborealis.
Abundance of thermally adaptable S. bradii increases (~15% of
assemblage) at ~870-1000 CE and 1100-1200 CE. The
ostracode PCA (text-fig. 5a) identifies the MCA and the period
before 800 CE as zones in which low-salinity tolerant P.
pseudopunctillata is most dominant.

Atlantic water upwelling is evident from the fluctuating abun-
dance of C. teretis s.l. The foraminifera PCA (text-fig. 5b)
shows most samples in the MCA include more C. teretis s.l. and
agglutinated species than the typical polar shelf species C.
reniforme. Intervals in the early, mid-, and late part of the MCA
also see short but significant increases of agglutinated foram-
inifera S. biformis from near zero to 32-42% abundance. Gener-
ally, an increased frequency of agglutinated taxa has been
attributed to harsher or less stable environmental conditions, such
as turbidity, irregular food, acidity, or anoxia (Schröder-Adams
et al. 1990; Jennings and Helgadottir 1994; Korsun and Hald
2000; Perner et al. 2012, 2015). Measurements of biogenic silica
during the early and late MCA are the lowest sustained percent-
ages of the record, suggesting extended periods of somewhat de-
pressed productivity. There also is a strong negative excursion of
binned �

13C of P. pseudopunctillata and lower �
13C values of C.

teretis s.l. that corroborate reduced productivity.

Stable oxygen isotopes of P. pseudopunctillata are the lightest
of the record (�18O = 3.0-3.3‰) and suggestive of less saline or
warmer bottom waters, yet the �

18O values of C. teretis s.l.
show only limited changes from average values. These patterns
could result from the fact that ostracodes most commonly reach
adulthood in summer (Horne 1983), so the �

18O of P. pseudo-
punctillata is reflective of summer bottom temperatures (Gem-
ery et al. 2022) whereas the foraminifera signal integrates more
of the whole year. If the lower �

18O oscillations reflect bottom
water warming, this may have resulted from warmer summer
fluctuations or possibly changes in the extent, strength or tem-
perature of Atlantic Water affecting the core site. Further, we
conclude that the lower �

18O values reflect a temperature shift
because freshwater changes due to variation in the Mackenzie
River outflow are not thought to be significant during the MCA
(Wickert 2016). Overall, variable warming during this period is
corroborated by a reduction in sulfate aerosols from explosive
volcanism (Crowley 2000; Goosse et al. 2005) and high levels
of total solar irradiance (Bradley et al. 2003a,b; Beer 2000). It
may also be related to circulation anomalies in the northern
hemisphere, possibly involving a shift in the mode of the North
Atlantic or Arctic Oscillation (Bradley et al. 2003a,b).

Cooling and episodic sediment disturbance during Zone 3
(LIA, 1300–1850 CE)

After 1300 CE, the abundance of P. pseudopunctillata declines,
and from 1400 to 1600 CE, P. pseudopunctillata reaches its
lowest presence (10–30%) of the record, which is possibly due
to a sediment grain size change. Furthermore, Semicytherura
complanata and K. arctoborealis, which are found in coarser

sediments (Gemery et al. 2022), increase during this 300-year
period, as well as low proportions (8–24%) of agglutinated
foraminifera S. biformis. Sediments on the Beaufort Sea shelf
are generally high in silt and clay, with minimal to no sand
(Scott et al. 2008). The ecological tolerances of P. pseudo-
punctillata could accommodate slight changes in temperature or
salinity that would be feasible during this period and would be
unlikely to affect its abundance. Also, �

18O values do not sug-
gest higher salinity or extreme temperature change. We surmise
that it was stronger bottom water currents that winnowed the
very fine silts to create a coarse sediment bottom texture unfa-
vorable to P. pseudopunctillata (Gemery et al. 2022).

Atlantic water upwelling is evident from the abundance of C.
teretis s.l. (4–26%) and C. reniforme (17–48%) during the early
and mid-LIA. After 1600 CE, the rebound of P. pseudo-
punctillata to 45–65% abundance, the steady increase in C.
reniforme to 46–52% and continuous presence of E. clavatum
(ranging from 13 to 35%) and S. biformis (ranging from 1 to
17%) all support a scenario where bottom water was generally
influenced by very cold-water masses as the LIA progressed.
Cold water masses are indicated by the �

18O values of P.
pseudopunctillata, recording three high values >4.0‰ before
1750 CE. At 1750 CE, there is one �

18O measurement of 3.3‰,
just below average values, but then values increase to above or
within average standard deviation ranges. �

18O values of C.
teretis s.l. remain relatively constant within one standard devia-
tion of variation through the LIA. Our proxy results support a
cooling trend from the MCA to LIA documented, which is dem-
onstrated in the mean-annual temperature reconstructions from
the GISP2 ice core (Alley et al. 1999) and terrestrial records of
arctic summer temperatures (Kaufman et al. 2009). The mean
�

18O values of both species from the MCA to post-LIA shows a
trend toward higher values that corresponds to a 1–2°C decrease
in bottom water temperature. Productivity, as reflected in bio-
genic silica measurements, varied from 1300–1500 CE but there-
after remained high during most of the period until 1850 CE.

Continued near-freezing conditions and shifts in organic carbon
and seafloor environment during Zone 4 (1850–2013 CE)

Changes in faunal abundance (text-fig. 8), biogenic silica and
shell geochemistry (text-fig. 9) during the most recent 150 years
are substantial, and align more synchronously than do changes
at any other time during the previous ~1850-year records.

At 1850 CE, the Mackenzie River mean outflow starts declining
from a high point (11,693 m3/s), so that by 1950 CE, it reaches a
low of 7,204 m3/s, outside of standard deviation ranges
(text-fig. 9d; Wickert, 2016). In addition, around 1850 CE,
sharp declines in biogenic silica and the carbonate �

13C values
of both analyzed species, P. pseudopunctillata and C. teretis s.l.,
are evidence for reduced water column productivity. C.
reniforme (71%) reached its highest abundance with E.
clavatum (28%) and P. pseudopunctillata (~60%) both respond-
ing to cold shelf waters and detrital or terrestrial carbon food
sources (lower carbonate �

13C values). From 1850 to 1900 CE,
the �

18O of both P. pseudopunctillata and C. teretis s.l. in-
creased by 0.5‰ above standard deviation ranges, which sup-
ports not only reduced freshwater mixing from lower
Mackenzie River discharge but continued cooling of 1-2°C to
~1900 CE, the coldest interval of the record. Cooling until 1900
CE agrees with the summer Arctic temperature reconstruction
of Kaufman et al. (2009), which was particularly evident in re-
cords from ice and lakes in northern Canada and Greenland. Our
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TEXT-FIGURE 8
a) Number of ostracode specimens per binned sample; MC29 was binned every 5 cm, GGC30 every 10 cm and JPC32 every 20 cm. Two samples con-
tained <25 specimens/binned sample, and these are indicated by yellow highlights. b) Percent abundance of selected benthic ostracode and c)
foraminifera species (of total specimens/sample) against composite core depth. Selected foraminifera faunal data from Seidenstein et al (2018).
Foraminifera species abundance in MC29 (black lines) are plotted separately from GGC30/JPC32. General periods of the LIA(1300–1850; ~36–160 cm
composite depth) and MCA(800–1200; 195–294 cm), per our age model, are shown by blue and red shaded vertical bars, respectively. The beginning of
each time zone is labeled 1, 2, 3, and 4. Confidence limits (95%) shown on the faunal plots were calculated using the algorithm for binomial probability
(Raup 1991).



record shows that this 50-year cooling coincides with a steep re-
duction in biogenic silica and lower (or more negative) �

13C
values in carbonates in the microfossils, which is consistent
with an increase in sea ice cover and a decrease in primary pro-
duction. Enhanced sea ice during this period is also supported
by diatom and dinocyst assemblage evidence in the Chukchi
and Beaufort Seas (de Vernal et al. 2013; Ledu et al. 2008;
Bringué and Rochon, 2012; Pie�kowski et al. 2017).

From ~1900 to 2013 CE, ostracode and foraminiferal commu-
nity composition, biogenic silica and stable isotope values all
displayed large changes, suggesting an important shift in water
mass conditions. The proportion of dominant species P.
pseudopunctillata begins a gradual decline, which is accompa-
nied by a rise in K. arctoborealis (11–18%), A. dunelmensis
(7–13%) and Cytheropteron species. The ostracode PCA
(text-fig. 5a) particularly highlights this subtle increase of typi-
cal polar shelf water species K. arctoborealis and A.
dunelmensis in the modern (post-1950 CE) samples, which is
not otherwise clearly evident. Dominant foraminifera C.
reniforme and E. clavatum follow the same declining pattern as
P. pseudopunctillata. By 1950 CE, these species are largely re-
placed by agglutinated species S. biformis (42–62%), and S.
earlandi (5–14%), which are associated with cold, low-salinity
Arctic water and sometimes less hospitable (e.g. turbid, acidi-
fied or low oxygen) environments (Schröder-Adams et al.
1990; Jennings and Helgadottir 1994; Korsun and Hald 2000;
Perner et al. 2012, 2015). Productivity, inferred from biogenic
silica values, rebounds from depressed values between
1850-1900 CE to high levels above average standard deviation
values from 1920 to 2013 CE, which suggests diminished sea
ice and prolonged summer open waters with sufficient nutrients
in the upper water column. This is supported by observations
that the ice-free ocean area of the Beaufort Sea in summer has
increased by 70% compared to the reference climatology
(1981–2010; Wood et al. 2015). After 1900 CE, our record
shows slightly higher than average �

18O and �
13C values in

biogenic carbonates, suggesting that bottom waters remained
cold with a high flux of organic matter to the seafloor due to
more productive waters. High primary productivity could lead
to high pCO2, and carbonate dissolution in the sediments from
organic matter decay. The drastic change of microfossil species
composition, reflected in the PCAs (Fig 5a,b) and rise of agglu-
tinated species from 1950 to 1990 is an unambiguous sign that
bottom waters became less hospitable for calcareous species.
This inhospitality could manifest as acidic or corrosive condi-
tions or possibly, turbidity from upwelling and/or downwelling
that resuspended sediments or terrestrial inputs from Macken-
zie River dischange (Kipp et al. 2018). The Mackenzie River
delivers large amounts (~125 Mt/yr) of sediment to the shelf
(Macdonald et al. 1998). Since 2003, freshwater discharge from
the Mackenzie River has increased by 25% and particulate (ter-
restrial suspended particles and organic carbon) export from the
Mackenzie River into the Beaufort Sea has increased by 50%
(Doxaran et al. 2015).

After 1990 CE, there are signs of some recovery of calcareous
species. Foraminifera showing significant increases in abun-
dance since ~2000 CE include Elphidium incertum (12%) and
Elphidium bartletti (8%), both of which prefer riverine-influ-
enced habitats with sandy, shallow seafloor areas downstream
of estuaries (Polyak et al. 2002). A strong increase in arctic
summer temperature during the last ~100 years is evident in ter-
restrial archives (Kaufman et al. 2009). This pattern could sup-

port an increase in primary productivity and/or a longer
growing season (Arrigo et al. 2008) as well. Considered in sum,
the proxy records imply a dramatic change post-1900 CE in the
benthic environment, which may include nutrient and carbon
cycling over the Beaufort continental shelf influenced by the
Mackenzie River discharge.

CONCLUSIONS

This study improves our understanding of late Holocene ocean-
ographic changes on the Mackenzie Shelf based on benthic
foraminifera (Seidenstein et al. 2018) and benthic ostracode dis-
tributions, oxygen and carbon isotope values of their shells, ra-
diocarbon and radiometric dating and biogenic silica
measurements of the sediments. Our results revealed the follow-
ing:

• PCAs distinguish microfossil assemblage groupings that re-
flect changes in the bottom water environment particularly dur-
ing 1950-2013 CE, attributed to anthropogenic influences.

• Oxygen isotope shifts appear to be correlated to the LIA,
MCA, and recent periods that indicate significant alterations in
bottom water mass properties. Increases in �

18O reflect a ~1-2
°C decrease in temperature from the MCA to the end of the LIA.

• Comparison of �
18O of P. pseudopunctillata in this downcore

study with calibrations from modern specimens in the Bering
and Chukchi Seas (Gemery et al. 2022) indicates that mixing of
river water lowers the overall �

18O of bottom water masses on
the Mackenzie Shelf due to the proximity to the river estuary.

• From 0 to 800 CE, microfossil faunal assemblage composi-
tion, �

18O and �
13C records generally reflect cold conditions

with multidecadal variability and some sustained Atlantic water
incursions onto the shelf. Average to high biogenic silica mea-
surements suggest productivity was fairly stable. An anomalous
interval at ~600 CE of low microfossil abundance limits inter-
pretation.

• From 800 to 1200 C, microfossil �
18O suggest summer warm-

ing oscillations and periods of low productivity (biogenic silica)
during the MCA, and pronounced increases in agglutinated spe-
cies S. biformis suggest some instability (e.g. episodic food
and/or turbidity) affected the bottom environment.

• From 1300 to 1600 CE, the early LIA period is marked by pre-
viously dominant P. pseudopunctillata declining to its lowest
abundance of the record (10–30%). This suggests a period of in-
creased current flow that winnowed its preferred fine sediment
substrate. Known to inhabit sandy sediments, S. complanata
and K. arctoborealis increase during this interval.

• During the mid-to-late LIA (1600–1850 CE) the abundance of
P. pseudopunctillata rebounds with the progression of more sta-
ble, cold conditions, as indicated by high biogenic silica values
and generally high �

18O.

• From 1850 to 1900 CE, alignments of very high microfossil
�

18O, very low biogenic silica and low �
13C shell carbonate val-

ues indicate this was the coldest interval of the record, charac-
terized by enhanced sea ice that depressed primary productivity.
The continuation of cold temperatures from 1850 to 1900 CE is
consistent with the summer temperature reconstruction of
Kaufman et al. (2009).
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• From 1900 to ~1990, productivity, as reflected by silica and
�

13C, steeply rebounds and remains high. Dominant species P.
pseudopunctillata and C. reniforme decline while agglutinated
taxa S. biformis and S. earlandi increase from 1950 to ~1990 to
form up to 66% of the assemblage. The near-replacement of
calcareous to agglutinated taxa during 1950 to ~1990 CE re-
flects bottom conditions more conducive to the ecology of ag-
glutinated taxa.

• After 1990 CE, biogenic silica concentrations and �
18O values

remain high, and there are signs of a slight recovery of calcare-
ous foraminifera, which notably include species whose distribu-
tion reflects river inputs, Elphidium incertum and Elphidium
bartletti.

• Changes within the last ~60 years in all investigated proxies
suggest longer periods of open water, high productivity, greater
freshwater inputs and/or turbidity along the Canadian Beaufort
Sea shelf.
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TEXT-FIGURE 9
a) Percent of sediment biogenic silica against age (calendar years, CE); b) Measurements of ostracode �

18O (green) and foraminifera �
18O (blue) against

age; c) Measurements of ostracode �
13C (green) and foraminifera �

13C (blue) against age. Carbon isotope values are binned (averaged) in 25-year inter-
vals from 1800 to 2013 and binned by 100-year intervals from 0 to 1800 CE to smooth the large variability of measured values; d) Modeled Mackenzie
River outflow per Wickert (2016), and modern value representing 1990s from Carson et al. (1998). Shaded horizonal bars on plots indicate average stan-
dard deviation values.
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