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Abstract

We reconstruct climate and changes in water-mass properties in relation to vari-
ations in palaeoproductivity at the south-western Svalbard margin throughout
the last 2000 years. Environmental conditions in subsurface (ca. 250-75 m)
and near-surface to surface water (75-0 m) were studied on the basis of the dis-
tribution patterns and fluxes of planktic foraminiferal faunas. Stable isotopes in
three different species were measured, and Mg/Ca- and transfer function-based
sea-surface temperatures were calculated. The mean shell weights of planktic
foraminiferal species were used to assess changes in calcium carbonate preser-
vation. Modern total planktic foraminiferal distribution patterns from plankton
tows and the water column carbonate chemistry were investigated for compar-
ison with the palaeo-data. The results show warm sea-surface conditions and
moderate to high surface productivity at ca. 21-400 AD, ca. 900-1400 AD and
from about 1850 AD until present, which may be local expressions of the Euro-
pean climatic events known as the Roman Warm Period, the Medieval Climate
Anomaly and the Recent Warming. In general, cold near-sea-surface conditions
and very low to moderate average productivity occurred at about 400-900 AD
and ca. 1400-1850 AD, the latter probably the local expression of the Little
Ice Age. The highest and most variable planktic productivity occurred at ca.
1300-1500 AD, ca. 1750-1860 AD and during the last 50 years or so. These
periods are linked to the general amelioration of conditions from years with a
dense sea-ice cover to years with a rapidly fluctuating summer sea-ice margin.
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Abbreviations

AD: anno Domini

AMS: accelerator mass spectrometry

A, total alkalinity

BC: before Christ

C,: total dissolved inorganic carbon

CTD: conductivity-temperature—depth
instrument

IRD: ice-rafted debris

Ky-': per thousand years

SMOW: standard mean ocean water

SR: sedimentation rate

SST: sea-surface temperature

TC: total carbon

TOC: total organic carbon

UiT: UiT—The Arctic University of Norway,
Tromsg

VINDTA: Versatile Instrument for the
Determination of Total Inorganic Carbon
and Titration Alkalinity (laboratory alkalinity
titration system)

V-PDB: Vienna Pee Dee Belemnite (reference
standard for carbon isotopes)

V-SMOW: Vienna Standard Mean Ocean Water
WSC: West Spitsbergen Current

Introduction

Warm and saline Atlantic surface water transported to the
Nordic seas undergoes cooling in winter during north-
ward flow in the Norwegian Current. In some areas,
such as the Greenland Sea, the dense surface water sub-
sequently sinks to form cold deep water. Further north

the warm Atlantic Water meets the cold water flowing
southward from the Arctic Ocean. The two water masses
form a front, referred to as the Polar Front (Rudels 1996;
Rudels et al. 2000). The mixing of these two water masses
introduces nutrients into the euphotic zone, generating
the most productive surface waters of the Nordic seas and
Fram Strait (Smith et al. 1987; Smith & Sakshaug 1990).
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Climate, ocean circulation and palaeoproductivity

The flow of warm Atlantic Water via the WSC into the
Arctic Ocean is considered a major controlling factor of
climate and the location of the sea-ice margin and there-
fore of the surface water productivity in Fram Strait (e.g.,
Walczowski & Piechura 2011; Beszczynska-Moller et al.
2012; Walczowski et al. 2017). Numerous studies have
examined changes in circulation, productivity and prop-
erties of the Atlantic Water in the Nordic seas during the
Holocene and the past glacial period (e.g., Rasmussen et
al. 2003; Ellingsen et al. 2008; Miiller et al. 2012; Pathi-
rana et al. 2015; Hoff et al. 2016; Berben et al. 2017).
As only a few high-resolution studies in the Arctic areas
have been undertaken (Wollenburg et al. 2004; Majewski
et al. 2009; Spielhagen et al. 2011; Werner et al. 2011;
Pawtowska et al. 2016), knowledge regarding the natural
variability in ocean surface conditions and surface produc-
tivity for the last two millennia before the last 150 years
is still scarce. Variations in the inflow of warm Atlantic
Water, its mixing with cold Polar Water and the result-
ing changes in productivity were probably controlled by
natural climate anomalies before human impact became
a dominant factor (e.g., Spielhagen et al. 2011; Pathirana
et al. 2015; Pawtowska et al. 2016).

The purpose of the present study is to reconstruct the
properties of the upper approximately 250 m of the water
column in Fram Strait, focusing on the south-western
Svalbard margin (76 °N) and the development over histor-
ical times (the past 2000 years) to get a better understand-
ing of the properties of the Atlantic Water, its interactions
with polar surface water, meltwater and associated pro-
ductivity changes in relation to climate change. Box core
HH12-1206BC from Storfjorden Fan, south-west of Sval-
bard, was taken in the Atlantic Water domain of Fram
Strait and close to the present Arctic Front, where Atlan-
tic and Polar Water meet and mix (Fig. 1). This study is
based on the distribution patterns of planktic foramin-
ifera, the concentration and flux of the total foraminiferal
fauna and individual species used as indications of pro-
ductivity change, along with reconstructions of absolute
SSTs (Mg/Ca ratios and transfer functions). Furthermore,
based on the main depth habitats of the planktic foramin-
iferal species Neogloboquadrina pachyderma and Turborotal-
ita quinqueloba, we use the difference in the §'®*0 values
between N. pachyderma and T. quinqueloba (ASlSONp_Tq) asa
proxy for increased/decreased presence of Atlantic Water
(sensu Moffa-Sanchez & Hall 2017). To investigate the
reliability of our palaeo-reconstructions, we use dissolu-
tion proxies and other geochemical and sedimentological
data to assess changes in preservation of the specimens.
Dissolution may severely influence the faunal compo-
sition (Berger 1970; Le & Thunell 1996), Mg/Ca ratios
(e.g., Niirnberg 1995), temperature estimates based on
transfer functions (e.g., Imbrie & Kipp 1971) and faunal
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concentrations (Berger 1970; Thunell & Honjo 1981;
Vincent & Berger 1981; Peterson & Prell 1985; Conan et
al. 2002; Petrd et al. 2018). To better compare the past
with modern surface and productivity conditions, we also
analysed living planktic foraminiferal faunas from plank-
ton tows and the water carbonate chemistry. The results
are compared to studies from other areas of the Svalbard
margin and the North Atlantic and Nordic seas to study
the nature of climate, ocean circulation and palaeopro-
ductivity changes in the Arctic on a regional basis.

Environmental setting

The Nordic seas are characterized by three main surface
water masses. In the eastern part, the Atlantic surface water
of the North Atlantic Current flows northwards. This flow
carries heat and salt into the Arctic region and helps maintain
large ice-free areas year-round and keeps the south-west-
ern Svalbard climate significantly warmer in wintertime
than at comparable latitudes elsewhere in the world (e.g.,
Isachsen et al. 2007; Dickson et al. 2008; Rhines et al. 2008).
The western part of the Nordic seas is affected by the East
Greenland Current, which carries cold Polar Water and sea
ice from the Arctic Ocean southward. The central part is
occupied by Arctic surface water generated from mixing of
the Atlantic and Polar waters (Hop et al. 2006). The cool-
ing of the Atlantic Water generates cold deep waters, which
overflow the Greenland-Scotland Ridge as a cold and dense
bottom current. The overflow waters become the main con-
tributor to North Atlantic Deep Water, which represents a
vital component in the control of the global thermohaline
circulation and climate (Van Aken 2006).

On a regional scale, the hydrographic regime at
Storfjorden Fan is determined by changes in volume and
speed of the temperate and saline Atlantic Water (S > 35;
T > 3.0 °C) transported by the West Spitsbergen Current,
the northern extension of the Atlantic Current and the
cooler and less saline Arctic surface water (S > 34.3-34.8;
T < 0 °C) conveyed by the East Spitsbergen Current
(Fig. 1; Loeng 1991). A mixture of Arctic Water and sea
ice from the northern Barents Sea and/or produced in
Storfjorden is carried northward by the CC, originating
from the East Spitsbergen Current (Fig. 1). The density
gradients between the two water masses generate the
Arctic Front that defines the maximum sea-ice extent in
winter (Vinje 1977; Loeng 1991). During the spring/sum-
mer period, the sea-ice edge usually retreats northwards
on the account of melting. Atlantic Water inflow and sea-
ice melting often generate the Marginal Ice Zone, with a
stratified and nutrient-rich euphotic zone and high pri-
mary productivity at the surface (Smith et al. 1987; Smith
& Sakshaug 1990; Sakshaug & Slagstad 1992; Sakshaug
1997; Wassmann et al. 1999; Owrid et al. 2000; Reigstad
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Fig. 1 (a) Schematic map of northern North Atlantic, Fram Strait and western Barents Sea showing bathymetry, present-day major surface currents and
average position of Polar and Arctic fronts. (b) Close-up of western Svalbard margin, north-western Barents Sea. Solid and dashed lines indicate surface
and subsurface currents, respectively. Location of core HH12-1206BC (green circle) is indicated together with published records discussed in the text
(listed in legend and Supplementary Table S1). FS: Fram Strait; WSC: West Spitsbergen Current; CC: Coastal Current; ESC: East Spitsbergen Current; EGC:

East Greenland Current; AF: Arctic Front; PF: Polar Front.

et al. 2002; Tremblay & Gagon 2009). During years with
strong and cold winds from the north-east, a large volume
of brine is produced in the Storfjorden polynya (Skogseth
et al. 2008). Storfjorden Fan can be influenced by these
cold and corrosive brines as they descend the slope to the
deep waters (Skogseth et al. 2008; Rasmussen et al. 2014).

Material and methods

Present-day water-mass properties and living
planktic foraminifera from plankton tows

Water column temperature and salinity profiles at the
Storfjorden Fan core site (see later) were measured via
an SBE 911plus CTD rosette (Seabird Scientific) equipped
with Niskin bottles. CTD measurements took place aboard
the RV Helmer Hanssen on successive cruises in October
2012, July 2014 and April 2015 (Fig. 2).

In April 2015, water samples were collected in the
water column for carbonate chemistry (Fig. 1a). C, and
A were measured at the Institute of Marine Research,
Tromsg, Norway. C, was determined by using coulomet-
ric titration on a VINDTA system and A by using poten-
tiometric titration with weak HCI on a VINDTA system
(Marianda, Germany). The analytical methods and
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sampling procedures are described in detail in Dickson
et al. (2007). The precision of A, and C, was determined
using certified reference material supplied by A. Dickson
(San Diego, USA) by applying a correction factor to the
measured certified reference material value showing an
uncertainty of 1 pmol kg™ for both A and for C, mea-
surements. The data of C, A  and salinity, temperature
and depth for each sample were used in a CO,-chemical
speciation model (CO,SYS program; Pierrot et al. 2006)
to calculate the calcium carbonate saturation state (Q_,),
pH and the carbonate-ion concentration [CO,*’]. The cal-
culations were performed on a total hydrogen ion scale
using the hydrogen sulphate [HSO,"] dissociation con-
stant of Dickson (1990). We applied the carbonate system
dissolution constants from Mehrbach et al. (1973), refit
by Dickson & Millero (1987). The concentration of cal-
cium [Ca**] is assumed to be proportional to the salinity
according to the equation 10.28xS/35 pmol kg=' (Mucci
1983). The thermodynamic solubility product constants
for calcite (Ksp) are from Mucci (1983). The Q_, value is
expressed by the product of concentrations of calcium
ions [Ca*"] and [CO,*"] in seawater divided by the solubil-
ity product constant (Ksp) at a given temperature, salinity
and pressure. When Q > 1, CaCO, will be kept in solid
state, and when Q < 1, CaCO, will tend to dissolve.
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Fig. 2 (a) CTD profile showing water mass distribution of the water column in October 2012, July 2014 and April 2015 at site HH12-1206BC. Carbonate
chemistry parameters (pH, CO,*, Q) for April 2015 are also shown. Range of Q__ in the water column is indicated by grey bars. (b) Close-up of CTD data

inupper 250 m. (c) Carbonate ion concentration [CO,*], pH and calcium carbonate saturation state (Q_) in upper 250 min April 2015. MMW, mixed melt-

water; AW, Atlantic Water; IW, intermediate water.

Living planktic foraminifera were collected using a
WP (Working Party) 2 plankton tow with 90-pm mesh-
size net and 0.255 m? opening. The plankton tows were
deployed immediately after the CTD casts in October 2012
and July 2014 at the core site. In 2012, vertical sampling
intervals were 0-50 and 50-200 m, while in 2014, the
intervals were 0-50, 50-100 and 100-200 m. Concentra-
tions of the foraminifera (number specimens m~) were
calculated based on tow speed and water volume. Towing
speed was about 0.5 m s™! and the volume of filtered water
was calculated by multiplying the aperture area by depth
towed following the general formula: V = nr? x L, where
V =volume (m?) of seawater, 7 = 3.1415, r* = radius of net
opening squared (m?) and L = length of towing (m). After
retrieval, the samples were sieved over sieves of mesh sizes
1000 and 63 pm in the onboard laboratory and fixed with
98% ethanol buffered with disodium hydrogen phos-
phate to prevent dissolution (size fraction >63 pm only).
The samples were stained with Rose Bengal (1.0 g 1) in
order to differentiate between “living” (shell containing
cytoplasm) and “dead/transported” specimens (no cyto-
plasm present; Lutze & Altenbach 1991). Samples were
kept cool until onshore analysis was performed in the
laboratory at UiT. Only living specimens were considered.

(page number not for citation purpose)

Palaeo-data from sediment core HH12-1206BC

A giant box core (50 x 50 x 50 cm with a volume of 125
L) was used to sample sediment from Storfjorden Fan
from 1520-m water depth during a cruise with RV Helmer
Hanssen to the Fram Strait in October 2012 (76°24' N;
012°58'E; Fig. 1a). The sediment—water interface was well
preserved and undisturbed. A plastic tube of inner diame-
ter 10 cm was pushed into the sediment for subsampling.
The 30.5 cm long sediment core labelled HH12-1206BC
was sampled in 0.5 cm thick slices in the laboratory at
UiT. Subsequently, all samples were weighed, freeze-
dried and weighed again, and the water content (%) was
calculated. The dry samples were wet-sieved through
mesh-sizes 1 mm, 500 pm, 100 pm and 63 pm following
the preparation methods of Feyling-Hanssen et al. (1971)
and Knudsen (1998). The residues were dried at room
temperature and weighed.

Grain size distribution was calculated as the weight
percentage of each grain-size fraction relative to total dry
weight of the sample. IRD was counted in the 500-1000
pm and >1000 pm size-fractions and concentrations cal-
culated as number of IRD grains per gram dry weight
sediment.
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TC and TOC were measured in the intervals of 1-2 cm
in powdered bulk samples using a Leco CS-200 induction
furnace instrument. The weight percentages (wt%) of
TC and TOC were calculated. The CaCO, content (wt%)
was calculated using the following equation: CaCO, =
(TC-TOC) x 8.33 (Espitali¢ et al. 1977).

Planktic foraminiferal specimens (>300) from the
size-fraction 100-500 pm were picked from all the
0.5-cm-thick samples, 62 in total. The majority of samples
were split, and specimens were counted and identified to
species level using a binocular microscope (Leica MZ16).
The concentration was calculated as number of fora-
minifera per gram dry-weight sediment, and the flux of
planktic foraminiferal specimens (number of specimens
cm™ Ky™') was calculated using the methods described by
Ehrmann & Thiede (1985).

Transfer functions, based on the census data of the
planktic foraminiferal species, were used to recon-
struct SSTs at 10-m water depth and to compare to Mg/
Ca-based subsurface temperatures (see later). The statis-
tical method compares modern oceanographic data (here
summer SST) with the species composition of the planktic
foraminiferal faunas in the >100-pm size-fraction from
surface sediments collected in the Nordic seas (Husum &
Hald 2012). The data were processed using the data anal-
ysis programme C2 version 1.3 (Juggins 2010). The max-
imum estimate had the lowest root mean square error
of prediction, indicative for the most predictive transfer
function model (Telford & Birks 2005). This is confirmed
as the maximume-likelihood-calculated SSTs are close to
the modern water temperature ranges of the core site and
follow the actual fluctuations in species composition of
the planktic foraminiferal faunas.

Shell weights of ca. 20-30 pristine and well-preserved
tests of planktic foraminiferal species N. pachyderma and
T. quinqueloba from two narrow size ranges of 100-125
pm and 150-180 pm were measured using a Sartorius
microbalance (model M2P, 0.1 pg sensitivity). Specimens
with sediment fill or visually detectable secondary calcite
crust were omitted. Mean shell weights were calculated
by dividing the total weight of the individuals by the
number of total shells within each size range. Because
of the low abundance of T. quinqueloba, 16 samples from
the 100-125-pm size-fraction and 15 samples from the
150-180-pm size-fraction contained less than 10 individ-
uals. All measurements were repeated three times.

Shell fragments were counted in the >100-pm
size-fraction along with the counts of the whole planktic
specimens as an indication for the general preservation
state of specimens and species (Berger 1970; Berger et al.
1982). The %fragmentation was calculated relative to the
total number of planktic foraminifera per gram and the
total number of fragments per gram in a sample.
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Activity profiles of 2'°Pb and *’Cs were analysed in the
top 12 samples (upper 6.5 cm) in order to determine the
modern SR, assess the recovery of core top sediments and
establish the age of the youngest sediments. Freeze-dried
and homogenized samples were analysed at the Centre
d’Etudes Nordiques at the Université Laval (Canada) using
a high-resolution germanium diode gamma detector and
multichannel analyser gamma counter. Prior to analysis,
the samples were put into plastic vials to rest for at least
three weeks to attain the secular equilibrium. The linear
apparent SR was calculated from the decrease of excess
219ph  activities with sediment depth following McKee
et al. (1983). Excess ?'°Pb activity was determined by sub-
tracting the average supported activity (average of 2'“Pb,
214Bj and #*°Ra) from the total activity for each sample.
The calculations were based on the Constant Initial Con-
centration model (for review, see, e.g., Carroll & Lerche
[2003]) that assumes that the ?!°Pb excess concentration
in surface sediments is constant over time and the #'°Pb
excess flux to the surface of the sediments together with
the SR are proportionally variable. The assumption of a
closed system in this model imposes that the 2'°Pb excess
activity profile shall decrease exponentially with depth.
The SR was determined using the following equation:

SR=Axzx (In(A/A))", (1)

where A is the ?'°Pb disintegration constant (=0.03118
yr'), zis adepth in a core (cm), 4, is the *'°Pb excess con-
centration at the surface (below the mixing layer) and 4,
is the ?!°Pb excess concentration at depth z (bottom layer
of the interval). The ?'°Pb-derived SR was corroborated
by the first occurrence of *’Cs as a marker of the early
1950s (Robbins & Edgington 1975).

AMS 'C ages were performed at the Poznan Radio-
carbon Laboratory, Poland, on nine monospecific sam-
ples of N. pachyderma, except for two samples at 4.5-6.5
cm and 13-14 cm, where all available planktic foramin-
ifera were picked (Table 1). All samples were picked
from the 100-500-pm size fraction. The dates were
calibrated into calendar ages using the calibration pro-
gram CALIB Rev. 7.0.2 (Stuiver & Reimer 1993) and
the Marinel3 calibration curve (Reimer et al. 2013). A
global average marine reservoir age of 400 radiocarbon
years and 7 = 11 'C years of local deviation (AR) was
applied (Mangerud et al. 2006). This deviation may vary
in time but is unknown for our study area. The sample
from 2.0-3.5-cm core depth gave a post-1950 age and
most likely contained modern, post-A-bomb carbon.
Age reversals occurred in samples at 4.5-6.5 cm and at
9.5-11.5 cm (Table 1). This could be a sign of mixing of
sediment due to re-deposition events or, more likely, an
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Table 1 AMS 'C and calibrated dates in core HH12-1206BC.

K. Zamelczyk et al.

Lab no. Depth Weight Age Calibrated 8'3C Age AD® Midpoint AD
(cm) (mgC) 14C BP? year BP® +2¢ errors
P0z-59603 2-35 0.12 520 +80¢ 1-279 -3.9 1671-1949 1810+139
P0oz-102419 4.5-6.5 0.1 460 + 40 ¢ 160-198 -22.6 1752-1790 177119
Poz-57342 9.5-11.5 0.8 900 + 80¢ 357-644 -16.2 1306-1593 1450+144
P0z-102418 13-14 0.31 580 + 35 94-292 -4.1 1658-1856 1757+99
Poz-66095 14-16 0.14 830+ 110 258-634 -14.6 1316-1692 15044188
P0z-59605 19-20 0.48 1175+ 30 652-779 0.3 1171-1298 1234+63
Poz-102417 22-22.5 0.35 1515+ 30 966-1158 -2.6 792-984 888+96
Poz-66211 23.5-25 0.19 1870 + 70 1272-1560 -17.6 390-678 534144
Poz-57343 30-31 0.12 2320 + 80 1724-2132 -4.3 183 BC-226 21+205

*Radiocarbon years before the present (1950 AD). ®Years before the calendar year 1950. Except the last value in the column, which is 183 BC to 226 AD.

dDate not used in age model.

error associated with the very small amount of material
(0.08-0.1 mgC) analysed (Table 1). The aforementioned
three dates were not used in the construction of the age
model (see later). The calibrated ages are reported as
years AD with a 2o standard error.

Elemental ratios of Mg/Ca (for palaeo-temperature)
and Al/Ca (for control of potential clay contamination)
were measured on 60-130 specimens per sample of
N. pachyderma (0.5-2 cm resolution). Well-preserved,
pristine shells were picked from the 150-180-pm
size-fraction, crushed and cleaned in the clean labora-
tory at the Alfred Wegener Institute in Bremerhaven,
principally following the protocol of Barker et al. (2003).
The procedure included four steps: (1) clay removal with
boron-free Milli-Q water and methanol, (2) oxidation of
organic matter in NaOH-buffered H,0,, (3) weak acid
leach in 0.001 N HNO, and (4) carbonate dissolution in
60 pl of 1 N HNO,. Subsequently, an aliquot of 5 pl from
each sample was diluted with 200 pl of 2% HNO, to
determine the Ca concentration. The remaining residue
was diluted with 2% HNO; to obtain a Ca concentra-
tion of 15-20 ppm. The samples were analysed using a
Nu AttoM high-resolution double-focusing inductively
coupled plasma mass spectrometer at the Alfred Wege-
ner Institute. Since the sample material was very limited
and to avoid matrix effects in the plasma, analyses were
conducted at a Ca concentration of about 15 ppm. Five
replications were carried out for each sample, where the
average repeatability for Mg/Ca among the five repli-
cates was 0.95 + 0.47% (relative standard deviation).
For this study, the measurement uncertainty was deter-
mined by analysing the carbonate standard JCt-1 (giant
clam), yielding Mg/Ca ratios of 1.28 + 0.05 (26) mmol
mol~!, which is within 1% of the values reported in the
literature (Inoue et al. 2004; Hathorne et al. 2013). In
addition, long-term reproducibility of Mg/Ca analyses is
monitored by regular analysis of the carbonate standard
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JCp-1, yielding 3.94 + 0.15 (26) mmol mol™ over a
period of about two years.

The measured Mg/Ca ratios were used to calculate
temperatures (SSTMg/Ca) by using the species-specific (N.
pachyderma) linear equation of Kozdon et al. (2009):

Mg/Ca (mmol mol™') = 0.13*T + 0.35, (2)

where this calibration is based on core-top samples of
N. pachyderma from the Nordic seas and produces reli-
able SST,,/c, €Stimates at temperatures above about 3 °C
(Kozdon et al. 2009).

Stable isotopes were measured on three planktic fora-
miniferal species: N. pachyderma, T. quinqueloba and Globi-
gerinita uvula. These species were chosen as representatives
for the surface conditions (G. uvula, average living depth
of 15 m [Parker 1962; Rebotim et al. 2017]), near-surface
conditions (T. quinqueloba, not deeper than 50 + 25 m [Sim-
stich et al. 2003]) and subsurface conditions (N. pachyderma,
100-250-m water depth [Bauch et al. 1997; Simstich et al.
2003; Pados & Spielhagen 2014]); see “Discussion” section.
Measurements were performed at the Leibniz Laboratory
for Radiometric Dating and Stable Isotope Research in Kiel,
on size-fractions 125-150 pm (N. pachyderma), 150-180 pm
(T. quinqueloba) and 100-150 pm (G. uvula). Results refer to
the V-PDB standard. The external analytical reproducibility
was <0.06%0 and <0.03%o for §'0 and 8"C, respectively.
Measurements on all three species were carried out at 0.5—
2-cm intervals. Between 7- and 10-cm core depth, T. quin-
queloba and G. uvula were absent and could not be analysed.

Palaco subsurface $'*O  ~ vs. V-SMOW was cal-
culated based on the Mg/Ca- reconstructed SSTs (see
earlier) in conjunction with the following equation
(Shackleton 1974):

T (°C) = 16.9 - 4%(8"*0, _vs. V-PDB + "0
V-PDB - §"0

vital effect Vvs.

_vs. V-SMOW) (3)

te!
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where 8'*0__ is the standard V-SMOW. Conversion from
the SMOW scale to calcite on the V-PDB scale was done
by subtracting 0.2%. (Shackleton 1974).

Results

Temperature, salinity and carbonate chemistry
of the study area

The CTD data from April show the coldest surface tem-
peratures of 4.1-4.7 °C and the lowest salinity (Fig. 2a,
b). The CTD data from July show the presence of a mixed
layer ca. 50 m in thickness with meltwater character-
ized by low salinity and relatively high temperatures of
5.4-7.9 °C. The surface meltwater layer in October shows
the highest temperature of 6.3 °C (Fig. 2a, b). Below the
meltwater and surface mixed layer from about 50-m to
500-600-m water depth, a thick layer of warm and saline
Atlantic Water is defined by temperatures ranging from
2.2-4.7 °C in April to 5.4 °C in July and from 1.5 °C to
6.3 °C in October (Fig. 2a, b). Below the Atlantic Water
layer, cold intermediate waters (T < 0 °C) generated by
convection in the Nordic seas are found (e.g., Blindheim
et al. 2000).

The upper 200 m are well saturated with Q_, ranging
from 2.80 at the surface to 2.66 near 200-m water depth
(Fig. 2a, c). The carbonate ion concentration [CO,*] and
pH show a decrease from the surface to 200-m water
depth (Fig. 2a, c¢). In both July 2014 and October 2012,
maximum absolute abundances of planktic foraminifera
are found at 0-50-m water depth, the water layer that
represents near-surface to surface water (Supplemen-
tary Fig. Sla, b). In July 2014, the lowest abundance is
observed at 50-100-m water depth, while relatively high
abundances are recorded at 100-200-m water depth,
which is occupied by Atlantic Water (Supplementary
Fig. Sla).

Sediment core HH12-1206BC

Construction of the age model and SRs

The age model and the SRs are constructed based on
the 2°Pb and "*’Cs activity profiles and the AMS C
ages. Because of the reversed '*C dates within the
interval 6.5-ca. 11.5 cm, only six AMS “C ages are
used in the age model (Table 1, Fig. 3b). The age model
indicates that the core spans the time period from ca.
21 to ca. 2012 AD (Fig. 3b). A constant SR between the
dated levels is assumed. The mean SR is about 16 cm
Ky~ (Fig. 3b). Minimum rates of about 6 cm occur
between ca. 1420 and ca. 1060 AD, while maximum
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rates of about 53 cm Ky occur in the upper part (ca.
1960 AD-present). The period from ca. 1800 to ca.
1950 AD is considered to contain potential re-depo-
sition events and is therefore interpreted with great
caution.

Because chronology with the '*C method over the
last 70 years or so is problematic on the account of vari-
ations in the '*C input caused by nuclear bomb testing,
the short-lived #'°Pb and "*’Cs radionuclide-based SRs
for the core top sediments have been estimated. Even
though a reliable chronology over the last seven decades
cannot be obtained using '*C, an agreement between
the long-term SRs and short-term SRs is useful in the
interpretation of the ?'°Pb profiles (half-life: 22.3 years)
by extrapolation to longer timescales. In core HH12-
1206BC, the 2!°Pb and "*’Cs activity profiles show a typ-
ical decrease with the depth to 6.25 cm. The 3-cm-thick
surface layer has the highest and near-uniform activ-
ities, indicating sediment mixing and the presence of
an upper surface mixed layer, which suggests that the
box core recovered an undisturbed sediment surface.
From 3.25 cm, ?'°Pb activities decrease exponentially
down to 6.25 cm of the core. The average apparent SR
is 80 cm Ky™! with a maximum of 100 cm Ky™' (Fig. 3a).
The three major peaks in '*’Cs activity related to the
atmospheric nuclear bomb testing in the 1950s to mid-
70s, and the Chernobyl reactor explosion in 1986
(Kunzendorf & Larsen 2002), have been recorded in
marine sediments of the North Atlantic and the Barents
Sea (e.g., Grottheim 1999). These peaks are absent in
core HH12-1206BC, further supporting the interpre-
tation that the upper 3 c¢m is a mixed layer. Including
the approximately 3 cm thick mixed surface layer, the
average SR based on "*’Cs activity becomes 70 cm Ky™!
(Fig. 3a), which is placed between the '“C-derived
value of ca. 53 cm Ky™' and the *'°Pb-derived value of
80 cm Ky™.

Sediment composition

The sediment is dominated by clay and silt (61-96%),
with generally low sand content. A small increase in sand
content occurs towards the top of the core (Supplemen-
tary Fig. S2a). The concentration of IRD > 1000 pm and
500-1000 pm is generally low. The IRD 500-1000 pm
increases towards the top of the core (Supplementary
Fig. S2b). The %TOC and %TC are low and nearly con-
stant throughout the entire record (Supplementary Fig.
S2c). The %CaCO, shows a slight decrease towards the
core top reaching a low value of about 10% at 3-cm sed-
iment depth and returning to values of 20-22% after-
wards (Supplementary Fig. S2c¢).
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Fig. 3 Age model based on 2'°Pb, '*’Cs and AMS '“C datings in core HH12-1206BC. (a) Total and excess #'°Pb activity profiles and '*’Cs activity profile. (b)
Age—depth plot of calibrated AMS '“C datings. In (a), horizontal bars mark 2c uncertainties. In (b), dates and diamonds in red indicate calibrated radiocar-

bon ages, and error bars of AMS dates indicated by grey-lined field represent 2c standard deviation. Dark blue diamonds indicate the age model based

on 2'°Pb activity. The errors in this age model increase with depth (from 0.3 years at 0.25 cm to 7 years at 5.75 ¢cm, not shown). The light blue areas in (a)

and (b) represent a mixing of sediment in the upper 3 cm indicated by 2'°Pb activity profiles. In (b), the grey area shows intervals of reversed '“C dates. SR

is shown at the bottom of (b).

Stable isotopes

The 3'0 values of N. pachyderma and T. quinqueloba gen-
erally show an increasing trend with lower 80 values
from about 1800 AD (Fig. 4a—c). The record of T. quin-
queloba is more variable than the record of N. pachyderma.
The 6'%0 values of G. uvula show the opposite trend of
the other two species, but of lower amplitude. The §"*C
values of N. pachyderma, T. quinqueloba and G. uvula show
similar trends until about 1800 AD (Fig. 4d-f). The 6"*C
values of G. uvula are low between about 400 AD and
about 1770 AD but are otherwise high.

Planktic foraminifera and recent planktic
foraminifera in the study area

The plankton tow data were collected in two different
years, at different seasons and depth intervals (Sup-
plementary Fig. S1; see Methods section). For better
comparison between the relative distributions of spe-
cies observed in the sediment record versus the water
column, we combined all the planktic foraminiferal
specimens found in the plankton tow samples to rep-
resent the entire upper 200 m of the water column in
the two respective years. The living planktic foramin-
ifera are dominated by T. quinqueloba (>80%) in both
years of collection, with >10% of living N. pachyderma,
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<4% G. uvula and <1% N. incompta (Fig. 5g, h). In the
sediment surface sample (which, according to our age
model, represents nine years of annual foraminiferal
production), the difference in relative abundances of
T. quingueloba and N. pachyderma is only 10%, while
G. uvula represents 20% of the planktic foraminiferal
fauna (Fig. 51).

The fossil planktic foraminiferal assemblages in core
HH12-1206BC are dominated by N. pachyderma (33—
88%). T. quinqueloba, the second most abundant species,
constitutes 9-43% (Fig. 5a, b). The third most abundant
species is G. uvula (2-20%), which has recently been
found in increasing proportions at the western Barents
Sea margin constituting up to 64% of the planktic fora-
miniferal assemblages (Hulot 2015; Fig. 5¢). Other species
present are Neogloboquadrina incompta (Fig. 5d), Globiger-
inita glutinata and Globigerina bulloides (the last two are
not shown as they are always <1%). The most marked
changes in species distribution patterns occur in the last
200 years or so (Fig. 5a—e). The mean shell-weights of
both size fractions 100-125 pm and 150-180 pm of N.
pachyderma and T. quinqueloba show similar and relatively
low variability. The highest shell weights are recorded
at about 180-340 AD, 1100-1350 AD and 1500-1770
AD (Supplementary Fig. S2d, Fig. 6f). The percentage
of shell fragmentation in the entire record is rather low
except for short-lasting intervals of high fragmentation
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Fig. 4 Stable isotope (thin lines represent raw data and thick lines represent 3-point moving average) records in core HH12-1206BC. (a) 80, (d) 8"C of

Neogloboquadrina pachyderma, (b, e) Turborotalita quinqueloba and (c, f) Globigerinita uvula.

at approximately 140 AD, 1600 AD and 1770 AD to the
present (Fig. 6e).

SST records

SSTs based on Mg/Ca ratios (SST, ) vary between 3.1
and 6.2 °C (Fig. 6a). These temperatures are very similar
to the temperatures (3.9-5.4 °C) recorded at 100-250-m
water depth by the three CTD casts (Fig. 2a, b). The SSTs
obtained by transfer functions (SST, ) range between 2.0
and 7.0 °C (Fig. 6h). The highest temperatures in this
record are found over the last 50 years and fairly closely
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follow the instrumental record of global temperature
anomalies (Fig. 6h).

Discussion

Interpretation of environmental conditions at
Storfjorden Fan 21-2014 AD

Based on the modern main depth habitats of the three
dominating species, we interpret the living depths for
T. quinqueloba (e.g., Hemleben et al. 1989; Carstens et al.
1997; Simstich et al. 2003; Sarnthein & Werner 2017)
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and G. uvula (e.g., Boltovskoy et al. 1996; Hulot 2015;
Rebotim et al. 2017; Schiebel et al. 2017; H. Bauch,
unpubl. data) as indicators of near-surface to surface
water conditions and productivity, respectively (75—
ca. 0 m). Neogloboquadrina pachyderma and N. incompta,
which in Fram Strait prefer mainly Atlantic Water, are
interpreted as indicators of subsurface water conditions
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and productivity at depths of about 250-75 m (e.g., Bé
& Tolderlund 1971; Johannessen et al. 1994; Volkmann
& Mensch 2001; Simstich et al. 2003; Pados & Spielha-
gen 2014; Pados et al. 2015; Sarnthein & Werner 2017).
Furthermore, we associate the SST, estimated for 10-m
water depth and the SST, . based on N. pachyderma with
surface and subsurface water temperatures, respectively.

Citation: Polar Research 2020, 39, 3715, http://dx.doi.org/10.33265/polar.v38.3715


http://dx.doi.org/10.33265/polar.v38.3715�

K. Zamelczyk et al. Climate, Ocean Circulation and Palaeoproductivity

Age AD
0 200 400 600 800 1000 1200 1400 1600 1800 2000

5 -
- E44
o2
831 i
2z, ] (i)
1«
2 -
3—«“3 0.8 = )
ggg (h) -sﬂ
2 >F 0.4 4 -5#
S Eus g 1
O <SEE o4 L4 3 :
Q= Fo:2 S Q
C o (2] <
%g A "3 L300 S
D) :
Eq: AC zoo“}
[8) PR =1
e . 7 ] 100 ©
ht S Sy @ =]
© S8 ¢ = <
® 3 T3a g o =
n =3 g 5
2 x 3 £ =X P
5020 = if
4+ E =3
. 3.5 %
Ngoo (f) :c 3 5
S 23 z
5 60 1 2S 2582
5] 28 VE
£ 40 4 52 , o
> . 3 a
S 20 (e) =
o —3
-< bl
_ 5300 - .
- S d A 5
) %8200- T 5000?5
‘.C-ﬂ' ® c S5 33
27 100 - c 2 Lo
s =2 25 250 =3
) T oo =8 L+
8 2 L T2
£ g 3
S 2 A s S
) ;0.8- §§
S Zesd @ i8
2. 0.6 = (o o
>
7] = i
2 04 1
7]
. Ok S @
» o 3
o c
(b) \/\ 5 35
= v8
vl °

a)

(@)

O / ?“x“ﬁ, \f Ey&o
atl '

%&*‘*
L L L DL DL AL DAL DR BN B |

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Age AD

A\
X“on

Fig. 6 Reconstructed late Holocene oceanography at Storfjorden Fan in core HH12-1206BC. (a) Mg/Ca-ratio-based SST on Neogloboquadrina pachy-
derma representing subsurface temperatures (see text for explanation), (b) subsurface 80, __, (c) AS’SONp ,asan indicator of increased/decreased
presence of warm Atlantic Water versus Polar Water, (d) sum of flux (number of specimens cmKy~') and concentrations (number of specimens per gram)
of N. pachyderma and N. incompta as an indicator for subsurface productivity, (e) %fragmentation, (f) 3-point running average of mean shell weight of N.
pachyderma (150-180 pm), (g) sum of flux and concentrations of T. quinqueloba and G. uvula as an indicator for near-surface to surface productivity, (h,
right) transfer-function based SST,_at 10-m water depth representing SSTs (red line) and (left) instrumental record of global temperature anomaly (black
line; Berkeley Earth 2019) and (i) IRD >500 pm (number of mineral grains per gram). Vertical pink bars mark warmer time intervals. AW: Atlantic Water.

T

Citation: Polar Research 2020, 39, 3715, http://dx.doi.org/10.33265/polar.v38.3715
(page number not for citation purpose)


http://dx.doi.org/10.33265/polar.v38.3715�

Climate, ocean circulation and palaeoproductivity

In addition, small/large differences in AES“‘ONP_Tq are inter-
preted as an indication of relative increased/decreased
presence of warm and salty Atlantic Water in the subsur-
face to near-surface water (Moffa-Sanchez & Hall 2017).

Local climate and sea-surface conditions

High relative abundance and concentration of the sub-
polar species T. quinqueloba from at about 21 AD indi-
cate the influence of the warm and saline Atlantic
Water (Volkmann 2000). The SST estimates represent-
ing the subsurface (SSTy4ca) and the surface (SST,,)
unanimously confirm the presence of warm and saline
water (Fig. 6a, h). At roughly 200-400 AD, high SST
and increased salinity (8'*0__ ) indicate that the influ-
ence of Atlantic Water was at its strongest (Fig. 6a, b, h).
Also, the elevated AS]SONp-Tq indicatesincreased presence
of Atlantic Water at the subsurface to near-surface (Fig.
6¢). The timing indicates an overlap with the later phase
of the so-called Roman Warm Period (ca. 200 BC-400
AD), described from north-western Europe (e.g., Lamb
1977; Grove 2004); these warmer conditions at the
Svalbard margin may have been a local expression of
this climatic event (Fig. 6). After about 400 AD, the flux
of the planktic foraminifera and the percentages and
concentrations of T. quinqueloba and G. uvula decreased
and became low (Fig. 5b, ¢, e). Together with the dom-
inance of the polar species N. pachyderma, this indicates
a change towards cold oceanic conditions, at least at the
near-surface to surface layer. The SSTyyrea and the SST,
show a ca. 1 °C drop in temperature of the subsurface
and surface water, compared to before 400 AD (Fig. 6a,
h). The low ASlSONp_Tq suggests reduced influence of
Atlantic Water in the subsurface to near-surface layers
(Fig. 6¢).

A change to warm surface conditions is indicated by
a decrease in the relative abundance of the polar species
N. pachyderma and a high percentage of subpolar species
from ca. 900 AD (Fig. 5a—d). Between ca. 900 and 1400
AD, the average SST,, was about 5.9 °C (Fig. 6h). From
about 930 AD, the subsurface water warmed, culmi-
nating at about 1250 AD, when the highest subsurface
temperatures and salinity over the entire 2000 years, as
indicated by the SSTpca and 80 _ . occurred (Fig. 6a,
b). Also, the high AB“‘ONP_Tq points to increased presence
of Atlantic Water at this time (Fig. 6c). All the prox-
ies clearly suggest a dominance of Atlantic Water and
warm sea-surface conditions lasting until about 1400
AD. The warming and ameliorated conditions poten-
tially represent a local expression of the well-known
Medieval Climate Anomaly recorded in north-west-
ern Europe (ca. 900-1400 AD; e.g., Lamb 1977; Grove
2004; Fig. 6).
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Between about 1400 and 1500 AD, fairly high-mag-
nitude changes in most proxies suggest unstable subsur-
face to surface water conditions (Figs. 5, 6). Shifts in all
reconstructed SSTs, 8'0 and 8"*C values and a relatively
high, but gradually decreasing flux of planktic foramin-
ifera in addition to the dominance of the polar species
N. pachyderma point to a progressive trend towards cold
conditions with meltwater at the surface and the pres-
ence of the Marginal Ice Zone (Figs. 4, 5a—e, 6a, h). This
was probably caused by an increase in sea-ice cover
during winters, initiated by the transition to the cooler
sea-surface conditions. The following time interval at ca.
1500-1770 AD is characterized by slightly ameliorated
conditions indicated by low percentages of N. pachyderma
and relatively high percentages of T. quinqueloba and G.
uvula, with relatively high SST . showing intermediate
warm surface waters (Figs. 5a—c, 6h).

Atabout 1770 AD, the SST,, indicates a rapid drop and
the following interval, at about 1770-1850 AD, is charac-
terized by the lowest SST,, of the past two millennia (Fig.
6h). Between ca. 1770 and ca. 1850 AD, a shift to very
low foraminiferal concentration dominated by N. pachy-
derma (up to 88%) and with very low mean shell weights,
high %fragmentation and markedly increased IRD con-
centrations indicate a change to harsh ocean conditions
in winters and expansion of the Marginal Ice Zone, with
enhanced sea ice and iceberg rafting during summers
(Figs. 5a—e, 6e, {, i). Together with the minimum of sur-
face ocean temperatures indicated by our reconstructed
SST (SST,, ca. 2 °C at ca. 1850 AD and SSTME/Ca ca. 3.3
°C at about 1500 AD; Fig. 6a, h), the period of roughly
1400-1850 AD has been a local expression of the well-
known cold event in northern Europe: the Little Ice
Age, which occurred at about 1400-1850 AD (e.g., Lamb
1977; Grove 2004).

During the last ca. 200 years, the relative abundance of
the cold species N. pachyderma decreased to the minimum
of the entire record (Fig. 5a). This trend seems to have
continued until 2014, as indicated by the relative abun-
dances of the three species recorded by plankton tows
(Fig. 5g, h). Together with high AS“‘ONP_TQ, which indicates
an increased presence of Atlantic Water, and high SST,,
this clearly points to the sea-surface conditions during
the last century experiencing a warming (Fig. 6¢, h). The
increased IRD indicates more sea ice/icebergs after 1850
AD (Fig. 6i). The increasing SST,, at Storfjorden Fan cor-
relates with increasing global temperatures measured by
instrumental records and representing a global warming
signal (Fig. 6h; Berkeley Earth 2019). While the surface
temperature of the past 60 years has reached a maximum
of ca. 7 °C (average 5.4 °C), as indicated by SST,, the
temperatures of the subsurface water have increased only
slightly, as indicated by SST (Fig. 6a, h).

Mg/Ca
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Palaeoproductivity

The high concentration of planktic foraminifera in sea-
sonally sea-ice-covered areas, such as the Storfjorden
Fan area, is related to the presence of the Marginal Ice
Zone and its high primary production. The conditions
of the sea-ice margin promote higher production of
the diatoms that are considered the major food source
for such species as N. pachyderma, T. quinqueloba and
N. incompta (Hemleben et al. 1989). Neogloboquadrina
pachyderma has been classified as a deep-dwelling sub-
surface species (see earlier) that calcifies around 200-m
water depth (Volkmann & Mensch 2001; Simstich et
al. 2003; Sarnthein & Werner 2017), and N. incompta is
a temperate water species that in the Nordic seas pre-
fers warm Atlantic Water (e.g., Bé & Tolderlund 1971).
Therefore, we link increased subsurface productivity to
high fluxes and concentrations of N. pachyderma and N.
incompta. Similarly, high fluxes and concentrations of
T. quinqueloba and G. uvula are interpreted as increased
surface to near-surface productivity.

At Storfjorden Fan, the subsurface and surface to
near-surface productivity of planktic foraminifera show a
generally concurrent response to the climatic and ocean-
ographic development, with higher productivity influ-
enced by Atlantic Water (Fig. 6). Very high, but variable,
planktic foraminiferal fluxes and concentrations indicate
highest productivity at ca. 1300-1500 AD, 1750-1860 AD
and over the last 50 years (Fig. 6d, g). These periods with
enhanced planktic foraminiferal fluxes likely represent
either an approach or a retreat of the productive Mar-
ginal Ice Zone occurring during the transitional phases
between warm to cold and cold to warm conditions.
Seasonally, stable and stratified surface water conditions
created by sea-ice melting within the Marginal Ice Zone
favour phytoplankton blooms leading to increased abun-
dances and subsequent high fluxes of planktic foramin-
ifera (Alexander 1980; Smith et al. 1987; Williams 1993).

The minimum productivity of the past 2000 is recorded
during the cold period between about 1500 and 1770
AD (Fig. 6d, g). This was probably due to harsh sea-ice-
covered winters, and summers packed with sea ice and
limited food availability. Light limitations hinder diatoms
and other algae usually from growing intensely under
permanent ice cover (e.g., Michel et al. 1988; Cota & Sul-
livan 1990; Gosselin et al. 1990).

These productivity changes are confirmed by 8'*C val-
ues measured on N. pachyderma, T. quinqueloba and G.
uvula (Fig. 4d—f). Changes in 8"°C values can be attributed
to changes in palaeoproductivity and ventilation of sur-
face and near-surface waters (Duplessy 1978) if other
chemical, biological and physical factors can be ruled
out (e.g., Spero et al. 1997; Bemis et al. 2000; Peeters
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et al. 2002). The fairly similar general trends in $'*C until
ca. 1800 AD in the three species are therefore probably
related to similar productivity and ventilation levels in
the upper ca. 250 m of the water column (Fig. 4d-f). High
8"C values correlate with the maxima in planktic fluxes
and low values with the minima. During the last roughly
200 years, the 8"°C values in the three species deviated.
The 6"C values of N. pachyderma and T. quinqueloba
decreased, whereas the "°C values of G. uvula increased,
suggesting decoupling of the productivity and ventilation
in the surface waters from the waters below, which may
be an indication of stratification near the surface.

Preservation and carbonate chemistry

Similar and relatively low variability of mean shell
weights of both size fractions 100-125 and 150-180 pm
of N. pachyderma and T. quinqueloba indicate a parallel
response to environmental changes and preservation of
the two species (Supplementary Fig. S2d). This is con-
firmed by rather low %fragmentation that generally
shows an opposite pattern to the mean shell-weight
record, that is, high %fragmentation corresponds to
low shell weight of planktic foraminifera (Supplemen-
tary Fig. S2d, Fig. 6e, f). Better preservation appears
to correlate with the warmer periods and an increased
influence of Atlantic Water. During the warm time
interval of about 21-400 AD, the mean shell weights
of N. pachyderma and T. quinqueloba peaked at about
200 AD with a maximum of 3.32 pg in N. pachyderma
(150-180 pg). Similar high mean shell weights at ca.
200 AD likewise indicate good preservation at some
317 km north of our core site (Zamelczyk et al. 2013).
This can be attributed to a strong influence of calcium
carbonate-rich Atlantic Water (e.g., Huber et al. 2000).
From about 400 AD during the colder period, the
mean shell weights of N. pachyderma and T. quinqueloba
decreased together with the shell fragmentation (Sup-
plementary Fig. S2d, Fig. 6e, f). This indicates a deteri-
oration of the calcification conditions for these species
rather than dissolution due to diagenetic changes in
the sediment. High shell weights and the clearly low
fragmentation occurred during the warm period at
900-1400 AD, again indicating good preservation.
During the cold period of ca. 1400-1530 AD, the mean
shell weight of N. pachyderma first decreased, and at
ca. 1520 AD, the %fragmentation was high, indicating
rather severe preservation problems also correlating
with a peak in ice rafting (Figs. 6e, f). This is supported
by the ca. 1.3 °C temperature drop in surface water, as
indicated by the SST, (Fig. 6h). This may possibly be
related to changes in [CO,*7] and Q_ due to more sea-
ice and subsequent melting during peak reproduction

(page number not for citation purpose)


http://dx.doi.org/10.33265/polar.v38.3715�

Climate, ocean circulation and palaeoproductivity

in the summer months (Manno et al. 2012; Fransson
et al. 2013). Around 1530 AD, the mean shellweights
increased, whereas the %fragmentation decreased,
implying good preservation. This coincides with the
slightly ameliorated conditions, with low to moderate
presence of Atlantic Water and increased percentages
of T. quinqueloba and G. uvula and relatively high SST_,
during this time (see discussion earlier; Supplemen-
tary Fig. S2d, Figs. 5b, ¢, 6¢, h). We speculate that
the moderate presence of Atlantic Water with high
[CO,*] compared with Polar Water characterized by
low [CO,*7] (Chierici et al. 2011; Manno et al. 2012),
in addition to phytoplankton blooms within the Mar-
ginal Ice Zone, provided sufficient calcium carbonate
and nutrients for planktic foraminifera to maintain
similar calcification rates to those recorded during the
warm periods at ca. 21-400 and 900-1400 AD (Sup-
plementary Fig. S2d).

During the last approximately 62 years, the increased
SST and enhanced inflow of Atlantic Water are expected
to correlate with an increase in the shell weights of
N. pachyderma and T. quinqueloba. However, the mean
shell weights show only a slight weight increase and no
change in %fragmentation (Supplementary Fig. S2d,
Fig. 6e, f). It has been shown that carbonate saturation
plays an important role in the calcification of foramin-
iferal shells (Russell et al. 2004; Lombard et al. 2010;
Manno et al. 2012). Under low [CO,*7], shell calcifica-
tion rates tend to decrease (Manno et al. 2012). This
could be linked to recent ocean acidification, where
an increase in CO, in the ocean leads to a decrease of
[CO,* ] and a lower level of calcium carbonate satura-
tion (e.g., Chierici et al. 2011). The saturation of cal-
cite (Q,) of 2.2 + 0.6 and [CO,*] of 107 = 11 pmol
kg'recorded in April 2015 at our study site fall within
the low range of values characteristic for Polar Water
(Fig. 2a, ¢; Chierici et al. 2011). Moreover, the cooling
of surface water in the West Spitsbergen Current has
resulted in large CO, absorption in the North Atlan-
tic, which holds greatest amount of anthropogenic CO,
(Olsen et al. 2010). However, as these measurements
were taken in early spring, the relatively low values
represent a season of sea-ice melting, also supported
by low salinity and low temperatures (Fig. 2a, b). As
there is no clear relationship between shell weight,
concentration, growth of planktic foraminifera and
environmental conditions (e.g., carbonate saturation,
temperature, productivity, optimum growth condi-
tions; e.g., Weinkauf et al. [2016] and Lischka et al.
[2018]), it is impossible to determine whether the low
mean shell weights result from ocean acidification or
other environmental factors.
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Late Holocene changes in water-mass properties
and productivity: comparison to other studies

Except for the anthropogenic global warming (e.g.,
Abram et al. 2016), climate variability and its spatio-
temporal development during the past two millennia
has recently been shown to be regional signal and not a
global phenomenon (Neukom et al. 2019), aside from a
general ocean cooling trend over the last 2000 years (e.g.,
McGregor et al. 2015). Climatic periods and their timing
defined historically in north-western Europe by Lamb
(1977) correlate with major changes in proxy records in
the North Atlantic and Nordic seas region. They indicate
temperature and productivity changes on multidecadal
to centennial timescales with prominent cold and warm
anomalies (e.g., Jiang et al. 2002; Spielhagen et al. 2011;
Andresen et al. 2013; Matul et al. 2018). Increased inflow
of warm subsurface Atlantic Water from the Norwegian
Sea into the Arctic Ocean via the eastern Fram Strait
is considered to be responsible for the warm intervals
associated with the Roman Warm Period, the Medieval
Climate Anomaly and the Recent Warming (Spielhagen
et al. 2011; Werner et al. 2011; Zamelczyk et al. 2013;
Werner et al. 2016). However, depending on the envi-
ronmental settings, proximity of the sea-ice edge, avail-
ability of nutrients, microfossil types and other proxies,
the productivity signals may vary considerably (Matul
et al. 2018; Moffa-Sanchez et al. 2019). We compare
our temperature estimates and flux of the subsurface
dwelling N. pachyderma and near-surface to surface living
T. quinqueloba and G. uvula as indicators of subsurface and
near-surface to surface water productivity, respectively,
to other records based on planktic foraminifera and other
microfossils indicative of biological production in Fram
Strait and northern North Atlantic (Figs. 1, 7; Supple-
mentary Table S1).

At Storfjorden Fan, the beginning of the past two
millennia was characterized by a strengthened inflow of
Atlantic Water and relatively warm and productive sub-
surface and near-surface to surface water. At the same
time, an enhanced influence of warm Atlantic Water
and a low relative abundance of N. pachyderma were
recorded at a site from the subpolar gyre south of Green-
land and Iceland (Moffa-Sanchez & Hall 2017). In con-
trast, low surface productivity is indicated by a low flux
and concentration of planktic foraminifera from core
sites just south of our study area off Spitsbergenbanken
on the deep slope (core GIK23258) and on the nearby
shelf (Kveithola Trough core JM09-KA11GC; Sarnthein
et al. 2003; Berben et al. 2014; Fig. 7a-h; Supplemen-
tary Table S1). In core GIK23258, a sharp peak in rela-
tive abundance of T. quinqueloba occurred at ca. 280 AD,
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Fig. 7 Comparison of oceanic conditions of the last two millennia at Storfjorden Fan with other records from the eastern Fram Strait. (a, b) Subsurface pro-

ductivity indicated by the flux of Neogloboquadrina pachyderma and N. incompta and subsurface Mg/Ca-based palaeotemperature in core HH12-1206BC

(this study) compared to (c) subsurface transfer function palaeotemperature based on planktic foraminifera at 100-m water depth and (d) subsurface pro-
ductivity at Kveithola Trough at the western Barents Sea margin in core JM09-KA11-GC (Berben et al. 2014). Near-surface to surface (e, f) temperature at
10-m water depth and productivity indicated by the flux of Turborotalita quinqueloba and Globigerinita uvula in core HH12-1206BC (this study) compared
with (g) the flux of T. quinqueloba and G. uvula in core JM09-KA11GC and (h) concentration of planktic foraminifera in core GIK23258. (i, j) Mg/Ca-based
palaeotemperatures measured in N. pachyderma on the western Svalbard margin (i) core MSM5/5-712-1 (Spielhagen et al. 2011) and (j) core MSM05/5-
712-2 (Aagaard-Sgrensen et al. 2014), (k) flux of N. pachyderma and N. incompta in core JM06-04MC (black line; Zamelczyk et al. 2013) and flux of polar
planktic foraminiferal species in core MSM5/5-712-1 (green line; Spielhagen et al. 2011), () flux of T. quinqueloba and G. uvula in core JM06-04MC (black line;
Zamelczyk et al. 2013) and flux of subpolar planktic foraminiferal species in core MSM5/5-712-1 (green line; Spielhagen et al. 2011), (m) phytoplankton bio-
marker in core MSM5/5-712-1 (Cabedo-5anz & Belt 2016), (n) SST, at 50-m water depth in core MSM5/5-712-1 (Spielhagen et al. 2011) and (o) total planktic
foraminiferal flux in core MSM5/5-712-1 (Werner et al. 2011). Vertical pink bars mark warmer time intervals. For list of records with references, refer to Sup-
plementary Table S1. RWP: Roman Warm Period; DACP: Dark Ages Cold Period; MCA: Medieval Climate Anomaly; LIA: Little Ice Age; RW: Recent Warming.
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indicating a short-lasting pulse of warm Atlantic Water
advection (Sarnthein et al. 2003). The differences in
productivity signals between the records from off Spits-
bergenbanken and Storfjorden Fan can probably be
explained by the position of the sea-ice margin and sea-
sonal variation in the extension of the Marginal Ice Zone.
The sea-ice margin was likely located further north along
the western Svalbard margin, closer to our study site
at the time. High planktic foraminiferal flux is reported
in core MSM5/5-712-2, suggesting highly productive
near-surface to surface waters northwest of Svalbard
(Werner et al. 2011; Fig. 7o0; Supplementary Table S1).
The high surface productivity correlates with a warming
of the subsurface water indicated by the SST,ca based
on N. pachyderma (Fig. 7b). Moreover, high productivity
at the near-surface to surface in this area is also indicated
by a high concentration of phytoplankton biomarkers at
about 340 AD and high flux of diatoms at ca. 46-455 AD
(Miiller et al. 2012; Matul et al. 2018). These conditions
are linked to a northward retreat of the sea-ice edge due
to strengthened Atlantic Water inflow and/or changes in
the atmospheric circulation pattern (Werner et al. 2011;
Miiller et al. 2012; Matul et al. 2018).

The second warm period at the Storfjorden Fan is
recorded at about 900-1400 AD (Fig. 7). Warm SST_,
occurred at about 800-1100 AD in core JM09-KA11GC
from Kveithola Trough and at about 800-1400 AD in
core MSM5/5-712-1 from the north-western Svalbard
margin and has been associated with the Medieval Cli-
mate Anomaly (Spielhagen et al. 2011; Berben et al.
2014; Fig. 7¢, n; Supplementary Table S1). The subsur-
face and near-surface productivity indicated by planktic
foraminifera show only a relatively moderate increase
at our study site and in other records along the west-
ern Barents Sea and Svalbard margin (Fig. 7a, d, {, g,
0). Even in northern Storfjorden, where biological pro-
duction is mainly determined by the extent of the sea-
ice cover and solar radiation, a diminished productivity
indicated by a reduction in concentrations of phyto-
plankton biomarkers has been linked to a reduced sea-
ice cover (Knies et al. 2017).

The two cold periods at 400-900 AD and ca. 1400—
1850 AD, recorded at Storfjorden Fan, are also identified
on the western Svalbard and Barents Sea margin and have
been associated with the Dark Ages Cold Period and the
Little Ice Age, respectively (Werner et al. 2011; Berben
et al. 2014; Werner et al. 2016). They found these inter-
vals to correlate with pronounced changes in the plank-
tic foraminiferal fauna compositions and low planktic
foraminiferal flux. The low subsurface and near-surface
to surface productivity at Storfjorden Fan during the cold
period at 400-900 AD correspond to low primary pro-
ductivity and low content of phytoplankton biomarkers
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recorded in northern Storfjorden in core JM10-010GC
(Pathirana et al. 2015; Knies et al. 2017), and low con-
centrations of benthic foraminifera (Rasmussen & Thom-
sen 2015; Fig. 7a, f; Supplementary Table S1). The low
productivity is linked to a south-eastward shift of the
Marginal Ice Zone associated with extensive sea-ice cover
and a reduced inflow of Atlantic Water from the Nordic
seas. On the western Svalbard margin, high sea-surface
salinity indicates enhanced Atlantic Water influence
at about 1600 AD (Werner et al. 2011). As the salinity
increase was not accompanied by warmer temperatures,
these salinity values were considered erroneous.

At 1400-ca. 1500 AD, the moderate to high flux of
planktic foraminifera agrees with the high surface pro-
ductivity recorded by a high flux of cold-water dinocyst
assemblages in core JM06-04MC from the western Sval-
bard margin (Bonnet et al. 2010), but contrasts with a
decrease in primary productivity around 1450 AD in the
nearby core St20 from the Kveithola Trough on the shelf
(Pathirana et al. 2015; Fig. 1; Supplementary Table S1).
The interval is referred to as the first half of the Little
Ice Age (Bonnet et al. 2010; Pathirana et al. 2015). We
speculate that the differences in productivity between
the St20 and our site were caused by a highly fluctuat-
ing sea-ice margin, with strong seasonal gradients and
intense melting at the sea-ice edge due to influence of
the warm Atlantic Water, as is observed in the western
Barents Sea (e.g., Pathirana et al. 2015). The minimum
productivity, but relatively warm surface conditions at
ca. 1500-1770 AD at Storfjorden Fan coincided with
low fluxes of planktic foraminifera. The warmer condi-
tions are in contrast to the low near-surface tempera-
tures in cores JM06-04MC (Zamelczyk et al. 2013) and
MSM5/5-712-2 (Spielhagen et al. 2011; Werner et al.
2011) from the western Svalbard margin and in core
JMO09-KA11GC from Kveithola Trough (Berben et al.
2014; Fig. 7e-g, k, i, n, o; Supplementary Table S1). The
relatively warm conditions at Storfjorden Fan correlate
with an increased SST estimated from alkenones (UX,,)
and reduced sea-ice concentration in spring recorded in
the same core MSM5/5-712-1 from the western Svalbard
margin (Rueda et al. 2013; Cabedo-Sanz & Belt 2016). A
rapid and short-lasting ice-edge retreat within the Mar-
ginal Ice Zone during springs/summers due to the pres-
ence of Atlantic Water was most likely responsible for the
seasonal warm sea-surface conditions. Nevertheless, the
lowest fluxes of all planktic foraminifera with increasing
IRD concentration recorded in all compared cores during
this time suggest generally enhanced sea-ice cover and
harsh sea-surface conditions.

The increase in planktic foraminiferal flux from ca.
1770 AD at our study site correlates with the high sur-
face productivity indicated by high concentration of the
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phythoplankton biomarker brassicasterol from ca. 1750
AD in core MSM5/5-712-1 from the western Svalbard
margin (Fig. 7m; Supplementary Table S1). The high sur-
face productivity has been explained by a change from
high seasonal sea-ice cover to a winter ice-edge scenario,
with reduced spring sea-ice concentration, at this site
(Cabedo-Sanz & Belt 2016). More sea ice and icebergs
after 1850 AD, indicated by increased IRD at Storfjorden
Fan (Fig. 6i), have been associated with the Little Ice Age
from 1860 AD in a record from the western Svalbard
margin (Werner et al. 2011). The event is linked to a con-
tinuous strengthening of the meridional overturning cir-
culation intensity (Sicre et al. 2008) and increased deep
water production in the Norwegian—Greenland Sea.

Studies of planktic and benthic foraminiferal faunas,
biomarker and sedimentological reconstructions from the
western part of the Nordic seas influenced by the EGC do
not depict any prominent cold and warm anomalies (Per-
ner et al. 2015; Andrews et al. 2016). At the shallow Fos-
ter Bugt site, north-east Greenland shelf in core PS 2641,
the surface conditions described by foraminifera indicate
an overall cooling and a large and variable input of melt-
water from Greenland from about 800 AD to the present,
with markedly increased productivity over the last mil-
lennium (Perner et al. 2015; Fig. 1a; Supplementary Table
S1). The cooling trend over the past two millennia has
been detected further south, at the southern Greenland
margin in core RAPiD-35COM (Moffa-Sanchez & Hall
2017) and south of Iceland in core RAPiD-17-5P (Mof-
fa-Sanchez et al. 2014). In RAPiD-17-5P, an increasing
influence of the EGC and cold surface conditions were
recorded over the last millennium by planktic foramin-
iferal assemblages and Mg/Ca-based temperature recon-
structions from a deep-dwelling planktic foraminiferal
species (Moffa-Sanchez et al. 2014; Fig. 1a; Supplemen-
tary Table S1). South of Iceland, in cores RAPiD-21-3K
(Sicre et al. 2011) and RAPiD-17-5P (Moffa-Sanchez
et al. 2014), clear centennial-scale changes in SST have
been linked to climatic events such as the warm Roman
Warm Period and cold Little Ice Age (Fig. 1a; Supplemen-
tary Table S1). North of Iceland, apparently subdued tem-
perature variations related to the Little Ice Age and warm
Medieval Climate Anomaly were recorded (e.g., Knudsen
et al. 2004; Knudsen et al. 2011).

The progressive warming over the last 200 years is con-
sidered to be globally synchronous (Neukom et al. 2019
and references herein) and well documented in numerous
palaeoproxy studies from the Arcticregion (e.g., Kaufman
et al. 2009; Majewski et al. 2009; Spielhagen et al. 2011;
Werner et al. 2011; Dylmer et al. 2013; Zamelczyk et al.
2013). Some studies consider the last 100 years as the
warmest period of the last two millennia (Neukom et al.
2019). In Fram Strait, in core MSM5/5-712-1, fluxes and
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SST based on planktic foraminifera show relatively stable
temperatures and productivity for most of the past two
millennia, and only a rapid increase in the past 100 years
that is argued to represent greater advection of Atlantic
Water into the Arctic (Spielhagen et al. 2011; Fig. 7k, |,
n; Supplementary Table S1). However, the phytoplank-
ton biomarker (brassicasterol) recorded at the same site
shows marked variability in productivity throughout the
entire studied period (Cabedo-Sanz & Belt 2016; Fig. 7m;
Supplementary Table S1). The SST reconstructions based
on dinocyst assemblages indicate a cooling trend with a
salinity reduction at the same site over the last 2000 years
(Bonnet et al. 2010). The contrasting trends may reflect
a habitat bias in the different proxies or, more likely, a
bias due to post-depositional dissolution of planktic fora-
minifera at this location (Zamelczyk et al. 2013; Fig. 7k,
I; Supplementary Table S1). At Storfjorden Fan, the SST
reconstructions show a distinct warming trend at the
near-surface to surface from 1850 AD onwards and sur-
face productivity accompanied the temperature changes
at all sites under the influence of warm Atlantic Water
(Fig. 7ct, k—0). Although the subsurface SSTMg/Ca-based
temperatures indicate a cooling trend, the productivity at
the subsurface increased (Fig. 7a, b, k). This can proba-
bly be linked to the progressive changes in the net pri-
mary production associated with increased temperatures,
loss of sea ice and increased phytoplankton production
(Arrigo & van Dijken 2015).

Conclusions

The major climate anomalies of the past two millen-
nia were reflected in planktic foraminiferal records at
Storfjorden Fan, western Svalbard margin, based on the
distribution, concentration and flux of species, SST recon-
structions by Mg/Ca, transfer functions and 6'*0 and 6"*C
values of N. pachyderma, T. quinqueloba and G. uvula.
Enhanced fluxes of planktic foraminifera, increased
but variable percentages of subpolar species and decreased
relative abundances of N. pachyderma, along with high
mean shell weights, characterized periods at about
21-400 AD, 900-1400 AD and 1850 AD to the present.
These periods were linked to a local expression of the
northern European climate events, the Roman Warm
Period, the Medieval Climate Anomaly and the Recent
Warming, respectively. The highest temperatures of the
past two millennia occurred during the last 50 years.
Oceanic conditions at about 400-900 AD and 1400-
1850 AD were cold. They were generally characterized by
a very low to low flux of planktic foraminifera, a low to
moderate relative abundance of the subpolar species and
a dominance of the polar species N. pachyderma. A very
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low flux of planktic foraminifera, but relative warm SSTs,
and increased percentages of subpolar species (T. quinque-
loba and G. uvula) were observed at about 1500-1770 AD,
which we attribute to a short-lasting amelioration due to
the seasonal presence of Atlantic Water. This period was
followed by the coldest interval of the past two millennia
at approximately 1770-1850 AD, which may be linked
to the culmination of the cold climate of the northern
European Little Ice Age.

The subsurface (250-75 m) and surface to near-surface
(75-0 m) productivity of planktic foraminifera show a
generally concurrent response to the climatic and ocean-
ographic development. Moderate to high fluxes and con-
centrations of planktic foraminifera characterized warm
periods, and low fluxes and concentrations of plank-
tic foraminifera characterized cold periods. The highest
planktic productivity indicated by very high, but variable,
planktic foraminiferal flux and concentration occurred at
about 1300-1500 AD, 1750-1860 AD and over the past
50 years or so. These periods likely represent a general
amelioration of conditions from years with sea-ice cover
to years with a fluctuating summer ice margin.

A close link between the shell weights, the preserva-
tion of planktic foraminifera and Atlantic Water pres-
ence during the past 2000 years, except the last 50 years,
implies that the main factor controlling the calcification
rate of planktic foraminifera is the carbonate chemistry
state ([CO,*] and Q) of the Atlantic Water.

Our reconstructed SST,, correlates with atmospheric
temperatures for the last 162 years, suggesting a high
reliability of our SST reconstruction based on the plank-
tic foraminiferal data for the past 2000 years and fur-
ther confirms that the warming of the last 50 years is a
well-established occurrence within Fram Strait.

Comparison to other records from the western Sval-
bard margin and western Barents Sea based on different
productivity and climate proxies (planktic foraminifera,
dinocysts, alkenones) show temporary inconsistencies.
These inconsistencies have been reported previously
and can be attributed to the local variability of the sea-
ice margin, the response of biological productivity to the
variability and the possible habitat and/or preservation
biases that each proxy represents.
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