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A high-resolution record, covering 9.3-0.2 ka BP, from the sub-arctic Stjernsund (70°N) was studied for benthic
foraminiferal faunas and stable isotopes, revealing three informally named main phases during the Holocene. The
Early- to Mid-Holocene (9.3-5.0 ka BP) was characterized by the strong influence of the North Atlantic Current
(NAC), which prevented the reflection of the Holocene Climatic Optimum (HCO) in the bottom-water tempera-
ture. During the Mid-Holocene Transition (5.0-2.5 ka BP), a turnover of benthic foraminiferal faunas occurred,
Atlantic Water species decreased while Arctic-Polar species increased, and the oxygen isotope record showed
larger fluctuations. Those variations correspond to a period of global climate change, to spatially more hetero-
geneous benthic foraminiferal faunas in the Nordic Seas region, and to regionally diverging terrestrial tempera-
tures. The Cool Late Holocene (2.5-0.2 ka BP) was characterized by increased abundances of Arctic-Polar species
and a steady cooling trend reflected in the oxygen isotopes. In this period, our record differs considerably from
those on the SW Barents Sea shelf and locations farther south. Therefore, we argue that regional atmospheric
cooling triggered the late Holocene cooling trend. Several cold episodes centred at ~8.3, ~7.8, ~6.5, ~4.9, ~3.9 and
~3.3 ka BP were identified from the benthic foraminiferal faunas and the 8'*O record, which correlated with
marine and atmospherically driven proxy records. This suggests that short-term cold events may result from
reduced heat advection via the NAC or from colder air temperatures.
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In recent years, several reconstructions of Holocene
palacoceanographic changes and climate variability
have been performed based on planktonic and benthic
foraminifera from the shelf areas of the Nordic Seas
(Klitgaard-Kristensen et al. 2001; Jennings et al. 2002;
Rasmussen et al. 2007) and the Barents Sea (Hald et al.
1989; Polyak & Mikhailov 1996; Duplessy et al. 2001;
Chistyakova et al. 2010; Risebrobakken et al. 2010),
and in fjords along the Norwegian coast (Sejrup et al.
2001; Husum & Hald 2004b; Kjennbakken ez al. 2011).
These studies showed that the climate in NW Europe is
driven by the interplay between atmospheric and ocea-
nographic control mechanisms such as solar influence
and heat transport via the North Atlantic Current
(NAC). The poleward heat flux, the position of the
oceanic fronts, and the regional climate changed con-
siderably owing to NAC variability (Kog ez al. 1993,
1996; Hald & Aspeli 1997; Hald ef al. 2007).
Moreover, Holocene climate records reconstructed
from marine and terrestrial archives indicated that the
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Holocene climate in the Nordic Seas and Barents Sea
was not as stable as previously thought (e.g. Bond ez al.
1997; Mayewski et al. 2004; Andersen et al. 2004a, b;
Nesje et al. 2005; Hald et al. 2007; Wanner et al. 2011).
In particular, the relatively warm conditions in the
early and middle Holocene were punctuated by several,
abrupt cooling phases, centred at 10.0,9.7, 8.2, 7.9, 6.5,
4.7 and 4.3 cal. ka BP (Andersen et al. 2004a, b; Nesje
et al. 2005; Hald et al. 2007; Wanner et al. 2011).
Benthic foraminiferal faunas and stable isotope
records have proven to be useful tools for recon-
structing bottom-water-mass properties, including
temperatures (e.g. Sejrup et al. 2001; Husum & Hald
2004b; Kjennbakken et al. 2011). Seawater oxygen
isotope composition and temperature exert the
primary control on the oxygen isotope signal incorpo-
rated in the calcite tests of foraminifera (McCrea
1950; Emiliani 1955; Shackleton & Opdyke 1973).
Benthic foraminifera are restricted in their distribu-
tion by a number of environmental parameters, such
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as temperature, salinity, bottom-water oxygenation
and trophic regimes (Murray 2006). This becomes
evident through a clear zonation of benthic faunal
provinces along the shelf in the Nordic Sea region,
which can be subdivided into Lusitanian, Boreal,
Arctic and Polar (high Arctic) communities (e.g.
Feyling-Hanssen 1972; Sejrup et al. 1981, 2004; Hald
& Steinsund 1992; Corner et al. 1996; Hald & Korsun
1997; Husum & Hald 2004a). This zonation can essen-
tially be attributed to the progressive cooling of the
northward-flowing Atlantic Water (AW), and to food
availability (e.g. Murray 2006). Faunal assemblages of
benthic foraminifera can thus be used as proxies for
assessing bottom-water changes in shelf areas (e.g.
Klitgaard-Kristensen ez al. 2001; Rasmussen et al.
2007; Chistyakova et al. 2010) and in fjord settings,
which have a deep-water connection to the open shelf
(e.g. Sejrup et al. 2001; Husum & Hald 2004b).

Here we investigate a gravity core from the
moraine-silled Stjernsund trough in northern Norway
(70°N). Stjernsund is located at the boreal-arctic
boundary in northern Fennoscandia and mimics fully
marine conditions resulting from a deep-water con-
nection to the open shelf. Owing to its location and
the inflow of the NAC, the benthic ecosystem is sup-
posed to react sensitively to climatic and oceano-
graphic changes, which may originate from southern
(boreal) or northern (arctic) regions. It was shown in
recent studies that temperature anomalies may be
advected into the northern Norwegian region, but
may also be caused by local variations in heat flux
processes (Furevik 2001; Eilertsen & Skardhamar
2006). Thus, in addition to heat exchange with the
inflowing AW via the NAC, the bottom water in
Stjernsund may be affected by heat transfer from the
surface and subsurface layers, which are modulated
by local meteorology and river discharge (Riiggeberg
etal. 2011). In Norwegian fjords, the surface-
temperature signals typically affect the deepest bottom
waters with a delay of about four months with muted
amplitude (Eilertsen & Skardohamar 2006). It was
shown that Norwegian fjords have the potential to
record atmospheric temperature changes in their
bottom waters (e.g. Husum & Hald 2004b). In addi-
tion, fjords often act as natural sedimentary traps,
and thus allow for Holocene high-resolution studies
(e.g. Mikalsen et al. 2001; Hald ez al. 2003).

The aim of this study is to reconstruct fluctuations in
the current systems and the local palaeoclimate of the
Holocene. The geographic position may enable us to
show the importance of local heat flux processes
(Furevik 2001; Eilertsen & Skardhamar 2006) and it
may support the south-to-north link between Holocene
climate records from the North Sea to the Barents Sea
(e.g. Husum & Hald 2004b; Risebrobakken ez al. 2010).
In order to explore the interplay of atmospheric and
oceanographic control mechanisms in Stjernsund we (i)
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reconstruct bottom-water temperatures of the Stjern-
sund fjord basin based on oxygen isotopes (8'*0); (ii)
trace temperature changes and potential variations of
the NAC across the Holocene by means of benthic
foraminiferal assemblages; and (iii) compare our proxy
records with other regional marine and terrestrial
climate proxy records.

Regional setting and oceanography

The Stjernsund (Fig. 1) at 70°N in Norway is an east—
west-trending glacial trough connected to the open
shelf of the Barents Sea in the west and to the Altafjord
at its eastern end (e.g. Freiwald et al. 1997). The Stjern-
sund trough is up to 3.5 km wide and ~30 km long.
The Alta River, which flows into the Altafjord,
accounts for the low-saline surface water layer, while
the bottom water is constituted by inflowing NAC
water (Riiggeberg et al. 2011). A Lateglacial terminal
moraine forms a distinct sill within the trough (Lopez
Correa et al. 2012) about half-way between Altafjord
and the Barents Sea embayment near Lopphavet. The
examined gravity core lies within the SE part of the
trough that was occupied by an ice stream during
the Younger Dryas (Lopez Correa ef al. 2012), and the
trough sediments are thus exclusively postglacial. This
terminal moraine sill acts today as a barrier for the
inflowing AW, and divides the Stjernsund into an outer
(NW) and inner (SE) trough, of 410 and 480 m water
depth. The sill crest depth varies between 236 and
203 m, and its flanks are covered by the prominent
cold-water corals Lophelia pertusa and Madrepora
oculata (Freiwald et al. 1997; Riiggeberg et al. 2011;
Lopez Correa et al. 2012), reflecting the permanent
influence of AW.

The main water-masses found on the shelf off the
northern Norwegian coast and in the studied fjord
are of Atlantic and coastal origin (Hopkins 1991;
Skardhamar & Svendsen 2005; Riiggeberg et al. 2011).
The Norwegian Atlantic Current (NwWAC) represents
the main part of the relatively warm (>8°C) and saline
(>35) NAC, which continues along the Norwegian con-
tinental slope into the Barents Sea as a bottom-water-
mass in the North Cape Current (NCaC), and towards
the north (West Spitsbergen Current — WSC; Fig. 1).
Near the coast, the NAC is capped by low-saline
surface water of the Norwegian Coastal Current (NCC,;
Dullo et al. 2008). The NCC originates primarily from
the freshwater outflow of the Kattegat and the Baltic
Sea and from Norwegian mainland runoff (Mork 1981;
Fig. 1). The NCC flows northwards, parallel to the
coast, and stretches out as a thin wedge beyond the
shelf edge. NCC waters are comparatively low-saline
(<35) and extend down to >50-250 m (Hopkins 1991;
Skardhamar & Svendsen 2005; Riiggeberg et al. 2011).
Norwegian Sea Deep Water (NSDW), with salinities of
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<3495 and temperatures of <0°C, prevails below
~800 m along the continental margin west of the study
area (SkaroOhamar & Svendsen 2005).

In Stjernsund, the AW is the dominant water-mass
below ~150 m (Riiggeberg et al. 2011). Different water-
mass distributions east and west of the sill were indi-
cated by hydrographical investigations. CTD cast time
series showed the permanent AW presence west of the
sill, while AW flushes over the sill into the SE trough
twice a day during high tide and partly mixes with
lower-salinity fjord waters (Riiggeberg et al. 2011).
Despite the sill, the tidally driven AW inflow faithfully
refills the SE trough with AW, and the conditions in
this inner basin at the coring site POS-325-482-2 are
fully marine. Based on the slight salinity difference,
the residual AW component within this basin is >99.3%
(Lopez Correa et al. 2012). The Stjernsund sedimentary
record is thus suitable for reconstructing climate vari-
ations in connection with fluctuations of the NAC.
Owing to its location inshore from the transition of the
Norwegian Sea into the Barents Sea, the benthic fauna
is oceanographically governed by the inflowing warm
AW, but may be further climatically influenced by cold
air masses from the Arctic realm through atmospheric
cooling of the fjord water body. The postglacial sedi-
ments recovered in the Stjernsund fjord basin are hence
well suited to record the interplay between marine and
atmospheric influences.
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Materials and methods

Core description

This study is based on the 566-cm-long gravity core
POS-325-482-2 (Figs 1, 2), collected from 479 m water
depth (70°13’85”N, 22°47°63”E) in the eastern fjord
basin during RV ‘Poseidon’ cruise POS-325 in July
and August 2005 (Freiwald ez al. 2005). The sediments
are homogenous silty clays, which scarcely show bio-
turbation structures. In some sections of the core, iso-
lated vertical polychaete burrows of ~5cm in length
were found. They showed a black lining, while other
bioturbation features appeared to be minimal. A few
scaphopods (Siphonodentalium lobatum) and small
double-valved bivalves (Pseudamussium sulcatum,
Bathyarca frielei, Delectopecten vitreus, Nucula sp.)
were found sporadically, as well as a large gastropod
(Neptunea sp.) and a solitary coral, Flabellum macan-
drewium. Fine-grained homogenous silty clays consti-
tute the lower part of the core (566 to 120 cm), and
few fine-sand-enriched horizons were present. The
upper core part (120 to 0 cm) comprises coarse silty
clay with a higher proportion of fine sand.

Chronology

The chronostratigraphy of core POS-325-482-2 has
been established with seven radiocarbon ages (Fig. 2;
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Fig. 2. The lithology with the position of AMS '“C dates indicated, the sieve grain-size distribution versus core depth (cm), and the age model
of core POS-325-482-2, including the probability curves with ranges of 2o.
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Table 1. Radiocarbon dating results (AMS-*C) of core POS-325-482-2 and calibrated age ranges. The calibration was done in OxCAL 3.10,
using the Marine(9 calibration (Reimer ez al. 2009). Calibrated age ranges (not corrected for local AR) represent the 2o confidence interval of
the respective probability curves. Data marked with an asterisk are from Lopez Correa et al. (2012).

Sample Depth Species 14C-Lab. AMS-1C Calibrated age
(cm) code (**C a BP) range (cal. a BP)

STJ-482-10%* 10 Flabellum macandrewium Poz-24325 845+30 525-425
STJ-482-42 42 Pseudamussium sulcatum Poz-42317 1270%30 900-730
STJ-482-122 122 Siphonodentalium lobatum Poz-42314 236030 20901880
STJ-482-347 347 Siphonodentalium lobatum Poz-42315 5180£40 5630-5450
STJ-482-410 410 Bivalve fragments Poz-42316 6110+40 6650-6420
STJ-482-433* 433 Neptunea sp. Poz-24324 6620+40 7250-7020
STJ-482-566 566 Bathyarca frielei Poz-42318 861050 9420-9110

Table 1) of calcareous hard parts of well-preserved
benthic fauna, namely the solitary coral Flabellum
macandrewium (10 cm), the gastropod Neptunea sp.
(433 cm), scaphopods (122 and 347 cm) and bivalve
shells (42, 410 and 566 cm). Radiocarbon dating was
performed at the Poznan Radiocarbon Laboratory
with an Accelerator Mass Spectrometer (AMS). The
resulting ages are reported in Table 1 as radiocarbon
years ("*C a BP) and as calibrated age ranges (cal. a BP).
AMS-"“C ages were calibrated with the program
OxCaL 3.10 against the marine calibration data set
Marine 09 (Reimer et al. 2009) to derive calibrated
ages. Calibrated age ranges in Table 1 correspond
to the 20 ranges of the resulting probability curves
(Fig. 2). In the following, all ages are given in calibrated
years BP, that is, years (a) or thousand years (ka)
before AD 1950.

Sampling and sample preparation

The core was sampled every 10cm for benthic
foraminifer stable isotope analyses, and for benthic
foraminiferal assemblages. The samples comprise a
section interval of 2 cm. The wet weight of the sediment
was measured, and the sample then dried at 60°C in
a ventilated drying cabinet. The weight reduction
was controlled every 12 h until a consistent dry weight
plateau was reached, which was the case after 72 h for
all samples. Subsequently, the dried sediment samples
were soaked overnight in dilute hydrogen peroxide
(10%) to facilitate a sufficient disintegration and
separation of adherent fine-grained sediment from
foraminiferal shells (Wick 1947). The low H,O, concen-
tration and short soaking time ensured that arenaceous
foraminifera were not destroyed, if they had been pre-
served at all in the reducing conditions of potentially
anoxic pore waters of the sediment core. The suspended
sample was then washed through nested sieves of 63-,
125- and 250-um mesh size. Sediment grains >250 um
were not present in this core. Each fraction was
collected from the sieves with distilled water to pre-
vent particle clumping during drying and stored in

pre-weighted 100-mL Nunc cups. The fractions of
63-125 um and >125 um were dried at 45 to 50°C for
24 h and then weighed, which allowed for a rough con-
straint on grain size distribution, which was expressed
as weight percent.

Benthic foraminifera

The analyses of the benthic foraminiferal assemblages
were carried out on the >125-um size fraction, which
is widely used for benthic foraminiferal studies
because it allows the most secure identification of
foraminiferal species. Smaller, juvenile specimens in
the 63-125 um fraction may lack the diagnostic mor-
phological features of adult individuals, and examina-
tion of the 125-um fraction facilitates microscopic
work on samples rich in fine detrital sand (Hermelin
1986). Not only juveniles but also small and environ-
mentally sensitive forms, for instance some Bolivina,
Epistominella and Stainforthia species, were lost when
a size fraction larger than 63 um was examined
(Schroder et al. 1987). Literature data inferred that
49% of the living specimens and 28% of the species
inventory were not captured in the >125-um fraction
as compared to the >63-um fraction (Schonfeld 2012).
However, in the present case of fjord basin core POS-
325-482-2, different Stainforthia species as well as a
rich fauna of bolivinids were recorded (Tables S1, S2
in Supporting Information). Epistominella exigua was
also present, which usually has a size distribution
maximum around 125 um (Gooday 1993). As such,
the loss of environmental information from studying
the >125-um fraction is considered minimal in the
present study.

The samples were split with an Otto-microsplitter to
obtain an aliquot containing at least 300 specimens.
The whole aliquot was picked and counted. Species
were identified to species/genus level and kept sepa-
rately in KRANTZ micro-cells. The foraminiferal
census data were transferred into relative species abun-
dance data and referred to the dry sample weight to
obtain benthic foraminiferal numbers (BFN) per gram
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sediment as absolute abundances. The number of
planktonic foraminifera was registered in connection
with the benthic quantitative analysis, but these
foraminifera were not analysed in detail for this study.
Fisher’s o diversity was calculated with the program
PAST 2.01 (Hammer & Harper 2008).

To identify structures in the data sets of the relative
abundance of benthic foraminifera, multivariate analy-
ses were performed with pAsT 2.01 (Hammer & Harper
2008). In order to reduce species numbers to a practical
level, only those species that occurred in at least one
sample among the five most abundant species were
taken into account, which resulted in a reduction to 20
species. In addition, Pullenia spp. (Pullenia bulloides
and P. quinqueloba) were included in the analyses
because of their association with Atlantic-derived
water (Lohmann 1978; Belanger & Streeter 1980;
Risebrobakken ef al. 2010).

Stable isotopes

For stable isotope measurements, the benthic
foraminiferal species Cassidulina laevigata and
Cassidulina neoteretis were picked from the fraction
>125 to <250 um. Visually clean specimens of similar
test size (125 to 250 wm) without signs of dissolution
were chosen. Generally, 10-20 specimens of C. laevi-
gata and 15-20 specimens of C. neoteretis were used
for each measurement to achieve the required sample
weight of at least 0.04 mg CaCO;. The foraminifera
were coarsely crushed, and cleaned with methanol in
an ultrasonic bath. The measurements were carried
out with a ThermoFinnigan MAT 252 mass spectrom-
eter at the GeoZentrum Nordbayern at the University
of Erlangen. Based on replicate measurements of an
internal carbonate standard, the reproducibility for
380 and 8"C is *=0.03%o, respectively. The stable
isotope values are given in the delta-notation relative
to the Vienna Pee Dee Belemnite (V-PDB) carbonate
standard. Between 568 and 214 cm core depth, C. neo-
teretis was measured. Because this species was scarce
in the upper 214 cm of the core, C. laevigata was
measured instead. Between 214 and 2 cm, eight paral-
lel measurements of both species were carried out to
determine if the resulting stable isotope values show
a systematic species-dependent offset. A tentative
bottom-water temperature was calculated on the basis
of the benthic 80 record using the equation of
Shackleton (1974):

T (OC) =16.9- 4-0(5180f0raminifer - 6lgowuter ) (1)

The modern seawater oxygen isotope composition
3"%O0uater 15 0.2270.06%0 VSMOW, and the stable
carbon isotope composition of dissolved inorganic
carbon (DIC) in seawater is &8“Cpic=0.500.04%0
VPDB (S. Flogel, pers. comm. 2012).
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Results

Age model and sedimentation rate

Radiocarbon dating yielded ages between 845+30 “Ca
BP at 10 cm and 8610+50 “C a BP at 566 cm, which
correspond to calibrated ages between 475 and 9265
cal. a BP. The calibrated ages, listed in Table 1, form a
near-linear age vs. depth relationship, which corre-
sponds to an overall sedimentation rate of ~63 cm ka™
from ~9.3 to ~0.5 ka BP (Fig. 2). The 10-cm spacing of
the 57 samples, analysed for foraminiferal assemblages
and stable isotopes, corresponds to an average resolu-
tion of 165 years, while each 2-cm-wide sampling
interval thus represents ~33 years on average. The sedi-
mentary record shows a maximum bioturbation and
hence vertical homogenization depth of ~5cm. The
10-cm sample spacing thus ensures a sufficient signal
separation.

Sieve grain-size distribution

The grain-size distribution revealed that the >125-um
fraction contributes with 0.2-2.0% and the >63-um
fraction with 0.7-5.0% to the sediment record in the
lower 454 cm (Fig. 2). Increased proportions of coarse
grained material (>125 um) were recorded at 506, 468,
307, 287 and 204 cm core depth. In the upper 112 cm,
the >125-um fraction contributes 1-10%, with highest
proportions at 82, 62 and 2 cm core depth. The >63-um
fraction contributes with 2-22%, and highest propor-
tions are displayed again at 82, 62, 42 and 2 cm core
depth (Fig. 2). Coarse non-biogenic grains (>125 wm)
in the record were composed of mica, mafic minerals
and in some samples quartz.

Stable isotopes

The benthic 8'®O values vary between 3.0 and 3.3%o
V-PDB from the beginning of the record at ~9.3 until
~5.0ka BP, except for excursions towards heavier values
at ~8.3, ~7.8 and ~6.5 ka BP (Fig. 3A). Further excur-
sions towards heavier values occur at ~4.9, ~3.9 and
~3.3 ka BP. The 8"*O excursions at ~8.3, ~7.8, ~6.5 and
~4.9 ka BP have a magnitude of ~0.5 to ~0.7%o relative
to immediately adjacent values, and cover time-spans of
200 to 400 years. The §'*0 excursions at~4.9 and ~3.3 ka
BP display 8'°0 values that are even 1%o heavier than the
values in horizons directly above and below. The 830
variability is generally higher between ~5.0 and ~2.5 ka
BP, and ranges from 2.2 to 4.3%o. The lightest 8'%0 value
is recorded at ~2.8 ka BP, with 2.2%,. After ~2.5 ka BP
the 8'80 values increase steadily from 2.6 to 4.0%o at
~0.5 ka BP. This trend is only interrupted by a short
decrease between ~1.6 and ~1.2 ka BP. For the period
between ~3.5 and ~0.2 ka BP, the 880 of the eight
sample pairs of C. laevigata and C. neoteretis from the
same horizon reveal differences varying between 0.1 and
0.5%o (average 8'80 offset 0.15%o).
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Fig. 3. The benthic §'*0 (A) and §"*C (B) records of Cassidulina laevigata (triangles) and Cassidulina neoteretis (circles); benthic foraminiferal
numbers (BFN) per gram sediment (C); Fisher’s o diversity index (D); and the proportion of planktonic foraminifera (E). Dashed horizontal
lines indicate the subdivision of the Holocene into three intervals, and grey-shaded bars mark cold episodes.

The 8"C values vary between —-0.4 and —1.5%o
(Fig. 3B), with a generally increasing trend between
~9.3 and ~0.2 ka BP. Slightly higher 8“C start at
~2.5 ka BP, coincident with the onset of the steady 8'30
increase across the late Holocene (Fig. 3A). Paired
measurements of C. laevigata and C. neoteretis
revealed no systematic offset between the two species,
with 8"C differences ranging between 0.09 and 0.5%o
(0.19%o on average).

Benthic foraminifera

A total of 92 benthic foraminiferal species belonging to
53 genera were identified in core POS-325-482-2
(Table S1). There were fewer than 50 planktonic
foraminifera in each sample, and their proportion was
<8% of the entire foraminiferal fauna (Fig. 3E). The
benthic foraminifera were well preserved and showed no
signs of dissolution. The benthic foraminiferal number
(BFN) ranges from 123 to 789 specimens per gram dry
sediment. Between ~9.3 and ~5.0 ka BP, the BFN values
increased from ~120 to ~450 specimens per gram dry
sediment. Generally lower BFN values (120 to 360 ind.
g) were recorded between ~5.0 and ~2.5ka BP.
Increased values were displayed from ~2.5 to ~0.4 ka
BP, with BFN values ranging between ~300 and ~800
specimens per gram dry sediment. The uppermost
sample at 2 cm (~0.2 ka BP) shows only ~120 specimens
per gram dry sediment (Fig. 3C).

Fisher’s o index ranged from ~5.5 to ~12.0 with an
average of 8.4, implying higher diversity at higher values

(Fig. 3D). It displays low-amplitude variations around
the average value between ~9.3 and ~2.6 ka BP. Between
~2.6 and ~1.7 ka BP values were between 7.5 and 9.0.
Values below the average were displayed between ~1.7
and ~0.5 ka BP, with only the surface sample (~0.2 ka
BP) displaying a value that is at the average (Fig. 3D).
Minimum values of 7 or lower were recorded at ~8.4,
~7.8,~6.5,~5.7, ~4.5,~3.9, ~3.3 and ~2.8 ka BP. Most
minima in the Fisher’s o correspond to excursions of the
8"0 record towards heavier values (Fig. 3A), except at
~5.7, ~4.5 and ~2.8 ka BP.

Species grouping and abundance. — Correspondence
analysis was applied to the reduced data set of the 20
most frequent benthic foraminiferal species including
Pullenia spp. to obtain species associations with distinct
distributions or preferences for certain environmental
conditions. From the 57 samples, correspondence
analysis extracted 18 axes. The two first axes were
clearly separated from the others by their percentage of
total variance, and they accounted for 72% of the total
data variability (Fig. 4). Species scores fall into three
main groups that are referred to as Assemblage 1 to 3.
There was also one outlier (Brizalina skagerrakensis),
which is considered separately.

Assemblage 1 was characterized by high positive
Axis 2 and high negative Axis 1 scores. It is composed
of Melonis barleeanum, C. neoteretis and Cibicidoides
pachyderma, species that are known as AW indicators
(Atlantic Water group; e.g. Lubinski et al. 2001; Rytter
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Fig. 4. Correspondence analysis of the relative abundances of the 20
species that occurred among the five most abundant in at least one
sample and Pullenia spp. from core POS-325-482-2. Assemblage 1
represents the Atlantic Water group, assemblage 2 includes among
others the Boreal group, and assemblage 3 includes Arctic-Polar
species.

et al. 2002; Rasmussen et al. 2007). Assemblage 2 was
determined by positive and negative Axis 1 and 2
scores. This assemblage was predominantly composed
of boreal species, in particular Elphidium albiumbilica-
tum, Cassidulina obtusa, Trifarina angulosa, Cassidulina
minuta, C. laevigata, Stainforthia concava, Globob-
ulimina turgida, Stainforthia fusiformis, Nonionellina
labradorica, Spirorbina simplex and Cibicides lobatulus.
Assemblage 3 was characterized by high positive Axis 1
and negative Axis 2 values. This assemblage is repre-
sented by the two Arctic-Polar species Elphidium exca-
vatum clavatum and Islandiella norcrossi, joined by
Globobulimina affinis. Brizalina skagerrakensis yielded
an outstanding positive Axis | score (2.7) and also a
comparatively high positive Axis 2 score (0.5). This
species has very different dynamics from the others
because it occurs only in the uppermost part of the core
and it is considered as an outlier.

The obtained assemblages correspond approxi-
mately to recent benthic faunal provinces (Lusitanian,
Boreal, Arctic-Polar) that were identified along the
shelf in the Nordic Seas region (e.g. Feyling-Hanssen
1972; Sejrup et al. 1981, 2004; Hald & Steinsund 1992;
Corner et al. 1996; Hald & Korsun 1997; Husum &
Hald 2004a). Thus we grouped the benthic foraminif-
eral species of Stjernsund into an Arctic-Polar group
represented by E. excavatum clavatum, I. norcrossi and
N. labradorica, and a Boreal group formed by 7. angu-
losa, C. laevigata, E. albiumbilicatum and Hyalinea
balthica. The Boreal group commonly includes species
that are indicative for Atlantic-derived waters, such as
C. neoteretis, M. barleeanum and Pullenia spp. (e.g.
Lubinski ef al. 2001; Rytter ef al. 2002; Rasmussen
et al. 2007). Because these species formed a separate
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assemblage in the correspondence analysis they are
treated here as a separate group (Fig 4). The relative
abundances of the most important species are given
in Fig. 5.

The Boreal group accounts for 34% on average of the
benthic fauna. Its proportions are below average
between 566 and 486 cm and between 62 and 2 cm core
depth. Between 476 and 184 cm, values show an overall
increasing trend and they are above the average
between 214 and 72 cm core depth (Fig. 5). Cassidulina
laevigata is, with proportions between 13 and 48.5%,
the main contributor to this group. Associated species
are E. albiumbilicatum and T. angulosa with propor-
tions between 1 and 6%. Hyalinea balthica appears
at 6.7 ka BP, and the proportions vary between 0 and
3% (Fig. 5).

The Atlantic Water group accounts for 20% on
average of the benthic fauna. Between 566 and 224 cm,
values are close to or above the average. The proportion
of the Atlantic Water group decreases below average at
214 cm and shows a rather abrupt drop at 134 cm to less
than 7%. Its proportions remains that low until 2 cm
core depth (Fig. 5). Cassidulina neoteretis is most abun-
dant between ~9.3 and 2.3 ka BP, with proportions of
7.5-28%, while its proportions are much lower, 0.5-4%,
from ~2.3t0 0.2 ka BP (Fig. 5). Melonis barleeanum and
C. pachyderma show distribution patterns similar to
C. neoteretis. Both species are frequent between ~9.3
and 3.5 ka BP, with proportions ranging from 1.5 to
9.5%, but both decrease rapidly at ~3.5 ka BP to pro-
portions between 0 and 3.5% (Fig. 5). Pullenia bulloides
and P. quinqueloba together show maximum abun-
dances of 1.4-3.6% between ~9.3 and 8.0 ka BP, and
decrease steadily towards the core top (Fig. 5).

The Arctic-Polar group occurs on average with 14%.
Values above the average are displayed from 536 to
526 cm, from 486 to 448 cm, from 418 to 378, at 204 cm
and from 132 to 2 cm core depth (Fig. 5). Nonionellina
labradorica is one of the most common species; it
occurs with proportions between 4 and 22%. Elphidium
excavatum clavatum and Islandiella norcrossi are rare
before ~2.5 ka BP (Fig. 5). Their abundance increases
from ~2.5 to ~0.2 ka BP.

Discussion

Age model and sedimentation rates

The age model revealed a constant sedimentation rate
of 63 cm ka™! between ~9.3 and ~0.4 ka BP (Fig. 2).
Based on this rate, the surface age (at 2cm) was
extrapolated and yielded 149 cal. a BP. The core covers
most of the Holocene sedimentation after the retreat of
the Younger Dryas ice stream from the SE trough.
The virtually constant sedimentation rate throughout
the last ~9.3 ka justifies the linear age model that
was applied to the palaeoceanographic data sets. The
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calibrated ages (Table 1, Fig. 2) have not been cor-
rected for local reservoir effects (AR), as the full history
of AR at the site throughout the Holocene is not com-
pletely known. The only periods with available local
AR from Stjernsund (Lopez Correa ef al. 2012) show
mean values (*stdv.) of 99+ 54 years (4 measurements)
between 9.8 and 9.4 ka BP and of 20£21 years (4 meas-
urements) between 3.2 and 1.8 ka BP. While the cor-
rection for the youngest core part would be minimal,
we would see improved fits of the observed cold events
in Stjernsund to other climate and ocean records
(discussed below) if a ~99-year age correction were
applied to the early Holocene core part between ~9.3
and ~7.6 ka BP.

The sedimentation rate of ~63 cm ka™' in Stjernsund
is higher by a factor of ~8 than on the adjacent SW
Barents Sea shelf, as revealed from core PSh-5159N
from Ingeydjupet (Risebrobakken ez al. 2010). The
strong contrast between the in-shore sedimentation
and the open-shelf deposition reflects the protected
situation behind the terminal moraine sill. The major-
ity of the suspended sediment load is deposited in the
fjord basin and leaves the open shelf relatively starved.
The large sedimentation rate renders the Stjernsund
fjord basin an ideal site for high-resolution time series.
The rapid deposition rate is comparable to that in
similar moraine-silled fjords, such as the Malangenf-
jord (Troms District), which yielded an overall sedi-
mentation rate of 75 cm ka™ across the last 9 ka in
core MD99-2298 (Hald et al. 2003). Lower rates of
29 ¢cm ka™' have been documented in the Voldafjord in
the More and Romsdal District (Kjennbakken ez al.
2011), but likewise with a nearly constant rate across
several millennia.

Palaeo-environment in Stjernsund

The benthic foraminiferal distribution and the stable
isotope record of the core allowed a subdivision of the
Holocene into three intervals (Figs 3, 5, 6). They are
informally named Early to Mid-Holocene (~9.3 to
~5.0 ka BP), Mid-Holocene Transition (~5.0 to ~2.5 ka
BP) and Cool Late Holocene (~2.5 to 0.2 ka BP). This
subdivision is based on changes that were observed in
several parameters of core POS-325-482-2 and should
not be considered as a standard subdivision of the
Holocene. In general, trends and changes in the stable
isotope record coincide with changes in the distribution
of benthic foraminiferal groups (Fig. 6). The Early to
Mid-Holocene from 9.3 to 3.5 ka BP is characterized by
the Atlantic Water group, indicating a strong influence
of the NAC. The stable isotope record suggests com-
paratively warm and stable conditions, except for short
excursions that point to periodic cold spells. The Mid-
Holocene Transition is characterized by a faunal turno-
ver and increased variation of the stable isotope record,
which suggest that temperature and food supply prob-
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Fig. 6. A. Reconstructed temperatures calculated from the benthic
foraminifer 8'30 record. B. The relative abundances of the Atlantic
Water group (grey line) and the Arctic-Polar group (black line) in
core POS-325-482-2.

ably changed as a result of a more restricted NAC
influence in the fjord basin. It is suggested that the
influence of atmospheric temperatures increased during
the mid- to late Holocene. The Cool Late Holocene is
marked by an increase of the Arctic-Polar group and
continuously increasing 8'*O values, which both indi-
cate a continued cooling. The strong cooling of the
bottom water is interpreted to relate primarily to a
generally colder climate, probably in combination with
decreased NAC export strength.

Reconstructed bottom-water temperatures and stable
isotopes. — Compared with later periods, the stable
oxygen isotope record suggests constant and warm
temperatures in the Early to Mid-Holocene, with the
exception of several excursions towards heavier values.
Higher amplitudes of 80 values during the Mid-
Holocene Transition suggest increased temperature
variability. Continuously colder conditions are indi-
cated in the Cool Late Holocene by increasing 830
values. In general, episodes of heavier 8'*0 values are
accompanied by increased abundance of Arctic-Polar
species, which supports temperature as the primary
control of the benthic oxygen isotope record in Stjern-
sund. It is assumed that the 8O record in core POS-
325-482-2 was not influenced by glacial meltwater, as
the glacial coverage in Finnmark was similar to or even
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less than today’s after ~9.3 ka BP (Corner et al. 1990;
Rea & Evans 2007). Lopez Correa et al. (2012) showed
with coupled “C and Neodymium isotope signatures
in U-series-dated cold-water corals on the terminal
moraine sill that a strong influence of meltwater
occurred only until ~9.5 ka BP in Stjernsund. Moreo-
ver, the Stjernsund 8'0 record shares the same overall
"0 window as the adjacent open-shelf record from
Ingoydjupet (Risebrobakken et al. 2010). However,
reduced meltwater influx during cold periods may
potentially enrich local seawater 8'*O to more NAC-
like compositions, owing to increased salinity, and thus
apparently colder conditions. The youngest (~0.2 ka
BP) reconstructed bottom-water temperature is 4°C.
CTD-casts in August 2005 east of the sill revealed
bottom-water temperatures of 6°C (Riiggeberg et al.
2011). The offset of ~2°C may be explained by the
overall temperature rise in the last ~150 years (e.g. Hass
1996; Overland et al. 2004; Eiriksson et al. 2006; Bjune
et al. 2009; Seppéa et al. 2009), which is not captured
with the uppermost sample of core POS-325-482-2.

In Stjernsund, 8"0 differences between the species
C. neoteretis and C. laevigata vary between 0.1 and
0.5%0 and do not support a consistent offset (Fig. 3A).
The offset may be attributed to different microhabitat
depth within the sediment, as well as to calcification
during different parts of a season. However, we see no
systematic offset between the §'%0 values of the two
species. This is in contrast to the earlier statement by
Poole (1994), who showed a systematic offset.

It has been stated in previous studies that C. neoteretis
calcifiesits shell in near equilibrium (-0.02 £0.22%0) with
the ambient water in terms of oxygen isotope composi-
tion, while C. laevigata shows 0.19+0.13%o lower 8O
values (Poole 1994). A species-specific vital effect has
been questioned for instance by Kjennbakken et al.
(2011), who concluded that systematically larger ampli-
tudes in C. laevigata than in Uvigerina mediterranea
could be the result of test production during one season
or one part of a season. It has been observed that
C. laevigata produces its test during short periods of
phytodetritus deposition (Gooday & Lambshead 1989)
and thus reflects only one season or one part of a season,
as suggested by Kjennbakken ez al. (2011), namely
probably early spring. Other studies suggested that
varying 3'8O differences between species might be
related to environmental effects, such as seasonality
(Austin & Scourse 1997), or to post-mortem calcite
dissolution (Schmiedl & Mackensen 2006). A dissolu-
tion effect would cause simultaneously increased 8O
and 8"C values (Wu & Berger 1989), but the records do
not show a consistent signature supporting this, which
suggests that the variable differences between the species
are not primarily caused by dissolution.

In Stjernsund, the lowest 8"*C values were recorded
in the early Holocene between 9.3 and 8.2 ka BP
(Fig. 3B), indicating a high organic matter flux to the
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fjord basin. Slightly higher fluctuations are displayed
between 5.0 and 2.5 ka BP, which infer changing food
supply conditions, during the Mid-Holocene Transi-
tion. In the Cool Late Holocene 8"*C values are highest,
suggesting reduced organic matter flux to the fjord
basin. More negative 8"°C values during the early- and
mid-Holocene in Stjernsund may result from a higher
organic matter flux owing to higher primary productiv-
ity in the surface water, because phytodetritus discrimi-
nates towards '2C (Filipsson & Nordberg 2010).

Benthic foraminiferal groups. — In general, trends and
changes in the bottom-water temperatures coincide
with changes in the proportion of benthic foraminiferal
groups (Fig. 6).

The Atlantic Water group is associated with (chilled)
Atlantic water-masses of the NAC that carry heat and
particulate organic matter into northern regions
(Mackensen et al. 1985; Mackensen & Hald 1988; Hald
& Steinsund 1992; Rasmussen et al. 2007). Species of
this group are present throughout the Holocene, which
reflects the continuous influence of AW in Stjernsund
bottom waters (Fig.5). Their relative abundance
decreased continuously during the Holocene, while the
proportion of Arctic-Polar species that are adapted to
colder bottom water increased (Fig. 5). In this study,
the Atlantic Water group is interpreted to reflect
general changes in temperature and food supply, which
are related to the export strength and the local influence
of the NAC, rather than to water-mass changes. Indi-
vidual species showed different timings of decreasing
abundances (Fig. 5), which may relate to their different
optimum conditions regarding temperature and food
supply (Mackensen & Hald 1988; Caralp 1989; Mack-
ensen et al. 1993; Heinz et al. 2001; Rytter et al. 2002).

The Boreal group shows a comparatively constant
pattern throughout the Holocene, except for lower
abundances in the early and late Holocene (Fig. 5).
Species of this group are rather opportunistic and
tolerate, for instance, salinity changes (Mackensen &
Hald 1988; Corner et al. 1996; Klitgaard-Kristensen
et al. 2002).

The Arctic-Polar group is frequently found in highly
productive areas close to frontal zones between Arctic
and Polar Waters and/or near the sea-ice edge (Hald &
Steinsund 1992). The species N. labradorica has a wide
temperature range (Conradsen 1995), but its maximum
abundance (>20%) is in colder waters where tempera-
tures are lower than ~2°C (Sejrup et al. 2004). E. exca-
vatum clavatum and I norcrossi are characteristic of
Arctic-Polar conditions and are abundant in glacioma-
rine fjords (Hald & Aspeli 1997; Korsun & Hald 1998;
Sejrup et al. 2004) and in the Baltic Sea today, where
E. excavatum clavatum prefers the deeper areas within
and below the halocline (Lutze 1965, 1974; Nikulina
et al. 2008). Increased abundances of the Arctic-Polar
group in Stjernsund are interpreted to reflect colder
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conditions in the bottom water. This is supported by
a close relationship between the relative abundance
of the Arctic-Polar group and the 880 temperature
reconstruction.

Early to Mid-Holocene (~9.3 to ~5.0 ka BP). — During
the Early to Mid-Holocene, bottom-water tempera-
tures are between 4 and 7°C, except for cool episodes at
~8.3, ~7.9 and ~6.5 ka BP, when temperatures of <4°C
are suggested by the 8O signal (Fig. 6A). They are
interpreted as cold episodes, which is further supported
by increased proportions of the Arctic-Polar group,
and will be discussed separately. The benthic foraminif-
eral fauna is characterized by the Atlantic Water group
with proportions >20% (Fig. 6B), suggesting a strong
influence of the NAC in the fjord basin. In modern
fjords, C. neoteretis, Pullenia spp. and M. barleeanum
are found in Atlantic water-masses with temperatures
between 6 and 7.9°C and at salinities between 34.0 and
35.1 (Husum & Hald 2004a). Another common species
in this interval is C. laevigata. Its abundance increased
in the early Holocene at ~8.2 ka BP and remained fairly
constant in the middle Holocene. The immigration of
this species into Norwegian fjord settings after the
Younger Dryas is indicative of the successive warming
of bottom water to 6-8°C (Sejrup et al. 2001). The
estimated temperature of ~6°C for this interval is at
the lower limit of the temperature indicated by the
foraminiferal assemblage but appears plausible. The
abundance of mainly Boreal and Atlantic Water species
and the scarcity of species with Arctic-Polar affinity
(Figs 5, 6B) argue for strong Atlantic Water influence
and warm bottom-water temperatures in the fjord
basin. Low 8'*C values suggest high organic matter flux
to the sea floor (Rohling & Cooke 1999; Maslin &
Swann 2006; Schulz & Zabel 2006). This is supported
by high abundances of species preferring high organic
matter supply (Figs3, 5) such as M. barleeanum,
N. labradorica and P. bulloides (Caralp 1989; Macken-
sen etal. 1993; Rytter etal. 2002). Planktonic
foraminifera were scarce in the fjord trough deposits,
at <4%. The scarcity could be explained by the preva-
lence of low-salinity surface and subsurface waters in
Stjernsund (Riiggeberg et al. 2011) and by the intoler-
ance of planktonic species to low-salinity waters
(Kucera 2007). However, their abundance increased
slightly throughout the early and middle Holocene
(Fig. 3E). For the Early to Mid-Holocene period it can
be assumed that the environment was characterized by
stable Atlantic Water conditions and high organic
matter flux.

Mid-Holocene Transition (~5.0 to ~2.5 ka BP). — In the
period between ~5.0 and ~2.5 ka BP, temperatures fluc-
tuate between 1 and 8°C, and show minimum values at
~4.9, ~3.9 and ~3.3 ka BP (Fig. 6B). The abundance of
the Atlantic Water group significantly decreases across
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the Mid-Holocene Transition (Fig. 6B), which suggests
that the influence of the NAC changed and resulted in
different temperature and food conditions. Increased
fluctuations of the 8"0 and 8"C signals suggest
enhanced temperature and food supply variability,
which may be related to higher seasonal variability (see
discussion on C. laevigata above). Species such as
C. laevigata and E. albiumbilicatum still show high
abundances (Fig. 5), which can be explained by their
ability to successfully withstand changing conditions
(Schmiedl 1995; Corner et al. 1996; Nikulina ez al.
2008). The turnover in the benthic foraminiferal fauna
is probably also influenced by eustatic uplift and a rela-
tive sea-level fall of ~10 m, which constricted the space
over the sill for the inflowing NAC between 9.4 and
3.2ka BP (Lopez Correa et al. 2012). These latter
authors assumed that the NAC inflow might have
played a stronger role during the early Holocene, while
the influence of the tidal currents probably increased as
a consequence of the constricted space. Thus today’s
regime was imposed with AW sweeping over the sill
only twice a day (Riggeberg er al. 2011), while the
remaining AW component in the fjord basin bottom
water is ~99.6% (Lopez Correa et al. 2012). The more
restricted inflow of AW and the lowered sea level prob-
ably rendered the water-masses of the fjord basin SE of
the sill more susceptible to atmospheric influences. It
was shown that bottom-water temperatures in shal-
lower fjord basins, such as Malangen (~250 m), corre-
late with the decreasing insolation at high northern
latitudes following the orbital forcing and with atmos-
pheric signals. This implies a close coupling between
ocean and atmosphere regarding heat transfer proc-
esses (Husum & Hald 2004b).

Cool Late Holocene (~2.5 to ~0.2 ka BP). — During the
late Holocene temperatures drop continuously from
approximately 8°C at ~3.0 ka BP to 2°C at ~0.4 ka BP
(Fig. 6A). At ~0.2 ka BP, temperatures increase again
to 4°C, while recent temperatures are ~5.9°C (Rigge-
berg et al. 2011). Fisher’s o index of benthic foraminif-
eral diversity drops below 8.5 at 1.5 ka BP (Fig. 3D),
suggesting less favourable conditions (Gooday 1993;
Murray 2006). The increased abundance of the Arctic-
Polar group (Fig. 6B) supports cooler bottom-water
temperatures than in the previous intervals. Cooling of
the fjord bottom water is also mirrored in the signifi-
cantly decreased diversity (Sejrup et al. 2001) and low
abundance of species with warm AW affinity (Figs 3D,
S, 6B). The latter phenomenon reflects the generally
decreased influence of the NAC in Stjernsund com-
pared with the Early to Mid-Holocene. The colder
climate in the region (Shemesh ez al. 2001; Seppa &
Birks 2002; Risebrobakken et al. 2010) and decreased
export strength of the NAC since ~4.0ka BP
(Slubowska-Woldengen et al. 2008) probably enhanced
cooling of the bottom water.
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For the late Holocene, heavier 8 C values suggest
lower primary production. By contrast, the benthic
foraminiferal record indicates increased organic matter
supply by the abundance of the deep infaunal species
G. affinis (Corliss & Emerson 1990; Schonfeld 2001;
Fig. 6). The species does not occur in the North Atlan-
tic at pelagic flux rates lower than ~3.5 g C m2a™ and
tolerates dysoxic conditions (Corliss & Emerson 1990;
Schonfeld 2001; Geslin et al. 2004). Phytodetritus
transported from the surface ocean has been shown to
be its preferred food source (Nomaki ez al. 2006). The
increased burial of organic carbon would preferentially
remove ">C from seawater, so that the ocean reservoir
would become isotopically heavier (Bickert 2006).
Higher transport of organic matter into the sediment
and the increased abundance of G. affinis point to peri-
odically decreased ventilation.

Correlation with other ocean and land proxy records

The water-masses in Stjernsund are closely connected
to the water-masses of the NAC and the Norwegian
Coastal Current containing Norwegian Coastal Water
(NCW) that has its origin in the Baltic Sea (NCC;
Fig. 1). Therefore climatic processes taking place
farther south can influence northern coastal water, as
can interactions between the NCC and the AW in the
NAC (Eilertsen & Skardhamar 2006). It was assumed
that temperature anomalies can be advected into the
northern Norwegian region, but can also be caused by
local variations in heat flux processes (Furevik 2001;
Eilertsen & Skardhamar 2006). Thus, in addition to
changing heat and volume transports of the AW flow
through the Nordic Seas (Furevik 2001), the bottom
water in Stjernsund may be affected by heat transfer
from the surface and subsurface layers, which are
modulated by local meteorology and river discharge
(Riiggeberg et al. 2011). Today, the surface tempera-
ture signals reach the deepest bottom waters with a
delay of about four month in Norwegian fjords (Eil-
ertsen & Skardhamar 2006). Depending on the depth
of the fjord and connectivity to the open shelf this
signal is muted to varying degrees, but fjord bottom
waters are clearly affected by the local atmospheric
temperature regime (e.g. Husum & Hald 2004b). In
addition, the inflow and strength of AW in the North
Atlantic is also linked to atmospheric circulation
(Hurrell et al. 2003). Depending on the atmospheric
forcing, the heat transport through the NAC will
increase or decrease (Blindheim ez al. 2000). Atmos-
pheric temperature changes are roughly reflected in
sea-surface temperature (SST) variability (Furevik
2001), in reconstructions from pollen records (e.g.
Bjune et al. 2004; Seppi et al. 2009) and in spele-
othems (Lauritzen & Lundberg 1999).

In order to elucidate fluctuations in the current
systems as well as to investigate the influence of
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seaborne heat transfer mechanisms (Furevik 2001)
and local heat flux related to local climate changes
(Eilertsen & Skardhamar 2006) during the Holocene,
the Stjernsund record is compared with other marine
and terrestrial records with independent age models
(Figs 7, 8) along a south-north profile from the north-
ern North Sea to the SW Barents Sea (Fig. 1).

The marine records reflect variations in the current
systems. Changes in the inflow of AW to the Norwe-
gian Channel are reflected in the frequency of the
benthic foraminifer Uvigerina mediterranea (Klitgaard-
Kristensen ef al. 2001). Along the Norwegian shelf,
the AW inflow is recorded in the concentration of
the coccolithophorid Gephryocapsa muellerae (Voring
Plateau; Giraudeau ef al. 2010) and in the benthic
foraminiferal stable isotope record from the SW
Barents Sea (Risebrobakken et al. 2010). SST from the
summer mixed layer based on alkenones reflects the
influence of atmospheric temperatures resulting from
summer insolation at high northern latitudes (Calvo
et al. 2002; Risebrobakken et al. 2010). The benthic
foraminiferal stable isotope record of Malangenfjord
showed that bottom-water temperatures are correlated
with atmospheric temperatures as well as with fluctua-
tions of AW flow along the path of the NAC (Husum &
Hald 2004b). Owing to the analogous setting, it is
assumed that the bottom-water temperatures in Stjern-
sund were driven by similar processes. The terrestrial
records are surface ground temperatures inferred from
speleothem data (Lauritzen & Lundberg 1999), July
mean temperatures on the basis of pollen (Seppid &
Birks 2002), and 80 values from lacustrine diatoms
(Shemesh et al. 2001), which are supposed to reflect
atmospheric temperatures (climate).

Long-term climatic variation. — The overall decreasing
trend of species associated with AW conditions in
Stjernsund corresponds well with the decreasing abun-
dance of Uvigerina mediterranea recorded in the north-
ern North Sea (Klitgaard-Kristensen et al. 2001;
Fig. 7F). Investigations in this region and in the west
Norwegian Voldafjord showed that the benthic
foraminifer U. mediterranea is closely connected with
AW and reflects changes in the inflow of AW into the
Norwegian Channel (Klitgaard-Kristensen et al. 2001;
Sejrup et al. 2001). In addition, these records are in step
with the general temperature decrease observed in
Malangenfjord, western Norway, as well as in SST
records from Ingeydjupet Basin (PSh-5159N, SW
Barents Sea) and Vering Plateau (MD952011). These
records follow the generally decreasing summer insola-
tion at 65°N (Figs 6B, 7C, D, 8E). They also follow the
decreasing temperature inferred from &'%O-based
records in Greenland (Johnsen ef al. 2001; Vinther
et al. 2009). The overall similarity of these records
implies a close coupling in the ocean—atmosphere
climatic system.
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Fig. 7. The reconstructed bottom-water temperature, 479 m water depth, for the Stjernsund (A) compared with marine proxy records along
a north-south transect. The benthic §'°0 record of Cassidulina neoteretis (B) and summer sea-surface temperature (SST) reconstruction based
on alkenones (C), from the SW Barents Sea (Ingeydjupet basin), 422 m water depth (Risebrobakken ez a/. 2010). Temperature reconstruction
for the Malangenfjord based on 8'*0 values from benthic foraminifera (Husum & Hald 2004b; D). The site-specific coccolith concentration
in core MD952011 from the Vering Plateau (Giraudeau et al. 2010; E). The relative abundance of Uvigerina mediterranea from Troll
8903/28-03, northern North Sea (Klitgaard-Kristensen et a/. 2001; F). Grey shaded areas indicate cooling events observed in Stjernsund, grey
squares in other proxy records indicate possible correlations, and dashed lines indicate the subdivision of the Holocene.

The Holocene Climatic Optimum (HCO) is a promi-
nent feature in many early to middle Holocene records
(e.g. Calvo et al. 2002; Kaufman et al. 2004; Jansen
et al. 2008; Renssen et al. 2009; Andersson ez al. 2010).
By contrast, the bottom-water temperature trend in
Stjernsund is characterized by stable conditions with
average temperatures similar to those of today. Simi-
larly, the benthic foraminifer 8'%0 record of core PSh-
SIS9N (Fig. 7B) and the speleothem record SG93
(Fig. 8D) from northern Norway do not display a pro-
nounced HCO. Warmer temperatures were recorded in
alkenone-based SST reconstructions from the mid-
Norwegian margin (Fig. 8E) and from the adjacent SW
Barents Sea shelf (Fig. 7C), as well as in the bottom-
water temperature record of Malangenfjord (Fig. 7D).
Considerable discrepancies in SST reconstructions
have been observed between phytoplankton and zoo-
plankton proxies from North Atlantic records (Jansen
et al. 2008; Andersson et al. 2010; Risebrobakken et al.
2011). The absence of the HCO in the benthic record of
Stjernsund and the adjacent shelf supports the argu-
ment of Jansen et al. (2008) that the lack of HCO in the
temperature reconstructions based on foraminifera and
radiolarians rules out increased advection of warmer
AW (Kog et al. 1993; Kaufman et al. 2004) as an expla-
nation for the HCO. Instead, it was proposed that the

HCO is solely the response to the radiative forcing
owing to the orbital configuration at the time (Jansen
et al. 2008). This hypothesis is supported by modelling
results, which show that the different proxies respond
to different mechanisms (Risebrobakken et al. 2011).
Proxies from the summer mixed layer reflect decreasing
summer insolation at high northern latitudes, while
proxies below this layer are assumed to reflect the mean
state of the NAC. The discrepancy between Malangen-
fjord and Stjernsund, which are both strongly influ-
enced by AW, may be explained by the shallower water
depth in Malangenfjord (~250 m). There, bottom-
water temperatures are more closely related to atmos-
pheric forcing factors (Husum & Hald 2004a, b) than
in the deeper Stjernsund (~480 m), especially in the
early Holocene. Overall, comparison with other proxy
records emphasized that the benthic record of the
Stjernsund was driven by constant heat transport
through the NAC, which provided stable bottom-water
temperatures despite the higher temperatures at the sea
surface, except for short cold episodes (see discussion
below).

During the Mid-Holocene Transition (5.2-2.5 ka
BP), a gradually decreasing abundance of the Atlantic
Water group and increased temperature fluctuations
(4-7°C) in the Stjernsund bottom water are displayed.
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Fig. 8. The reconstructed bottom-water temperature, 479 m water depth, for the Stjernsund (A) compared with atmospherically driven proxy
records along a north-south transect. Atmospheric July mean interpreted on the basis of pollen (Seppi & Birks 2002; B). Lacustrine 8Oy
values (Shemesh ez al. 2001; C). Temperature reconstruction based on the speleothem record in Seylegrotta, Arctic Circle (66°N) (Lauritzen
& Lundberg 1999; D). Summer sea-surface temperature (SST) reconstruction based on alkenones, Veoring Plateau, 1048 m water depth (Calvo
et al. 2002; E). Summer insolation at 65°N (Berger & Loutre 1991; F). Grey shaded areas indicate cooling events observed in Stjernsund, grey
squares in other proxy records indicate possible correlations, and dashed lines indicate the subdivision of the Holocene.

SST reconstructions based on alkenones display gradu-
ally colder surface waters during summers (Figs 7C,
8E), and the benthic record of Malangenfjord indi-
cates decreasing bottom-water temperatures (Fig. 7D).
Pollen-based July mean and annual mean temperatures
show a roughly linear cooling trend over the last ~5000
years (Fig. 8B; Seppa & Birks 2002; Bjune et al. 2004;
Seppa et al. 2009). The trends in the latter records cor-
relate well with decreasing insolation at 65°N (Fig. 8F).
However, the faunal turnover and the increased tem-
perature fluctuations in the Stjernsund occur during a
period of global rapid climate change (Mayewski et al.
2004). The higher amplitudes of temperature change in
Stjernsund suggest periods with exceptionally high or
low temperatures. Pollen records display warm and
cold anomalies during the last 5000 years, despite the
overall cooling trend (Seppa & Birks 2001, 2002; Bjune
et al. 2004). The inferred cooling of bottom water at
~3.9 ka BP and the anomalously high temperatures at
~4.1and ~2.7 ka BP correlate well with lower and higher
July mean temperatures in lake Toskaljavri (Seppd &
Birks 2002), and with increased temperature changes of
>2°C in the speleothem record (Lauritzen & Lundberg
1999), respectively (Fig. 8B, D). This suggests a close
coupling between the ocean and the atmosphere in
Stjernsund. A gradual lowering of the sea level (~10 m
between 6.0 and 2.5 ka BP) in the area (Romundset ez al.

2011) probably resulted in a more restricted
AW exchange compared to the early Holocene (Lopez
Correa et al. 2012) and may have had the effect
that bottom-water temperatures became more suscepti-
ble to atmospheric changes compared to the early
Holocene. The effect may have been enhanced by a
general weakening of the NAC (Slubowska-Woldengen
et al. 2008). It has been demonstrated that sea-surface
and air temperatures were well intercorrelated in fjords
along the mid to northern Norwegian coast and that the
atmospheric signal from surface-water layers is trans-
ported to bottom-water layers in fjords (Eilertsen &
Skardhamar 2006).

In the Cool Late Holocene period (2.5-0.2 ka BP),
the abundance of Arctic-Polar species in Stjernsund
increased, while the Atlantic Water group strongly
decreased after ~1.8 ka BP (Fig. 6B). This interval was
characterized by a continuous decrease in bottom-
water temperatures from 7°C at the beginning of the
late Holocene to 2°C at ~0.4 ka BP, which suggests
decreased heat transfer via the inflowing NAC and/or
increased heat loss to the atmosphere. Decreased NAC
export strength since ~4.0 ka BP is assumed from
several shelf records (Slubowska-Woldengen et al.
2008). This is in line with lower abundances of U. medi-
terranea in the Norwegian Channel (Fig. 7F) and low
concentrations of G. muellerae at the Vering Plateau
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until ~1 ka BP (Fig. 7E). In the nearby Ingeydjupet
basin, proportions of species associated with AW are
high (66£8%) after ~2.4 ka BP (Risebrobakken ez al.
2010). However, the high abundance of AW species
on the SW Barents Sea shelf is due to the high
abundance of Alabaminella weddellensis (reported in
Risebrobakken et al. 2010 as Eponides weddellensis).
This species is associated with the deposition of phyto-
detrital aggregates, which originate in the euphotic
zone and settle rapidly to the sea floor following the
spring bloom (Gooday 1993). Therefore its high abun-
dance probably results from increased food availability
rather than from the influence of warmer AW carried
by the NAC. Thus, initial cooling of the bottom water
in Stjernsund in the late Holocene may relate to
decreased heat advection through the NAC.

The 80 values of Stjernsund reflect a change that
would correspond to an absolute temperature decrease
of ~4°C. By contrast, the 8'®O record of the adjacent
shelf (Fig. 7B) does not show any cooling trend. There-
fore it is assumed that Stjernsund is additionally influ-
enced by local heat transfer processes (Eilertsen &
Skarohamar 2006). The cooling trend in Stjernsund
is in line with an atmospheric cooling in Swedish
Lapland of similar magnitude (Fig. 8C), which has
been interpreted as an increase in the influence of the
Arctic polar continental air mass that carries depleted
precipitation (Shemesh et al. 2001). The change in
3804 was estimated to correspond to a temperature
decrease of 2.5-4°C (Shemesh et al. 2001). July mean
temperatures reconstructed from pollen analysis in
lake Toskaljavri (Seppd & Birks 2002) support a
cooling of about 1°C over the last 2.5 ka BP (Fig. 8B).
Remarkably, the temperature record based on
speleothem data from northern Norway (Lauritzen &
Lundberg 1999) displays rather constant temperatures
throughout the late Holocene (Fig. 8D). This discrep-
ancy could be due to the location of the cave farther
south, indicating that potential colder air masses from
the Arctic polar realm did not penetrate into this
region. A colder climate in the northern Norwegian
region is also supported by the marine record of
Risebrobakken et al. (2010), who found episodes of
increased influence of coastal water in the SW Barents
Sea, which were interpreted as a northward expansion
of the NCC under predominantly cold conditions
and reduced southwesterly wind strength (Ingvaldsen
2005). A colder climate would result in less warming of
the surface layers and increased heat loss of the bottom
water (Furevik 2001). Because the Stjernsund basin is
deeper than, for instance, Malangenfjord, the heat
induced by the inflowing AW could not countervail
against the cooling induced by colder surface waters
in the late Holocene.

The reconstructed absolute temperature change of
~4°C in Stjernsund is clearly higher than the ~0.5-1°C
decrease across the last 2 ka observed in northern
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Fennoscandian lakes and other circum-Arctic records
(Bjune et al. 2009; Kaufman et al. 2009; Seppa et al.
2009). Thus, it seems conceivable that the severe
cooling in Stjernsund resulted from a locally colder
climate owing to the increased influence of Arctic polar
air masses. Decreased heat export strength of the NAC
(Slubowska-Woldengen et al. 2008) and lower summer
insolation (Berger 1978; Berger & Loutre 1991) may
have additionally supported cooling of the bottom
water in Stjernsund. The youngest value for bottom-
water temperature showed an increase of 2°C, which
may relate to the temperature rise in the last ~150 years
(e.g. Hass 1996; Eiriksson et al. 2006; Bjune et al. 2009;
Seppa et al. 2009).

Short-term variations (cold events). — The recon-
structed temperature record at the Stjernsund
study site POS-325-482-2 shows millennial-scale cold
events at ~8.3, ~7.8, ~6.5, ~4.9, ~3.9 and ~3.3 ka BP
(Fig. 3A). These events (except for the one at ~8.3 ka
BP) coincide with increased proportions of the Arctic-
Polar group (Fig.6) and with significantly lower
diversities (Fig. 3D). The amplitude of the tempera-
ture drop for the two events in the early Holocene
(~8.3, ~7.9 ka BP) is 2°C, while it is ~3°C for the three
following events (~6.5, ~4.9, ~3.9 ka BP), and for the
~3.3 ka BP event it is >5°C. A high abundance of
Arctic-Polar species and low diversity are recorded
shortly before the 8O excursion at ~8.3 ka BP.
Increased grain size and higher quartz grain content
in the >125-um fraction between ~8.5 and ~8.3 ka BP
may indicate IRD. This cold event is the only one
that seems to correlate with one of the cold events
described in the North Atlantic by Bond et al. (1997).
With a correction for the mean AR of 99+54 years for
the early Holocene in Stjernsund (Lopez Correa et al.
2012) applied to our age model, this cold event would
exactly match the so-called ‘8.2-event’ (e.g. Rohling &
Pilike 2005). This event coincides with the date of the
Storegga tsunami at ~8.2ka BP (Bondevik et al.
2012), which affected also the shores of the southern
Barents Sea region (Romundset & Bondevik 2011)
and thus may have affected the benthic ecosystem
in Stjernsund. Furthermore, our record also correlates
with a temperature decrease of ~1°C in the SST
record of the adjacent shelf (Risebrobakken et al.
2010) and with a higher 880 value in the benthic
record of C. neoteretis (reported as C. teretis) at
the same site (Fig. 7C, G), which support cooling of
surface and bottom waters. Suggested mechanisms
and forcing factors behind the suborbital millennial
to decennial climate variability, superimposed on
the insolation-driven temperature decline, are, for
example, a combination of solar radiation variability,
periods of increased explosive volcanism, and internal
feedback mechanisms of the climate system such as
the North Atlantic Oscillation (e.g. Calvo et al. 2002;
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Hald et al. 2007, Wanner et al. 2011). Remarkably,
almost all cold events in Stjernsund coincide with
lower July mean temperatures (Fig. 8A, B) in north-
ern Finland (Seppa & Birks 2002), supporting the
localized nature of air-sea thermal balance in north-
ern Norwegian fjords (Eilertsen & Skardhamar 2006).
The speleothem record of Seylegrotta (Lauritzen &
Lundberg 1999) shows colder intervals around ~8.2,
~7.0, ~6.5, ~3.7 and ~3.4 ka BP (Fig. 8D). Cooler
intervals have also been recorded in Malangenfjord
(Hald et al. 2003; Husum & Hald 2004b). There, the
benthic §'°0 record indicates cooling of 1-2°C around
~7.6, ~6.5, ~4.8, ~4.5 and ~1.9 ka BP (Fig. 7D), which
has been interpreted as reduced influence of AW
(Husum & Hald 2004b). Coccolithophorid concentra-
tions indicative for the flow of AW (Giraudeau et al.
2010) suggest weakening of the NAC before ~7.9, at
~6.8-6.4, and at ~4.0-3.8 ka BP (Fig. 7E). The benthic
80 record of the SW Barents Sea supports lower
temperatures of the AW at ~7.9-7.5 and ~6.8-6.4 ka
BP (Fig. 7B; Risebrobakken ez al. 2010). However,
the pattern of reduced AW flow does not coincide
with all cooling events in Stjernsund; for example, at
~8.3 and at ~4.9 ka BP increased flow of AW was
indicated (Fig. 7E). With regard to the effect of
increased influence of Arctic polar air masses in the
late Holocene (Shemesh ez al. 2001), it can be pre-
sumed that at least some cold events were primarily
induced by the short-term influence of cold air masses.
Changing climate conditions may partly be a result of
the nature of the key atmospheric circulation proc-
esses in northern Europe (e.g. Seppa et al. 2009). At
present, there are two typical situations: (i) a predomi-
nant zonal circulation with a strong Icelandic low-
pressure system associated with moist and mild
winters; and (ii) the development of a high-pressure
cell over Fennoscandia (Scandinavia, Finland, Kola
Peninsula, Karelia) resulting in a blockage of the
westerly air stream, leading to a meridional-type cir-
culation (Johanessen 1970; Hurrell ef al. 2003). The
latter situation allows for cold air from Arctic polar
regions to penetrate farther south and thus induce
increased heat loss from sea to air.

It seems conceivable that the cooling of the bottom
water in Stjernsund may result (i) from reduced heat
transfer owing to decreased NAC export strength, and,
probably more importantly, (ii) from colder air tem-
peratures. This is supported by pollen-based July mean
and annual mean temperature reconstructions, which
conclude that cold (and warm) anomalies are typical of
northern Europe and that their occurrence may be
related to the oceanic and atmospheric circulation vari-
ability in the North Atlantic-North European region
(Seppai et al. 2009). Likewise, recent observations have
shown that cold and warm anomalies may be induced
either by advection of AW or by air temperatures
(Furevik 2001).
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Conclusions

The overall decreasing abundance of the Atlantic
Water group across the Holocene in Stjernsund
is indicative of locally decreasing inflow of AW,
which probably resulted from eustatic uplift that
constricted the space above the sill for the inflow-
ing NAC. The low abundance in the Cool Late
Holocene (2.5-0.2 ka BP) may relate to a general
weakening of the NAC.

Benthic foraminifera and stable isotopes in Stjern-
sund show a constant influence of the NAC during
the Early to Mid-Holocene period (9.3-5.0 ka BP),
with temperatures similar to today’s. A strong influ-
ence of AW is in line with the benthic foraminifer
and stable isotope signal on the adjacent shelf,
which support stable conditions.

The absence of an HCO is explained by the
strong influence of the NAC during the Early and
Mid-Holocene.

The faunal turnover and increased changes in the
benthic isotope record during the Mid-Holocene
Transition are probably related to the local sea-level
fall and a general weakening of the NAC, which
resulted in the enhanced influence of heat transfer
processes between ocean and atmosphere.

A gradual cooling of the bottom water of ~4°C
across the late Holocene (2.5-0.2 ka BP) reflects an
atmospheric signal induced by cold Arctic polar air
masses. The cooling of the bottom water in Stjern-
sund might have been amplified by reduced NAC
export strength.

It is concluded that the atmospheric influence
increased in the mid- and late Holocene owing to
decreased connectivity of the fjord to the open shelf,
which resulted from the local relative sea-level fall.
In comparison with the adjacent shelf, the Stjern-
sund record shows additional short-term cooling
events, which are suggested to be primarily atmos-
pherically driven. At ~8.3,~7.9, ~6.5, ~4.9, ~3.9 and
~3.3 ka BP, cold events in the bottom water are
indicated by the 'O record. Except for the ~8.3 ka
BP event, colder bottom-water temperatures are
supported by the increased abundance of Arctic-
Polar species. These cooling events are concurrent
with fluctuations of the AW along the Norwegian
shelf and with colder temperatures on land. There-
fore it is concluded that short-term cold events may
be induced through AW advection or through
colder air temperatures induced by Arctic polar air
masses. The relation of cold events to oceanic and
atmospheric circulation variability is in line with
climate reconstructions based on pollen and with
recent observations of heat transfer processes
between ocean and atmosphere.

This study provides new insights to the regional
climate development in northern Norway, which
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was characterized by the interplay between the
inflow of AW from the south and atmospherically
induced temperature changes. The Stjernsund
record showed that local heat transfer processes,
such as the downward propagation of the air tem-
perature signal, is a key mechanism to reflect cli-
matic changes in bottom-water records of fjords.
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Supporting information

Additional Supporting Information may be found in
the online version of this article:

Table SI. Age interpolation, foraminiferal census
data and stable isotope record of core POS-325-482.
The abundances of benthic foraminifera are reported
in percentage of the total benthic fauna, while the
percentage of the planktonic foraminifera are
referred to the total foraminiferal fauna.

Table S2. Benthic foraminiferal species found in
Stjernsund core POS-325-482-2. Note: taxonomic
references were given by Ellis and Messina (1940-
2011). They are not included in the reference list.
Indented species were identified using the indicated
secondary literature.



