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The recurrent latent-heat polynya characterizing Storfjorden (Svalbard,Norway) triggers seasonal formation of thin
first-year sea ice. This leads to the production of dense, salty, and corrosive brines that cascade towards the sea floor
andmixwith shelf waters. The bottom topographyof the fjord is responsible for the retention of these densewaters in
two central deep basins throughout the year. Recent studies show that living benthic foraminifera in Storfjorden are
particularly affected by the persistence of brines on the sea floor, with a strong dominance of agglutinated (A) species
and high degrees of dissolution of calcareous(C) faunas. Therefore, the A/C ratio, calculated on living faunas, was
proposed as a proxy for brine persistence. In the present study we analyse the fossil faunas, found below the
taphonomically active zone, to investigate the residual signal of the A/C proxy after the intense early taphonomic
processes and challenge its applicability in sedimentary archives. Our results show that despite the generally high
taphonomic loss inside the fjord, a high proportionof agglutinated species is still visible in fossil faunas at the stations
experiencingregularand/orpersistentpresenceofbrine-enrichedshelfwaters.These results support theapplicationof
theA/Cratio inhistorical records to reconstruct thepersistenceofbrinesand indirectly the first-year sea ice formation
in Storfjorden. This can be further applied to other Arctic fjords with similar settings and characterized by the
production of brines during the winter–early spring season.
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The global ocean thermohaline circulation depends on
the formation of deepwaters in the Polar Regions. In the
Arctic, deep waters are mainly formed by the densifica-
tion of surface waters through cooling and salinity
increase due to brine release in sea-ice production areas
(e.g. Rudels & Quadfasel 1991). Storfjorden, in the
Svalbard archipelago, is a major supplier of brine-
enriched shelf waters, accounting for up to 5–10% of
dense water production in the Arctic Ocean (Quadfasel
et al. 1988; Smedsrud et al. 2006).

The release of brines is strictly related to the produc-
tion of sea ice (Rysgaard et al. 2011) and therefore
indirectly connected to climate forcings. The polynya
regions (i.e. sea-ice free areas formed and maintained by
advection of ice by offshore winds and currents) are the
mainzoneswhere theproductionofbrinesoccurs.Due to
their largely ephemeral nature, polynyas have been
suggested as sentinel regions for large-scale climate-
related temporal sea-ice changes in polar marine envi-
ronments (Smith&Barber 2007). There is solid evidence
that ongoing climate change is strongly affecting sea-ice
growth and extension in the Arctic (e.g. Meredith et al.
2019)and in this context thevulnerabilityofpolynyashas
been highlighted by several studies (e.g. Vincent 2019;
Ribeiro et al. 2021). Among other possible conse-
quences, the reduction of first-year sea-ice production
in polynyas could lead to reduced brine-enriched shelf
water (BSW)productionwithpotential consequences for
global deep-water circulation (e.g. Ohshima et al. 2016).

The high natural variability of sea-ice dynamics in
polynya regions, however, complicates long-term pre-
diction based on direct present-day observations,
acquired from satellite images. The main challenge is to
understand the significance of the observed present-day
sea ice trends on longer time scales (i.e. hundreds of
years) to accurately predict their potential consequences
for global ocean circulation.

The availably of only short-term information about
interactions between the climate, the cryosphere and the
oceanshasmotivated thedevelopmentandcalibrationof
geochemical and biological tracers preserved in sedi-
ments. These proxies are useful tools for historical
reconstructions of sea-ice variability and marine envi-
ronmental changes, on annual or multi-annual time
scales (Limoges et al. 2018). Lately, several studies have
been conducted to validate the application of proxies
related to sea-ice dynamics, and several proxies seem
suitable for tracing the presence and variability of sea ice
i.e. dinoflagellate cysts, diatoms, ostracods, and
biomarkers (see de Vernal et al. 2013 and references
therein). However, each proxy presents some limitations
(e.g. see review by de Vernal et al. 2013 for a complete
overview), including the most promising ones that
preserve well in recent sedimentary archives such as
IP25 (organic lipid producedby sea-ice endemic diatoms)
(Beltet al.2007;Belt&M€uller2013;Belt2018,2019).For
instance, the preservation and storage of the sediment
samples for IP25 analyses are complex (Belt et al. 2007;
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M€uller et al. 2009, 2011; Belt & M€uller 2013) and some
missing information further limits its applicability (e.g.
absence of the biomarker in the Antarctic, (partially)
unknown species responsible for the biomarker produc-
tion, and the lackof knowledge about the distribution of
those species in theArctic region).All these aspects limit,
at the moment, its application for sea-ice dynamics
reconstruction in the northern Polar region. This further
suggests the necessity of a multi-proxy approach to
obtain reliable data sets for sea-ice reconstruction.

A previous investigation of benthic foraminiferal
faunas under seasonal sea-ice cover conditions did not
identifyany endemic species exclusively related to sea-ice
presence, and concluded that foraminiferal assemblages
cannot be used as direct proxies for sea-ice cover
(Seidenkrantz 2013). The recent study of Fossile et al.
(2020), based on ecological interpretations from living
assemblages in Storfjorden (Svalbard, Norway), sug-
gested the potential use of abenthic foraminiferal-based
proxy to reconstruct past brine production in coastal
Arctic polynyas. Because the brine-enriched shelf waters
cascading is directly related to first-year sea-ice growth
(e.g. Skogseth et al. 2004, 2005a, 2008) the proposed
proxyhasbeensuggestedas indirect indicatorof seasonal
sea-ice production (Fossile et al. 2020). This proxy,
based on benthic foraminiferal assemblages, consists of
the ratio between agglutinated (A) and calcareous (C)
species, with the A/C ratio increasing in the presence of
persistent brines at the sea floor (Fossile et al. 2020).
Indeed, due to the CO2 release during sea-ice formation
and the interruption of direct exchanges with the
atmosphere during winter, the brines are CO2-enriched
and consequently corrosive (Rysgaard et al. 2011),
affecting therefore the mineralization of calcareous
shells to the advantage of agglutinated forms. However,
Fossile et al. (2020) also suggested that a high A/C ratio
(i.e. high presence of agglutinated species) could also be
related to high contents of quite refractory organic
matter. Most probably, the combined effect of corrosive
brines, organic matter remineralization, and persistence
of brine-enriched shelf waters in the deep basins deter-
mine the dominance of agglutinated forms. In the deep
basins, the organic matter is less labile, compared to the
shallower stations where seasonal mixing and phyto-
plankton blooms favour fresher organic supplies to
which calcareous species respond positively. A tolerance
to less labile organic matter could be an additional
competitive advantage for the agglutinated species
inhabiting the fjord (Fossile et al. 2020).

Although promising, the possibility to realistically use
the A/C proxy in historical records relies on: (i) the
preservation potential of the agglutinated species dom-
inating the living assemblages after death and below the
taphonomically active zone (TAZ), corresponding to the
bioturbated zone beneath the sediment surface where
most early diagenesis occurs (Davies et al. 1989; Berke-
ley et al. 2007); and (ii) the preservation of the residual

calcareous specimens after early dissolution events. In
fact, agglutinated species, and in particular the species
with organic cement, are known tobeparticularly fragile
and to have a bad preservation potential in the fossil
faunas (Bizon & Bizon 1984; Schr€oder 1988; Bender
1995). In Storfjorden, however, exceptional preservation
ofagglutinated foraminiferawas reported fromrelatively
recent fossil records (e.g. Late Holocene; Rasmussen &
Thomsen 2014, 2015), probably promoted by low tem-
peratures and high sedimentation rates. Therefore, their
preservation in this region should ensure a good repre-
sentativity of foraminiferal assemblages from historical
sedimentary archives.

The aims of the present study are to: (i) estimate the
information loss due to taphonomy of benthic forami-
niferal assemblages and (ii) challenge the possibility of
using the A/C ratio calculated from fossil faunas as a
proxy for brine-enriched shelf water persistence in the
recent past (tens to hundreds of years). The study of
Fossile et al. (2020) investigated living assemblages in
Storfjorden and provided ecological information about
the main foraminiferal species. By comparing living
assemblages from the topmost centimetres of sediment
(Fossile et al. 2020) with dead and fossil foraminiferal
assemblages from the same cores, we further investigate
in the present study the preservation state of foraminif-
eral assemblages from fossil faunas just below the TAZ
and the effect of taphonomic processes on the residual
assemblages.

Material and methods

Study area

Storfjorden is the largest fjord of the Svalbard archipe-
lago, Norway (latitude 74°N–81°N, longitude 10°N–
35°E, Fig. 1). The oceanography of the Svalbard
archipelago is influenced by two major water-masses:
cold and relatively low saline Arctic waters, flowing out
from the Barents Sea via the East Spitsbergen Current
(ESC), and warm and saltier Atlantic waters, carried
northwards through the Fram Strait by the West
Spitsbergen Current (WSC) (Fig. 1; Loeng 1991). Cold
Arctic waters, originating from the ESC, enter Storfjor-
den through its southern entrance, and form two
passages in the northeast of the fjord head (Fig. 1;
Skogseth et al. 2005b). TheseArctic waters circulate as a
coastal current inStorfjordenandexit the fjordalong the
southwest, successively flowing towards the North of
Svalbard along the west Spitsbergen coast (Skogseth
et al. 2005b). The Atlantic waters, originating from the
WSC, occasionally inflow at intermediate water-depths
in Storfjorden during the warm season (e.g. Skogseth
et al. 2005a, b).

Located in the south of the archipelago, Storfjorden is
characterized by shallow water depth in the innermost
area (average depth ~100 m), two central deep basins
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(average depth ~180 m) and a sill (~120 m water depth)
that separates thesebasins fromtheouter shelf (>200 m).
The inner part of Storfjorden is characterized by the
presence of a latent-heat polynya, where thin first-year
sea ice is continuously produced during winter–early
spring (Skogseth et al. 2004, 2005a). The sea-ice pro-
duction process leads to the ejection of CO2 and salt and
the formation of dense, cold, salty, and corrosive brines
(Anderson et al. 2004; Rysgaard et al. 2011). These
waters cascade towards the sea floor as brine-enriched
shelf waters, mixing with shelf Arctic waters (Skogseth
et al. 2005a, b).

During the cold seasons, brine-enriched shelf waters
fill the deep basins up to the sill level and overflow
towards the Barents Sea and the Fram Strait, passing
below the Atlantic waters (Fer et al. 2003). During
summer, when sea-ice production has ceased, brine
overflow over the sill weakens in summer and stops in
autumn, but residual brine-enriched shelf waters remain
trapped in the deep central basins all year round
(Haarpaintner et al. 2001a, c; Skogseth et al. 2005a;
Fig. 1). The production of brine-enriched shelf waters
and their properties (salinity and density) in Storfjorden
depend on the polynya activity and position, which in

turn is influenced by climate variability (i.e. North
Atlantic Oscillation; Skogseth et al. 2004). Haarpaint-
ner et al. (2001b) report denser brine-enriched shelf
waters formed during milder winters, due to a shallower
position of the polynyaon the shelf. The topography and
the tidal currents also play an important role in deter-
mining the physical characteristics of the brine-enriched
shelfwatersbypromoting themixingofwatermassesand
the decrease of the density of the brine enriched shelf
waters (Haarpaintner et al. 2001a, c).

Sediment sampling

During the STeP (StorfjordenPolynyaMultidisciplinary
Study) cruise on board the RV ‘L’Atalante’ (IFRE-
MER) in July 2016, we sampled interface cores (9.6-cm
internal diameter, 10-cm length) with a multi-corer at
seven stations across an inner–outer fjord transect
(Fig. 1). Three stations were sampled in the inner fjord
(at ~110 m depth), two in the two central deep basins (at
~180 m), one over the sill (at ~160 m), and one in the
Storfjorden Trough (at ~320 m; hereinafter called the
outer fjord). All details related to the sampling stations
are given in Table 1. At each station, except for MC3,
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two cores were retrieved, one for foraminiferal analyses
and one for age models.

Sedimentation rates

At each station (except for MC3), cores were sliced on
board, collecting five sediment layers (0–0.5, 0.5–1, 1–2,
2–5 and 5–10 cm), then stored at �20 °C. In the
laboratory, sediment samples were lyophilized to per-
form gamma spectrometry measurements to determine
the apparent sedimentation rate by the 210Pbxs method
(Appleby & Oldfield 1978). The 210Pb dating was
conducted using a gamma spectrometer Mirion Can-
berra HPGe GX4520 coaxial photon detector at Subat-
ech Laboratory Nantes. The homogenized sampleswere
weighed and sealed in a defined geometry for at least
3 weeks to ensure 222Rn–226Ra–214Pb equilibration. The
sedimentation rate was calculated by determining the
excess or unsupported activity of 210Pb (210Pbxs) using
the constant flux-constant sedimentation (CF-CS)
model (Sanchez-Cabeza & Ruiz-Fern�andez 2012). The
210Pbxs, incorporated rapidly into the sediment from
atmospheric fall-out and water column scavenging, was
calculated as the difference between the total measured
activityof 210Pb (supported+ excess) at 46.54 keVandof
214Pb at 351.93 keV.

The depth of the surface mixed layer was established
on the basis of homogenous 210Pbex activity. This
homogeneity is the result of physical (resuspension/
deposition) and/or biological disturbance (e.g. Sch-
midt et al. 2005). The surface mixed layer does not
correspond exactly to the bioturbation depth, because
bioturbation can still occur in the deeper incomplete
mixing layers (Toma�sov�ych et al. 2019). However,
below the surface mixed layer, bioturbation coeffi-
cients are generally much lower (10–20%; Silverberg
et al. 1986), up to several orders of magnitude (Mu~noz
et al. 2004) and thus, their influence on taphonomic
processes is reduced or negligible. The TAZ, defined as
the zone of the sediment included between the surface
and the bottom of the bioturbated area (Berkeley et al.
2007), was therefore considered as corresponding to
the surface mixed layer of the sediment (i.e. 210Pbex
activity).

Foraminiferal analyses

Interface sediment cores dedicated to foraminiferal
analyses were sliced every 0.5 cm down to 2-cm depth,
then 1 cm down to 6-cm depth and 2 cm down to 10-cm
depth. Each sediment sample was stained with 2 g L�1

Rose Bengal in ethanol to distinguish living and dead
specimens. Once in the laboratory, the samples were
washed using 63, 125 and 150 µm meshed sieves. The
living specimenswerehand-picked inwater andanalysed
together with geochemical and sedimentological param-
eters in the top 5 cm of the sediment by Fossile et al.
(2020). Plates with SEM pictures of the most abundant
foraminiferal species can be found in the supplement
section of Fossile et al. (2020). For dead (i.e. above the
TAZ) and fossil (i.e. below the TAZ) faunal analyses, the
residual sampleswere dried at 50 °C.When the densities
were high, the dry residues were split using an OTTO
microsplitter.Aminimumof 300 individualswerepicked
froma single split and the countswere then standardized
to the total sample.Theseanalyseswereperformedonthe
>150 µm fraction of the dead assemblage (0–1 cm) and
fossil assemblages (3–4and6–8 cmsediment layers).The
size fraction to consider was chosen based on the
observations of Fossile et al. (2020), who noted that the
large size fraction (>150 µm) gives similar ecological
information to the small size assemblages (63–150 µm)
in the study area. Foraminiferal densities for dead (0–
1 cm) and fossil (3–4, 6–8 cm) faunas, and the list of the
species can be found in the Supporting Information
(Tables S1–S3).

Foraminiferal densities in the 3–4 and 6–8 cm sedi-
ment layers are supposed to represent the fossil or
preserved fraction of fauna integrating (i) foraminifera
living at the surface sediment at the time when the layer
was located at the water–sediment interface and (ii) the
infaunal foraminifera that lived in this layer after its
burial. These two sediment layers are supposed to lie
below the TAZ, where bioturbation can have a strong
influence on sediment reworking and early diagenesis
(Berkeley et al. 2007, 2014). Therefore, they should
contain early fossil assemblages having undergone the
first steps of taphonomic processes. The two sediment
layers were analysed to eventually detect significant
differences that would have indicated strong diagenetic
processes occurring below the TAZ. Fossil foraminifera
from both layers were compared to living faunas (in the
0–1 and 0–5 cm sediment layers) and to the dead fauna
from the topmost centimetre, to estimate taphonomic
loss.

To compare faunas from sediment layers of differ-
ent volumes and sampled at different depths in the
core (i.e. with possible differences in the compaction
state), we normalized and expressed foraminiferal
absolute abundances as individuals per gram of dry
sediment. As the foraminiferal samples were not
weighed before sieving, we estimated the water content

Table 1. Sampling date, coordinates, and sampling water depth of the
seven stations sampled during the STeP mission.

Sampling date Station Latitude (N) Longitude (E) Depth (m)

13th July 2016 MC1 78°15.00 19°30.00 108.0
14th July 2016 MC2 77°50.00 18°48.00 117.0
14th July 2016 MC3 77°58.60 20°14.60 99.0
15th July 2016 MC4 77°29.20 19°10.60 191.5
17th July 2016 MC5 77°13.20 19°17.90 171.0
18th July 2016 MC6 76°53.90 19°30.30 157.0
19th July 2016 MC7 76°00.90 17°03.40 321.0

112 Maria Pia Nardelli et al. BOREAS
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of each layer from the analyses of twin cores sampled
at each station for other sedimentological analyses.
Wet and dry sediment layers of these cores were
weighed, and the porosity calculated on the basis of
the water content. The raw number of picked
foraminifera being standardized for 50 cm3 (wet
sediment), the volume of water was subtracted from
this volume, and the remaining was converted to
massof sediment by multiplying by sediment density (a
density of 2.6 g cm�3 was used as an average for clay-
silt sediment particles, e.g. Blake 2008).

To quantitatively estimate the differences between
living and fossil assemblages, the L/(L + F) ratio was
calculated using the relative abundances of the major
species (Jorissen & Wittling 1999). In the following
formula L0–5 cm/(L0–5 cm + F6–8 cm), L indicates the
relative abundance of each living species in the 0–5 cm
sediment layer whereas F indicates the relative abun-
dance of each fossil species from the 6–8 cm sediment
layer. For each species, ratios between 0 and 0.5 indicate
that the species is relatively more abundant in the fossil
fauna, ratios between 0.5 and 1 indicate that it is more
abundant in the living faunas, whereas a value of 0.5
means an equal representation.

The A/C ratio is calculated as the ratio of relative
abundances of the agglutinated and calcareous (mili-
olids and hyaline) species. As the fossil layers are
supposed to integrate the fauna living in all microhab-
itats (including infaunal) and in all seasons (fauna of
the year) we compared the A/C ratio of the whole
living assemblages (0–5 cm) and of the annual fauna
(total = living + dead, 0–1 cm) with that of the fossil
layer (6–8 cm) to detect possible changes due to
taphonomy.

Results

Sediment accumulation rate and determination of the
taphonomically active zone

The results for 210Pbxs are reported in Fig. 2. The
surface mixed layer, where the sediment is distinctly
bioturbated, can be identified through the unvaried
210Pb activity values in the topmost centimetre of the
cores. This depth is identified as the limit of the
taphonomically active zone. The 210Pbxs values for the
surface mixed layer (in red in Fig. 2) are excluded from
the sediment accumulation rate (SAR) estimation. The
SAR is particularly high inside the fjord (0.26�0.09 to
0.39�0.03 cm a�1 at stations MC2 to MC5) and lower
at the outer MC7 station (0.13�0.06 cm a�1). The
precision of the SAR obtained for stations MC1 and
MC6 is too low to be considered as reliable (error >2r).
The slope of the linear model for 210Pbxs measurements
in core MC7 is strongly driven by the deepest point,
which could be the result of irregular sedimentation at
this station.

Taphonomic loss

Density. – The analysis of the total fauna (living + dead
foraminifera) in the 0–1 cm layer (Fig. 3A) shows the
same order of magnitude for total densities between
stations, withMC6 (sill) andMC1 (inner fjord) showing
the lowest densities (~20 and 40 ind. g�1, respectively),
and station MC7 (outer fjord) showing the highest
density (85 ind. g�1). However, while inside the fjord
(MC1 to MC6) most of the superficial fauna is repre-
sentedby living specimens (>80%), thehighdensityat the
outer fjord MC7 is largely represented by dead faunas
(65%).

The comparison of total densities (living + dead, 0–
1 cm) with those of fossil fauna at 3–4 cm (Fig. 3B) and
6–8 cm (Fig. 3C) shows generally lower densities for the
stations located inside the fjord (MC1 to MC5). This is
particularly striking for stationMC3,where fossil faunas
arenearlyabsent (2 ind. g�1).At stationMC6 this is true
for the 3–4 cm layer (~10 ind. g�1) but densities are
slightly higher at 6–8 cm (~30 ind. g�1). At station
MC7, fossil faunas aredenser (~120 ind. g�1) than in the
total assemblage of the topmost centimetre
(~90 ind. g�1). No major differences are observed
between the 3–4 and 6–8 cm layers except for the three
times lower densities observed at stationMC6 at 3–4 cm
depth.

Species composition. – InFig. 4, the relativeabundances
of the 21 major species (>5% in at least one layer) are
shown for the living assemblages of the first 5 cm of
sediment, living and dead assemblages of the 0–1 cm
layer, and the fossil faunas at 3–4 and at 6–8 cm.

Inthe inner fjordstations (MC1toMC3), the living (0–
1 and 0–5 cm) and the dead faunas (0–1 cm) are mainly
represented by the same major species, Elphidium clava-
tum and Nonionellina labradorica (the latter is more
abundant when subsurface layers are considered). In
both the fossil assemblages of these inner fjord stations
(at 3–4 and 6–8 cm depths), the same species dominate,
with comparable proportions between the two sediment
layers. Despite the very low densities observed for the
MC3 fossil faunas (i.e. ~2 ind. g�1 at both 3–4 and 6–
8 cm depth; Fig. 3B, C), the major species are still
represented. Cassidulina reniforme, limited to the MC1
station, is represented at each considered depth. Elphid-
ium clavatum at MC3 shows reduced percentages in the
fossil faunas (both at 3–4 and 6–8 cm) compared to the
living and dead assemblages (~40 vs. 80%, respectively).
Conversely, Ammotium cassis is nearly absent in the
living and dead faunas and reaches about 20% in the
fossil assemblages. The calcareous Buccella frigida is
nearly absent in the living faunas and its relative
abundances increase in the dead and fossil assemblages
(5–15%).

In the deep basins (MC4 and MC5) and sill (MC6)
stations, living faunas and dead faunas of the topmost
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centimetre are largely represented by Reophax spp. (30–
50%), Recurvoides turbinatus (10–25%) and Labrospira
crassimargo (5–15%). These agglutinated species are
accompanied by 8–10% of N. labradorica in the living
assemblages of the 0–5 cm sediment layers. At station
MC6, a high proportion of Adercotryma glomeratum is
also observed (10–30%). The proportions of L. crassi-
margo andR. turbinatus are comparable in both the 3–4
and 6–8 cm fossil assemblages, whereas Reophax spp.
drastically decreases to reach 0–12%. Adercotryma
glomeratum reaches only 5% in the deeper fossil faunas
(6–8 cm). Some calcareous species become noticeable
only in the fossil faunas, such as Elphidium clavatum

(about 10–25%),Elphidium bartletti (about 5–13% in the
6–8 cm) and C. reniforme (10%) at MC4.

The living and dead assemblages at the outer fjord
stationMC7showhighproportionsofReophax spp. (15–
35%), Lagenammina difflugiformis (10–25%) and Mel-
onis barleeanus (~10%), accompanied by N. labradorica
in the0–5 cm(25%)and in thedeadassemblagesof the0–
1 cm layer (15%). In the fossil assemblages of both the 3–
4 and 6–8 cm sediment layers, the agglutinated species
are nearly absent, and the relative abundance ofM. bar-
leeanus remains the same while the proportion of
N. labradorica decreases to 5–10%. Furthermore, some
calcareous species are only present in the fossil assem-
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blages (e.g.Cribroelphidiumsubarcticum, 10%)or inboth
dead and fossil assemblages (e.g. E. clavatum, 10–20%).

Living vs. fossil assemblages. – To quantitatively esti-
mate the difference between the species composition of
the living and fossil assemblages, the L0–5 cm/(L0–5 cm +
F6–8 cm) ratio was calculated for 19 major species
(Fig. 5). The 210Pbxs-based estimation of sedimenta-
tion rates shows that both the 3–4 and 6–8 cm layers
were below the TAZ. The differences in terms of
species composition between the two layers are low at
all stations. Since the older layer (6–8 cm) has under-
gone taphonomic processes for a longer period than
the 3–4 cm layer, this is regarded as the best represen-
tative for the fossil assemblages and therefore presented
in Fig. 5 for comparison. In the inner fjord, the ratio
for the calcareous Elphidium clavatum is about 0.3 at
MC1 and it increases to 0.5 and 0.6, respectively, at
MC2 and MC3. Nonionellina labradorica shows a ratio
from about 0.6–0.8 at MC1 and MC2 to about 0.4 at
MC3. In the inner fjord, the only major agglutinated
species is Ammotium cassis at MC3, which shows a
ratio of 0.3.

In the deep basins (MC4 and MC5) and sill (MC6)
stations all the calcareous species show ratios <0.5,
except for N. labradorica at MC4 (0.6 ratio) and
Nonionella digitata atMC5 (0.9 ratio). The agglutinated
taxa Reophax spp., Recurvoides turbinatus, A. cassis
generally have ratios of about 0.6 to 1 in these stations.
The exceptions are R. turbinatus at MC4, showing a
ratio of 0.4, and Labrospira crassimargo with 0.4–0.5
ratios at MC4 and MC5. Finally, a ratio of 0.8 is
observed for Adercotryma glomeratum at the sill station
MC6.

In the outer fjord, MC7, Buccella frigida, Cassidulina
teretis, Cibicidoides lobatulus, Cribroelphidium sub-
arcticum and E. clavatum have ratios <0.2. Globobulim-
ina auriculata and N. labradorica show 0.8–1 ratios.
Concerning the agglutinated taxa, Reophax spp. and
Lagenammina difflugiformis have ratios of 0.9–1.

Agglutinated/calcareous (A/C) ratio

The A/C ratios were calculated from the relative abun-
dances of species from the living faunas (0–5 cm;
Fig. 6A; Fossile et al. 2020), the total faunas (living +
dead in the0–1 cm;Fig. 6B)and fromthe fossil faunasat
6–8 cm depth (Fig. 6C).

The A/C ratio at the inner fjord stations (MC1 to
MC3) is <0.1 due to high relative abundances of
calcareous species (i.e. 89–94%) in the living (0–5 cm;
Fig. 6A), total (living+dead, 0–1 cm;Fig. 6B)and fossil
(6–8 cm;Fig. 6C) faunas. The only noticeable difference
is the slight increase in the ratio from 0.1 to 0.2 for the
fossil assemblages at MC3.

Inthedeepbasinandsill stations (MC4toMC6) theA/
C ratio varies between 1.9 and 3.4 in the living faunas (0–
5 cm;Fig. 6A), and it increasesup to3.0–6.2 for the total
faunas (living + dead, 0–1 cm; Fig. 6B). This is deter-
mined by high percentages of agglutinated species (i.e.
65–86%). In the fossil faunas (6–8 cm; Fig. 6C), theA/C
ratio decreases to values of 0.3–0.5 (agglutinated species
about 20–33%), but it is still two to three times higher
than in the inner fjord stations.

In the outer fjord stationMC7, the ratio is about 0.7–
0.8 in the living (0–5 cm; Fig. 6A) and total faunas
(living + dead; Fig 6B) due to the high proportion of
calcareous species (about 60%). The ratio decreases to
0.03 in the fossil faunas (6–8 cm; Fig. 6C) due to a
stronger dominance of calcareous species (95%).

Discussion

Ecological and taphonomic processes affecting
foraminiferal standing stocks

Foraminiferal total fauna (dead + living) represents the
integration of most of the specimens inhabiting a given
place over a certain period. According to the estimated
sedimentation rates, the total faunas of the 0–1 cm
layer integrate approximately 2.5–4 years’ period
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Fig. 3. Foraminiferaldensitiesexpressed in individualspergramofdrysediment (ind. g�1) considering the (A) total faunas (living+dead) in the0–
1 cm sediment layer, (B) the fossil faunas in the 3–4 cm and (C) 6–8 cm sediment layers.
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(Fig. 2). The accumulation of dead faunas depends
both on species production and taphonomic factors
(e.g. Sch€onfeld et al. 2012). The comparison between

living and dead faunas from the topmost centimetre of
the sediments in Storfjorden (Fig. 3A) shows a major
difference between the stations inside the fjord (MC1 to

A

B

C

Fig. 4. Relative abundances of the 21 major species (>5% in at least one layer) considering the living faunas from the 0–5 and 0–1 cm sediment
layers, the dead faunas from the0–1 cmsediment layer and the fossil faunas from the3–4and6–8 cmsediment layers for (A) the inner fjord, (B) the
deep basins and sill and (C) the outer fjord. Red textures represent agglutinated species and grey ones the calcareous species. “Other” category
includes both agglutinated and calcareous rare species.
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MC6) and the outer fjord station (MC7). Inside the
fjord, the dead assemblages of the top centimetre
account for only 5–20% of the total fauna while in the
outer station MC7, they represent about 65% of the
total assemblage. This difference may be explained by a
seasonal contrast in foraminiferal densities between
summer (the sampling season) and other seasons,
coupled to more intense early taphonomic processes
inside than outside the fjord.

Indeed, the winter in the Arctic realm, including
Storfjorden, is characterized by the scarcity of light and
by water stratification (Howe et al. 2010; Berge et al.
2015a, b). This seasonal physical setting controls the
timing and rate of primary productivity, and the asso-
ciated organic fluxes to the sea floor, which largely
increase during spring–summer. Increased density and
diversityofmeiofauna andmacrofaunawere observed in
the Adventfjorden (Svalbard, Fig. 1), as a response to
meltwater discharges and increased primary productiv-
ity during the warm season (Pawłowska et al. 2011). As
benthicmeiofaunal consumers, foraminiferamayaswell
lower their production rate duringwinter to adapt to low
organic matter fluxes (e.g. Pawłowska et al. 2011; Juul-
Pedersen et al. 2015) and increase their abundances
during the warm season. Such seasonal and interannual
variability in living foraminiferal densities was reported
recently from Kongsfjorden, another Svalbard fjord
(Fig. 1), and was inferred to be a result of temporal
variability in primary productivity (Jernas et al. 2018).
In our case study, thiswould explain the high densities of
living foraminifera (i.e. warm-seasonal faunas of the
year, Fig. 3) compared to dead assemblages, inside the
fjord (MC1 to MC6). The observed dead assemblages
wouldmainly represent the rest of the living faunasof the
previous warm seasons, after potentially high early
taphonomic loss, rather than faunas of cold seasons. In
accord with this hypothesis, the higher proportion of
dead faunas at MC7 would be at least partially due to
weaker seasonal contrast in foraminiferal densities, and
potentially coupled to reduced taphonomy at this
station. Indeed, inside the fjord, the production and
cascadingofcorrosivebrine-enriched shelfwatersduring
winter–early spring enhance early taphonomic processes
close to the sediment surface, leading to a partial or total
dissolution of calcitic-shelled foraminifera as reported
by Fossile et al. (2020). Additionally, higher fluxes of
organicmatterduring thewarmseason,and its enhanced
remineralization, can contribute to further lowering of
the pH in the first layers of the sediment column (Fossile
et al. 2020). As such, the resulting dissolution of calcitic
shells may explain the low percentages of dead faunas in
the fjord stations. Outside the fjord, the influence of
brine-enriched shelfwaters is episodic andonly related to
the seasonal outflow during their production period
(Skogseth et al. 2005a).

In addition to these hypotheses, the difference in
sedimentationratesmayalsobeareasonfor theobserved

contrasts among stations. Outside the fjord, the sedi-
mentation rates are on average three times lower than
inside. This, added to the reduced influence of brine-
enriched shelf waters, promotes the accumulation of
dead faunas at MC7 (see Fig. S1).

The difference in the preservation potential observed
in the upper centimetre faunas between the stations
inside and the one outside the fjord, is also observed in
the fossil faunas fromthe3–4and6–8 cmsediment layers
(Fig. 3). Except for the sill stationMC6, where standing
stock fluctuations among layers are observed, the
stations inside the fjord (MC1–MC5) generally show
low preservation of fossils (Fig. 3), while an accumula-
tion of specimens is visible outside the fjord (MC7). The
higher variabilityobserved at stationMC6highlights the
possible influence of natural temporal variability of
standing stocks on fossil assemblage accumulation. This
could be due to biological reasons (increased reproduc-
tion rates at some periods) and/or to physical processes
influencing accumulation, including transport over the
sill during brine outflows (e.g. Nielsen & Rasmussen
2018).

The generally high similarity, in terms of standing
stocks, between fossil faunas at 3–4 and 6–8 cm depths
(Fig. 3) at all stations confirms that: (i) the maximum
taphonomic loss occurs at the sediment surface (within
the TAZ), (ii) both 3–4 and 6–8 cm sediment layers
contain fossil faunas that went through the early tapho-
nomic stages, and (iii) there is not a major taphonomic
loss occurring between the 3–4 cm and 6–8 cm layers.

Species preservation in the fossil record

Species compositions of the living (0–1 and 0–5 cm),
dead (0–1 cm) and fossil (3–4 and 6–8 cm) assemblages
show different results for calcareous and agglutinated
species in terms of preservation potential.

In the innermost fjord stations (MC1 toMC3), all the
assemblages (i.e. living, dead and fossils) are largely
dominated by the same calcareous species (Elphidium
clavatum, Cassidulina reniforme and Nonionellina
labradorica). This indicates a low temporal variability
in this part of the fjord. The presence of these species in
the living assemblages, which reflect summer conditions,
may indicate their tolerance to the potentially stressful
environmental conditions during themelting season (i.e.
high freshwater and sediment inputs from glaciers) and
their preference for and/or tolerance of high concentra-
tions of (fresh) organicmatter (e.g.Hald&Korsun 1997;
Korsun & Hald 1998; Forwick et al. 2010; Fossile et al.
2020). The low variability observed between dead and
fossil assemblages in the inner fjord (MC1 to MC3)
suggests that the fossil faunas mostly reflect, in terms of
species composition, the summer foraminiferal assem-
blages. The alternative hypothesis would be the dissolu-
tion of cold season faunas during the phases of intense
brine production and cascading. Considering the living
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Fig. 5. Ratio between living faunas (from the0–5 cmsediment layer) and the fossil faunas (from the6–8 cmsediment layer) calculated as:L0–5 cm/
(L0–5 cm + F6–8 cm). Ratios for calcareous species are reported in grey, ratio for agglutinated species in red. Ratio between 0.5 and 1 indicates a
relatively higher representation of the present-day species in the living faunas, a ratio between 0 and 0.5 a higher representation of the species in the
fossil faunas, whereas a value of 0.5 shows an equal representation.
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assemblages, the lowproportionofE. clavatum in favour
of N. labradorica in the 0–5 cm layer compared to the
sediment surface (0–1 cm) reinforces the need of includ-
ing infaunal microhabitats in the comparisons of living
and fossil faunas, to avoid underestimating infaunal
species.

In our samples, there is only one calcareous species,
Buccella frigida,which isabundantonly in thedead/fossil
assemblages and nearly absent in the living fauna. This
species has been previously reported from glacier-
proximal areas of Arctic fjords (e.g. Korsun & Hald
1998; Jernas et al. 2013) and suggested by Szyma�nska
et al. (2017) as an indicator of sea-ice formation during
winter. Its presence in the dead faunas may suggest its
occurrence only during the winter season. This corrob-
orates thatwinter faunas arenot completely impacted by
taphonomy and that the dead and fossil assemblages
reflect most likely a higher level of foraminiferal produc-
tion in summer. Another possibility could be that
B. frigida resists dissolution better than other winter
species, which would therefore not be preserved in dead
and fossil faunas. However, species relative abundances
are comparable in the fossil faunas, suggesting no
species-specific taphonomic loss. The only exception is
E. clavatum, which seems to suffer high taphonomic loss
in terms of relative abundances (Fig. 4) but it is still well
represented in the fossil assemblages.

In the deep basins (MC4 and MC5) and sill (MC6)
stations, the living faunas are dominated byagglutinated
species, including fragile organic-cemented agglutinated
taxa suchasReophax spp. (e.g. Schr€oder 1988). Thedead
faunas at these stations (MC4–MC6) are similar to the
living assemblages, suggesting that the diagenesis of
agglutinated tests does not occur rapidly after their
death, despite the persistence of brine-enriched shelf
waters as previously reported by Fossile et al. (2020).

This is in accordwithRasmussen&Thomsen (2015)who
reported the presence of Reophax spp. in Holocene
archives from central Storfjorden and suggested that the
high sedimentation rates of the fjordwere responsible for
the exceptional preservation of these species. In our
samples, however, the fossil faunas show a clear shift
towards the dominance of calcareous species, while the
agglutinated taxa, after the loss of fragile species, are
mostly represented by the more robust agglutinated
species Adercotryma glomeratum, Ammotium cassis,
Recurvoides turbinatus and Labrospira crassimargo
(Figs 4, 5), which may have a better preservation
potential (e.g. Rasmussen & Thomsen 2015). As such,
the higher proportion of calcareous species in the fossil
faunas at these stationswouldmainlybe the consequence
of selective taphonomic loss of someagglutinated species
that are dominant in the living fraction (e.g. Reophax
spp.).

Differently from the inner fjord, where the dominant
calcareous species do not change among layers, in the
deep basins and sill stations, some major changes in
calcareous species composition are observed. For
instance,E. clavatum is nearly absent in the living faunas
of the deep basins and, when present, it shows high
degrees of dissolution (Fossile et al. 2020). Its higher
relativedensity in the living faunasof the sill stationMC6
could be related to the only intermittent influence of
brine-enriched shelf waters over the sill. The quite high
relative abundance of E. clavatum in the fossil faunas of
the stations MC4 to MC6 therefore, could be indicate
either past conditions with different environmental
characteristics in this area of the fjord (i.e. more similar
to inner fjord, lower influence of brine-enriched shelf
waters) or possible transportation from the inner fjord
with BSW cascading or near-bottom currents, followed
by a rapid burial. As, according to the literature, deep
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basins are characterized by constant conditions under
year-round persisting brine-enriched shelf waters (Skog-
seth et al. 2005a), transport seems the most reliable
hypothesis to retain.Moreover, the increasedpresence of
E. clavatum in the fossil faunas is coeval with increased
abundances of Cibicidoides lobatulus. The latter species
has been previously reported from glacier-proximal
stations in Storfjorden (e.g. Mackensen & Schmiedl
2016) and is often associated with coarse sediments and
high-energy environments in the outer or threshold area
of various Arctic fjords (e.g. Hald & Korsun 1997). Its
presence in the fossil faunas would be is in accordance
with the hypothesis of intermittent transport by near-
bottomcurrentsorbrine-enriched shelfwaters cascading
formulated for E. clavatum.

Among the calcareous species found in thedeepbasins
(MC4 andMC5) and sill (MC6) stations,N. labradorica
is highly abundant in all the assemblages and does not
show high degrees of dissolution in the living assem-
blages directly under the influence of corrosive brine-
enriched shelf waters (Fossile et al. 2020). Although the
reason for such a resistance to dissolution is intriguing,
this seems to be the only possible explanation of its high
preservationpotential in the fossil record (Figs 4, 5).The
resistance could be related to ahigh level of robustness of
the shell or to physiological adaptative patterns. Indeed,
the pH values in the first millimetres or centimetre of the
sediment are typically lower than at the water–sediment
interface,due toaerobic respirationoforganicmatter.As
a shallow to deep infaunal species (e.g. Fontanier et al.
2014), N. labradorica could be adapted to calcify under
low pH conditions, and as such, this might be an
advantage for preservation in environments affected by
corrosive brine-enriched shelf waters.

Finally, we highlight that the outer fjord stationMC7
shows very different assemblageswhen comparing living
and fossil faunas. Living faunas are composed of typical
Atlantic species, such asMelonis barleeanus,Cassidulina
teretis andGlobobulimina auriculata (e.g. Jennings et al.
2004; Knudsen et al. 2012; Jernas et al. 2018). While
M. barleeanus and C. teretis are still well represented in
the dead and fossil assemblages, G. auriculata is com-
pletely absent in the fossil record. The latter species has a
very thin and delicate calcareous test, with consequent
lower fossilizing potential, suggesting apossible selective
taphonomy against this species. Fossil faunas show an
interesting mix of Atlantic and Arctic species (i.e.
B. frigida, E. clavatum, N. labradorica). This station,
located at about 300 m depth in the Storfjordrenna,
about 50 km from the southern coast of Spitsbergen, is
possibly influenced both by Atlantic waters (during
summer, Fig. 1) and brine-enriched shelf water over-
flows from Storfjorden during winter–early spring (i.e.
the period of intensive sea-ice formation). Accordingly,
the presence of both Atlantic and Arctic species is
representative of the seasonal variability in the assem-
blage composition at the outer fjord.

The A/C ratio as a proxy for historical reconstructions of
brine persistence

The comparison between recent (living and dead) and
fossil assemblages in terms of shell composition shows
that the effects of brine persistence in the bottom waters
(as observed by Fossile et al. 2020) are still visible after
the first phases of taphonomic processes. In fact, despite
the considerable loss of foraminifera (e.g. bothat 3–4and
6–8 cmdepth,Fig. 3), and the selectivedisappearanceof
delicate agglutinated taxa (mainly Reophax and Lage-
nammina spp.) or fragile calcareous species (e.g. G. au-
riculata), the A/C ratios still reflect the ratios calculated
for the living faunas.

In absolute terms, A/C ratios decrease by one order of
magnitude when comparing the 0–1 cm total (living and
dead) faunas and the 6–8 cm fossil faunas. This is
possiblydueto theselective lossofagglutinatedspeciesas
a result of taphonomic processes. This difference is
smoothed when comparing the 0–5 cm living faunas to
the fossil faunas (6–8 cm) because of the presence of
calcareous species in the infaunal microhabitat (e.g.
Nonionellina labradorica). This result underlines that the
lower A/C ratio of the fossil faunas is not exclusively
related to the preservation potential of agglutinated
species but also to the fact that fossil assemblages
integrate species from potentially different microhabi-
tats.

Nevertheless, the loss ofA/C signal between the recent
faunas (total from 0–1 cm and living from 0–5 cm) and
the fossil faunas (6–8 cm) does not invalidate the use of
this ratio as a proxy for brine persistence. The A/C ratio,
calculated on fossil faunas, in the deep basin is two to
three times higher than in the inner fjord (Fig. 6). This
confirms that the relative difference between the inner
fjord stations (MC1–MC3), not impacted by persistent
brines, and the deep basin and sill stations (MC4–MC6),
influenced by long-termpresence of brine-enriched shelf
waters at the sea floor, is still clearly expressed.

Accordingly, our findings suggest that the A/C ratio
can be used in historical sedimentary archives to deter-
mine thepresenceorabsenceofpersistentbrine-enriched
shelf waters at the sea floor as an indirect proxy for thin
first-year sea-ice production in coastal polynyas. The
added value of the A/C ratio as a proxy for sea-ice
production is its applicability in Arctic coastal settings
where the common proxies for sea-ice reconstruction in
open marine areas cannot be used (e.g. IP25, Ribeiro
et al. 2017; Limoges et al. 2018). Although our findings
validate the use of the A/C proxy, we recommend its
association with other proxies to obtain a more robust
overview of historical sea-ice dynamics. For example,
Ribeiro et al. (2017) performed a calibration of possible
useful proxies in some fjordsofGreenlandand suggested
that organic compounds, biogenic silica and a sea-ice-
associatedbiomarker (i.e.HBI III) are reliable indicators
ofmarine influence and sea-ice edge position in the fjord
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system. The complementary application of theA/C ratio
wouldallowthe identificationof events (or their absence)
of first-year sea-ice production in the recent past (i.e.
hundreds of years) in Arctic coastal/fjord settings.

Conclusions

The seasonal formation of sea ice and the consequent
production of brine-enriched shelf waters undeniably
impact the benthic environments in Storfjorden, as
shown by foraminiferal assemblages, with clear spatial
differences linked to the fjord topography. The persis-
tenceof corrosivebrines at the sea floor is amajordriving
factor for foraminiferal distribution, leading to a relative
increase of agglutinated species vs. calcareous species
more sensitive to dissolution in the living assemblages.
The present study validates the applicability of the
agglutinated/calcareous (A/C) ratio as a proxy to recon-
struct historical brine production and brine-enriched
shelf water persistence at the sea floor, and indirectly, for
a semi-quantitative estimation of the thin first-year sea-
ice formation in the fjord. The conditio sine qua non for
this validation was the preservation in the fossil records
below the TAZ of the signal observed in living and
recently dead faunas. Despite a high taphonomic loss in
superficial sediment of Storfjorden in terms of standing
stocks, the fossil faunas allow clear detection of the
increased proportion of agglutinated species in the area
persistently influenced by brine-enriched shelf waters
(deep basins) compared to the one only influenced
episodically (inner fjord). In Storfjorden and similar
fjords characterized by the presence of deep basins
delimitedbya sill, analysesof cores sampledatoroutside
the sill would allow the persistence of brine-enriched
shelfwaters tobe linked to intenseoverflowandtherefore
to the intense (ornot)productionof thin first-year sea ice.
The possibility to reconstruct sea-ice dynamics in polar
fjordsonahistorical time scale is crucial to confirmshort
time scale tendencies observed by satellite images on
present-day ice cover andmakemore reliable predictions
for the future.
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Additional Supporting Information to this article is
available at http://www.boreas.dk.

Fig. S1. Benthic foraminiferal accumulation rates
(BFAR) expressed as number of individuals per cm2

peryear, calculatedon (A) total (living+dead,0–1 cm)
and (B, C) fossil faunas (3–4 and 6–8 cm).

Table S1. Densities of fossil foraminifera from the 3–4
and 6–8 cm layers (>150-µmsize fraction) normalized
for 50 cm3 of volume.

TableS2.Densitiesofdead foraminifera fromthe0–1 cm
layer (>150-µmsize fraction) normalized for 50 cm3of
volume.

Table S3. Taxonomic list of the foraminiferal species
cited in the study.
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