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KEYWORDS Abstract Due to the Arctic amplification effect, the Svalbard archipelago is an important
North Atlantic; area for studying ongoing environmental changes. However, its marine ecosystem is extremely
Nordic Seas; complex. In this study, we analyze modern assemblages of dinoflagellate cysts (dinocysts) and
Sea ice; benthic foraminifera from surface sediment samples around Svalbard. We use multivariate sta-
Primary productivity; tistical analyses to examine relationships between environmental conditions (summer and win-
Fjords; ter sea surface temperature and salinity, sea-ice cover, etc.) and both microfossil groups to
Sediments; evaluate their use as proxies for reconstructions of the marine environment in the region.
Chlorophyll-a Our results show that the most important factor controlling the environment around Svalbard

is the Atlantic Water which mostly impacts the western coast, but its influence reaches as
far as the eastern coast of Nordaustlandet. However, on a local scale, such factors as the
sea-ice cover, the presence of tidewater glaciers, or even the morphology and hydrology of
fjords become increasingly important. We found that two dinocyst species, cysts of Polarella
glacialis and Echinidinium karaense, can be considered regional winter drift ice indicators. The
relationships between environmental parameters and benthic foraminiferal assemblages are
much more difficult to interpret. Although statistical analysis shows a correlation of benthic
foraminiferal species with various environmental parameters, this correlation might be some-
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what coincidental and caused by other factors not analyzed in this study. Nevertheless, the
use of two complementary microfossil groups as (paleo)environmental indicators can provide a
more comprehensive picture of the environmental conditions.

© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

List of abbreviations

AF Arctic Front

AW Atlantic Water

Arw Arctic Water

dinocysts dinoflagellate cysts

ESC East Spitsbergen Current
NAC North Atlantic Current
SSS sea surface salinity

SST sea surface temperature
TAW Transformed Atlantic Water
wCw Winter-cooled Water
WSC West Spitsbergen Current

List of taxa (mentioned in the text)

Dinoflagellate cysts:
Ataxiodinium spp.

Cysts of Biecheleria cf. baltica
Brigantedinium spp.
Dubridinium spp.

Echinidinium karaense
Echinidinium spp.

Islandinium? cezare
Islandinium minutum
Nematosphaeropsis labyrinthus
Operculodinium centrocarpum sensu Wall and Dale (1966)

Cysts of Pentapharsodinium dalei
Cysts of Polarella glacialis

Cysts of Protoperidinium nudum
RBC, round brown cyst

SBC, spiny brown cyst
Selenopemphix quanta
Spiniferites elongatus
unidentified 1 & 2

Foraminifera:

Adercotryma glomeratum
Buccella frigida

Cassidulina reniforme

Cibicides lobatulus

Elphidium clavatum
Globobulimina arctica-turgida
Islandiella helenae

Islandiella norcrossi

Labrospira crassimargo

Melonis barleeanus
Nonionellina labradorica
Portatrochammina karica
Recurvoides turbinatus
Reophax scorpiurus
Spiroplectammina spp.
Stainforthia loeblichi
Textularia earlandi-kattegatensis
Trifarina fluens

1. Introduction

The Svalbard archipelago is one of the crucial areas to
study ongoing global warming. First of all, it is located in
high northern latitudes where any environmental changes
can be easily observed due to the Arctic amplification ef-
fect (e.g., Balazy and Kuklinski, 2019; Schiermeier, 2007;
Serreze and Barry, 2011; Serreze and Francis, 2006). Sec-
ondly, the archipelago constitutes a frontal area between
relatively warm Atlantic waters and cold, sea ice-bearing
Arctic waters, which enables the study of the influence of
their interplay on both terrestrial and marine environments,
especially in numerous fjords cutting deep into landmasses
and creating a unique interface between the land and the
sea (e.g., Cottier et al., 2005; Syvitski and Shaw, 1995). The
effect of sea ice is particularly important as the sea ice-
albedo feedback is thought to be associated with a decrease
in the snow and ice cover and a corresponding increase in
the surface temperature, further decreasing the snow and
ice cover. It is shown that the sea ice-albedo feedback can
operate even in multiyear pack ice, without the disappear-
ance of this ice, associated with internal processes occur-
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ring within the multiyear ice pack (e.g., duration of the
snow cover, sea-ice thickness and distribution, lead frac-
tion, and melt pond characteristics) (Curry et al., 1995).
The presence of ice caps and glaciers, including tidewater
ice margins (e.g., Dowdeswell, 1989), is another character-
istic feature of Svalbard allowing the investigation of feed-
back between land-based ice masses and the ocean. Finally,
Svalbard’s relative ease of access, compared to other Arctic
regions, makes it one of the most important natural Arctic
laboratories concentrating scientific efforts of a wide range
of disciplines.

To understand modern changes in the environment, stud-
ies of its natural variability reaching beyond historical ob-
servations are necessary. Remains of microorganisms are
often used in paleoceanographic reconstructions as they
are usually abundant in marine sediments and provide in-
formation on numerous parameters of the environment in
which they lived. Unfortunately, in the Svalbard fjords,
some microfossil groups like planktic foraminifera or di-
atoms are absent or have a poor fossil record which lim-
its the possibilities of (paleo)environmental studies (e.g.,
Korsun et al., 1995; Zgrundo et al., 2017). On the other
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hand, fjords in the region are described as “hot spots”
for other microfossil groups such as dinoflagellate cysts
(e.g., Grosfjeld et al., 2009; Howe et al., 2010) and ben-
thic foraminifera (e.g., Pawtowska et al., 2017; Szymanska
et al., 2021).

Dinoflagellates are a major group of microscopic plank-
ton commonly found in marine environments (e.g., Taylor
et al., 2008; Zonneveld et al., 2013). This group is very di-
verse in coastal waters, and about half of the dinoflagel-
lates are phototrophic (commonly called autotrophic) and
directly contribute to marine primary productivity, whereas
the other half is heterotrophic, i.e., feeding on a wide range
of microorganisms, including diatoms and small flagellates
(e.g., Jacobson and Anderson, 1996; Jeong, 1999; Taylor,
1987). Mixotrophy among dinoflagellates is now known to be
widespread (e.g., Stoecker, 1999). In the fossil record, di-
noflagellates are represented by their resting stages called
cysts, generally produced during the sexual reproduction
phase (e.g., Dale, 1983; Taylor, 1987). Dinoflagellate cysts
(dinocysts) have organic walls that are highly resistant to
physical, chemical, and biological degradation and can be
preserved in sediments for hundreds of millions of years
(e.g., Dale, 1996; Fensome et al., 1993). Dinocyst diver-
sity, relative and absolute abundances, and the presence
of specific taxa in sediments encode information about
some of the dinoflagellate populations in the upper wa-
ter column and, thus, environmental factors that influ-
ence their distributions (e.g., Dale, 1976; Zonneveld et al.,
2013). Biogeographical distribution of dinocysts has been
widely documented over the years (e.g., Dale, 1996) and
it demonstrated that these microfossils can be successfully
used for qualitative and quantitative reconstructions of sea-
surface temperature (SST), salinity (SSS), primary produc-
tivity, coastal eutrophication, and pollution in the Late Qua-
ternary (e.g., Dale, 2009; Dale and Dale, 2002). Further-
more, the sea-ice cover appears to be another driving factor
in cyst distributions in high latitudes, and some taxa have
affinities for polar environments and are potential sea-ice
indicators (e.g., de Vernal et al., 2020, 2013, 2001; de Ver-
nal and Marret, 2007; Marret et al., 2020; Matthiessen et al.,
2005; Obrezkova et al., 2023; Rochon et al., 1999). The sea-
floor sediments of areas characterized by multiyear peren-
nial pack-ice are usually barren of dinocysts (e.g., de Ver-
nal et al., 2020, 2005, 2001). Nevertheless, there are a few
dinocyst taxa that are known to occur in sediments of areas
marked by seasonal sea ice and even in high abundances
(e.g., Grosfjeld et al., 2009; Harland, 1982; Head et al.,
2001; Heikkila et al., 2014; Howe et al., 2010; Mudie and
Rochon, 2001; Zonneveld et al., 2013). Neritic settings of
Arctic seas with seasonal sea ice are usually characterized
by Islandinium minutum, Islandinium? cezare, Echinidinium
karaense and Polykrikos? sp. — Arctic morphotypes, whereas
dinocyst assemblages from offshore regions have high abun-
dances of Impagidinium pallidum and Spiniferites elonga-
tus (e.g., de Vernal et al., 2020). Only a few cyst-forming
species are known to dwell in the ice-pack environment.
The most common examples are cysts of Polarella glacialis
which were first described from sea-ice brine channels in
Antarctica (Montresor et al., 1999) and the Canadian Arctic
(Montresor et al., 2003).

Another key group of microorganisms thriving in Sval-
bard fjords and shelves with high biodiversity are benthic
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foraminifera (e.g., Murray, 1991). Their short life cycle
and sexual reproduction allowing high genetic changeabil-
ity make them good bioindicators for both short- and long-
term environmental changes on a local as well as global
scale (e.g., Barbieri et al., 2006). Due to the high preser-
vation potential of the foraminiferal tests in sediment, they
can be used as a proxy to reconstruct paleoenvironmen-
tal changes such as water temperature, salinity as well as
oxygen and nutrients availability (e.g., Hald et al., 2001;
Slubowska et al., 2005). Benthic foraminiferal distribution
in Svalbard fjords is conditioned by environmental gradients
(e.g., Jernas et al., 2018). Close to tidewater glaciers, the
conditions are unstable and the foraminiferal assemblages
are characterized by low abundance and dominance of a
few opportunistic species. In the outer parts of fjords, the
conditions are more stable allowing for higher abundance
and diversity of foraminiferal assemblages as well as a
higher percentage of Atlantic Water-related species (Fossile
et al., 2022; Hald and Korsun, 1997; Hansen and Knudsen,
1995; Jima et al., 2021; Korsun et al., 1995; Korsun and
Hald, 2000; Kucharska et al., 2019; Mackensen et al., 2017;
Majewski and Zajaczkowski, 2007; Wtodarska-Kowalczuk
etal., 2013; Zajaczkowski and Wtodarska-Kowalczuk, 2007).
As the water temperature is one of the main abiotic factors
controlling benthic foraminifera distribution (e.g., Murray
and Alve, 2016) it is important to study changes in benthic
foraminiferal assemblages in the face of ongoing oceano-
graphic and climatic changes.

In this study, we analyze modern assemblages of both
dinocysts and benthic foraminifera and their relationships
with environmental conditions to evaluate their use as prox-
ies for reconstructions of the marine environment in Sval-
bard fjords and surrounding coastal waters. Although both
groups have great potential to be used as bioindicators for
modern and past environments, when combined, they can
provide an even more complete image of the marine envi-
ronment around Svalbard. We analyze the relationships be-
tween the two groups and surface water parameters, such
as the dominant water masses, temperature and salinity,
and sea-ice occurrence. We decided to focus only on surface
water conditions, as these are available over extended peri-
ods of time from satellite observations. Even though surface
water parameters might not influence benthic foraminiferal
assemblages in a straightforward way, they certainly influ-
ence them indirectly, e.g., by regulating the food flux reach-
ing the bottom.

2. Study area and oceanographic conditions

The Svalbard archipelago is influenced by two main wa-
ter masses, Atlantic Water (AW) and Arctic Water (ArW).
The relatively warm and saline AW (T > 3°C, S > 34.65,
Cottier et al., 2005) is transported by the West Spitsber-
gen Current (WSC), the northernmost branch of the North
Atlantic Current (Figure 1). Its flow is mainly confined to
the continental slope (e.g., Saloranta and Svendsen, 2001),
although the expansion of AW across the shelf and into
the fjords, mostly below a 20—30 m thick surface layer
(Figure 2A), occurs frequently (e.g., Cottier et al., 2005;
Nilsen et al., 2016, 2008) as also confirmed by our CTD
measurements (Figure 2). North of Svalbard, the WSC splits
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Figure 1  Location map showing the present-day surface wa-
ter circulation (A) in the Nordic Seas and (B) around Svalbard.
Positions of sampled stations are marked with red dots. Red ar-
rows indicate AW, blue arrows — ArW. The surface currents are:
EGC — East Greenland Current; ESC — East Spitsbergen Current;
NAC — North Atlantic Current; SB — Svalbard branch of the WSC;
WSC — West Spitsbergen Current.

into three primary branches. The easternmost Svalbard
branch of the WSC encompasses the northern coasts of
the archipelago (Aagaard et al., 1987) and represents the
largest input of AW into the Arctic Ocean (Manley, 1995).
The relatively cold and less saline ArW (—1.5°C < T < 1°C,
34.3 < S < 34.8, Cottier et al., 2005) is transported from the
northeast by the East Spitsbergen Current (ESC), together
with drift ice from the Barents Sea (e.g., Saloranta and
Svendsen, 2001; Skogseth et al., 2005). ArW mostly influ-
ences the eastern and southern coasts of Svalbard, though
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even here traces of AW can be found (Figure 2D, F and G).
After passing the Serkapp, the ESC turns northward and con-
tinues along the Svalbard continental shelf where it is influ-
enced by the outflow from the adjacent fjords (e.g., Cottier
et al., 2005). The mixing of the two water masses (i.e. AW
and ArW) on the shelf leads to the formation of Transformed
Atlantic Water (TAW) (1°C < T < 3°C, S > 34.65, Cottier
et al., 2005). Other water masses, such as Winter-Cooled
Water (WCW), and Local Water are restricted to the inner
parts of all Svalbard fjords.

Sea-ice conditions around Svalbard are strictly related to
water mass dominance. On the western coast, where wa-
ters are generally warmer and saltier, pack ice (e.g., WMO,
2014) is rarely seen, especially during the last few years
(e.g., Dahlke et al., 2020). An exception is the area near
Serkapp where the ESC often brings pack ice from the Bar-
ents Sea. On the other hand, the sea surface around the
eastern and northern coasts of the archipelago is rarely ice-
free even during summer as pack ice from the high Arctic is
often drifting here with water masses from the north (e.g.,
Comiso, 2002). Fast ice forming during winter and melting
in spring often occurs in the inner parts of Svalbard fjords
(e.g., Fossile et al., 2020).

The study area includes seven locations around Svalbard
— five fjords (Storfjorden, Hornsund, Isfjorden, Wijdefjor-
den and Rijpfjorden) and coastal zones of two ice-covered
islands: Nordaustlandet and Edgegya (Figure 1). Based on
the general oceanography of the region, as well as on our
CTD results, the locations can be divided into three ma-
jor areas: AW-dominated (including Isfjorden, Wijdefjorden
and Rijpfjorden), ArW-dominated (Storfjorden and Horn-
sund), and locally/glacier-influenced (Nordaustlandet and
Edgeoya).

Isfjorden is the largest fjord system on Svalbard. It is lo-
cated on the western coast of Spitsbergen and is orientated
north-east to south-west. The fjord has a length of 70 km
and a water depth of up to 425 m (e.g., Rasmussen et al.,
2012). The Isfjorden system is widely open to the inflow of
Transformed Atlantic Water (TAW, Figure 2A) from the shelf
as it has no sill at its mouth (e.g., Nilsen et al., 2016). The
sea-ice cover in Isfjorden is seasonal, i.e. all ice in the fjord
melts during summer. Freezing usually starts in late Novem-
ber and lasts until mid-May. The ice cover normally consists
of locally formed fast ice with some drift ice entering from
the shelf areas. In the mouth area, the ice cover is normally
weak or non-existent (e.g., Nilsen et al., 2008).

Wijdefjorden is a 110 km long, south-north oriented
fjord, located on the northern coast of Spitsbergen
(Figure 1). The fjord has its prolongation (without a thresh-
old) as a wide depression on the shelf (Kowalewski et al.,
1990). Two basins can be identified in the inner part of the
fjord with maximum water depths of 245 m and 170 m (e.g.,
Hald and Korsun, 1997). Five glaciers are discharging into
the fjord. Despite its northern location, this fjord is exposed
to the influence of AW from the WSC (Figure 2B) (Loeng
et al., 1997; Maslowski et al., 2004; Pfirman et al., 1994;
Rudels et al., 1994; Rudels and Friedrich, 2000), while the
analysis of ice charts indicates frequent presence of drift ice
in the fjord (NMI Ice Services, http://cryo.met.no accessed
on 19.01.2021).

Rijpfjorden is a north-facing fjord located on the north-
ern coast of Nordaustlandet (Figure 1). The fjord has a max-
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Figure 2 Water temperature [°C] (in red) and salinity (in blue) profiles measured at the sampling stations. Sampling dates are
given in Table 1. Water masses at different depths are labelled (classification after Cottier et al., 2005). ArW — Arctic Water, AW
— Atlantic Water, IW — Intermediate Water, LW — Local Water, SW — Surface Water, TAW — Transformed Atlantic Water, WCW —
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imum water depth of 270 m and is widely open towards the
broad and shallow shelf (100—200 m deep). Rijpfjorden has
generally been considered a ‘true’ Arctic fjord, as it was
dominated by cold ArW, with a weak AW inflow. However, in
recent years, the influence of AW has been steadily increas-
ing (Figure 2C). In most years, sea ice lasts there from Oc-
tober until July (e.g., Ambrose et al., 2006; Sgreide et al.,
2010; Wallace et al., 2010) with some interannual variability
in sea ice abundance and its thickness (Leu et al., 2011).
Nordaustlandet (Figure 1) is covered with the three
main ice masses: Austfonna, Vestfonna, and Vegafonna
(Dowdeswell and Drewry, 1985). Austfonna accounts for
~45% of the total calving flux from the Svalbard archipelago
(Dowdeswell et al., 2008). The forefield of Austfonna is
mostly covered with multiyear ice from the Arctic Ocean.
Since the late 1970s, a progressive decrease in the sea-
ice cover in the Barents Sea is observed (e.g., Comiso,
2002), causing an increase in moisture transport across Nor-
daustlandet and the growth of its ice masses (e.g., Bamber
et al., 2004). The structure of the water column near the
glaciated coastline is the result of the mixing of different

water masses, including glacial meltwater. Further offshore,
ArW becomes dominant. However, AW can also be traced
(Figure 2D).

Edgegya (Figure 1) is located on the eastern side of
the Svalbard archipelago. It borders the Barents Sea to
the east and Storfjorden to the west. In the north, the
Freemansundet strait separates Edgegya from Barentsgya.
Edgegya is covered by several glaciers, the largest of
which is Edgegyjgkulen on its eastern side. ArW dom-
inance was observed close to the northeastern coast
of Edgegya, while AW was found beneath the surface
layer of ArW off the southeastern coast (Carroll et al.,
2008). Our CTD measurements confirm the dominance of
ArW further offshore, while mixed water masses were
identified closer to the coast. AW has not been traced
(Figure 2E). Similar to Austfonna, mostly multiyear ice from
the Arctic Ocean can be found off the eastern coast of
Edgeoya.

Storfjorden is an approximately 190-km-long glacial
trough that is enclosed by the landmasses of Spitsbergen
to the west and Edgegya and Barentsgya to the east and is
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Figure 2  Continued.

limited by the shallow Storfjordbanken in the south-east.
Storfjorden consists of two basins about 190 m deep, bor-
dered by shallow (ca. 40 m) shelves. A 120-m deep sill
crosses the mouth of Storfjorden at about 77°N and sepa-
rates the main basin from Storfjordrenna, a continuation of
the trough that extends beyond the shelf break (Skogseth
et al., 2005). The water column in Storfjorden is composed
of a mixture of two exogenous water masses and mixed wa-
ters that are formed locally (Figure 2F). ArW is transported

by the ESC. AW, carried by the WSC, enters Storfjorden at a
depth of 50—70 m (Akimova et al., 2011; Fer et al., 2003)
though we have found it also on the surface. Brine-enriched
shelf water is produced during sea-ice formation within the
fjord (Haarpaintner et al., 2001; Skogseth et al., 2005,
2004). As fast ice forms in the inner part of Storfjorden
starting in mid-November (Haarpaintner et al., 2001), the
subsequently coming pack ice cannot enter the bay and is
directed further towards Serkapp and Hornsund.
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Table 1 Sampling stations with their geographic position, water depth and sampling date.

Station Latitude Longitude Depth [m] Sampling date
Isfjorden

IS 1 78°24.000'N 15°35.690'E 251 13.08.2016
IS 2 78°15.890'N 14°51.200'E 250 13.08.2016
1S3 78°09.800'N 14°07.100'E 230 13.08.2016
Wijdefjorden

WiJ 1 79°53.815'N 15°19.066'E 165 14.08.2016
WIJ 2 79°29.359'N 15°33.475'E 93 14.08.2016
Wi 3 79°09.464'N 16°00.085'E 160 15.08.2016
Rijpfjorden

RIJ1 80°05.374'N 22°12.966'E 202 16.08.2016
RIJ2 80°18.464'N 22°10.951'E 258 16.08.2016
RIJ 3 80°22.354'N 22°05.736'E 258 15.08.2016
RIJ 4 80°30.288'N 22°02.996'E 154 15.08.2016
Nordaustlandet

NAL 1 79°42.727'N 26°34.955'E 43 18.08.2016
NAL 2 79°40.506'N 26°48.952'E 80 18.08.2016
NAL 3 79°36.241'N 27°30.196’E 147 18.08.2016
NAL 4 79°33.185'N 28°00.347'E 277 18.08.2016
Edgeoya

EDG 1 77°42.925'N 24°12.853'E 41 19.08.2016
EDG 2 77°41.147'N 24°39.384'E 72 19.08.2016
EDG 3 77°39.751'N 25°00.162'E 112 19.08.2016
Storfjorden

ST 1 77°27.163'N 19°14.230'E 251 14.08.2014
ST2 77°24.138'N 17°51.734'E 67 14.08.2014
ST 3 77°14.728'N 20°53.185’E 72 15.08.2014
ST 4 76°53.181'N 19°27.559'E 158 14.08.2014
Hornsund

HR 1 76°59.571'N 16°25.254'E 120 13.08.2014
HR 2 77°00.057'N 16°06.554'E 73 13.08.2014
HR 3 76°59.115'N 15°50.573'E 162 13.08.2014
HR 4 76°57.415'N 15°22.585'E 130 13.08.2014

Hornsund, the southernmost fjord of Svalbard (Figure 1),
is 34 km long and 5—10 km wide. It is divided into sev-
eral basins separated by sills with water depths usually over
100 m. The central basin is more than 250 m deep and
the ice-proximal basins are 55-180 m deep (Zajaczkowski
et al., 2010). AW has been identified along the entire main
axis of the fjord, below a ~40 m-thick layer of SW and
IW (Figure 2G). Hornsund is the most ‘glaciomarine’ of the
Spitsbergen fjords as almost 70% of the drainage area is
covered by glaciers with thirteen tidewater glaciers enter-
ing the fjord (Btaszczyk et al., 2013; Hagen et al., 1993;
Westawski et al., 1991). Except for seasonal sea-ice cover in
winter, Hornsund is often occupied by the pack ice brought
there from the Barents Sea by the ESC in late spring and
summer (e.g., Btaszczyk et al., 2013 and references therein;
Westawski et al., 1991).

3. Material and methods
3.1. Fieldwork

In total, 25 surface sediment samples were collected with
a box corer (20 x 20 cm) for dinocyst analyses and with a

small gravity corer (inner diameter 4.5 cm) for foraminiferal
analyses during a cruise of r/v Oceania. Geographic posi-
tions, water depth, and sampling dates for each station
are provided in Table 1. The samples were collected in
August 2014 in Storfjorden (four stations; unfortunately,
foraminiferal samples from station ST2 are missing) and
Hornsund (four stations), and in August 2016 in Isfjorden
(three stations), Wijdefjorden (three stations), Rijpfjorden
(four stations) and in the coastal zones of Austfonna on Nor-
daustlandet (four stations) and Edgeeyjokulen on Edgegya
(three stations, Figure 1). The temperature and salinity of
the water column at each station were measured with a Mini
CTD Sensordata SD202 at 1 s intervals. The depth of the wa-
ter was measured with the hull-mounted echo sounder dur-
ing sample retrieval.

3.2. Dinoflagellate cyst sample preparation and
identification

The dinocyst analysis methodology used in this study is
consistent with the standardized methodology described in
Pospelova et al. (2005, 2010). The uppermost 2 cm of sedi-
ment from the box corer were collected into a zip bag and
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stored at a temperature of —20°C. With recent accumu-
lation rates along the main axes of Svalbard fjords (e.g.,
0.5-0.7 cm y~' in Hornsund, Glud et al., 1998), 2 cm of
sediment represents approximately four years of sedimen-
tation. Close to tidewater glaciers, sediment accumulation
rates increase to more than 10 cm y~' (Filipowicz, 1990),
resulting in a shorter time represented by the sampled sed-
iment. However, our stations are located mainly in the mid-
dle and outer parts of the fjords, along their main axes
(Figure 1). Therefore, we assume that 2 cm of sampled
sediment should, on average, represent approximately two
years of sedimentation. Although this approach might seem
to be an oversimplification since the time interval repre-
sented by the 2 cm thick sample differs at each station, we
consider it reasonable for the aim of the study as we assume
that the environmental conditions did not change drasti-
cally over the last couple of years. After thawing, 3—4 cm?
of well-mixed sediment was placed in a polypropylene test
tube, dried at >40°C and weighed with an analytical bal-
ance. The samples were subsequently soaked with distilled
water for 12 h, centrifuged at 3600 rpm for 6 min and then
processed using a standard palynological technique (e.g.,
Pospelova et al., 2010, 2005).

Marker grains of a known number of Lycopodium clava-
tum spores (e.g., Mertens et al., 2012a, 2009) were added
to allow quantitative estimates of the absolute concentra-
tions of dinocysts. About 7 ml of hydrochloric acid (HCL, 10%)
at room temperature was slowly added to samples to dis-
solve the L. clavatum spore tablets and remove carbonates.
After 30 minutes samples were centrifuged and decanted.
Subsequently, ~9 ml of distilled water was added and sam-
ples were centrifuged and decanted again. The procedure
was repeated until the pH of the supernatant reached a neu-
tral level. Afterwards, the samples were wet-sieved through
125 wm and 15 um mesh to remove fractions of sediment
above and below the maximal and minimal size of dinocysts.

After sieving, centrifuging, and decanting, ~7 ml of
room-temperature hydrofluoric acid (HF, 48%) was added
to the sediment to remove silicate. Samples were left in a
fume hood for 72 hours, with regular digestion checking and
stirring. After silicate dissolution, samples were once again
centrifuged and decanted and ~7 ml of hydrochloric acid
(HCL, 10%, at room temperature) was added. Samples were
rinsed with distilled water as described above and sieved
through a 15 um mesh. Aliquots of a few drops of sample
residue were placed on a glass slide and left for 24 h at
room temperature to dry. Glycerine gel was used to mount
a cover slide to the glass slide.

Approximately 300 specimens (min 281, max 319) were
counted from each sample. Dinocysts were identified to the
lowest possible taxonomical level. The paleontological tax-
onomy system used throughout this paper follows Zonneveld
(1997), Kunz-Pirrung (1998), Montresor et al. (1999), Rochon
etal. (1999), Head et al. (2001), Pospelova and Head (2002),
Moestrup et al. (2009), Mertens et al. (2015, 2013, 2012b),
and Zonneveld and Pospelova (2015). Cysts with unknown
taxonomic affinity were classified into one of four groups:
unidentified 1 — round transparent cyst, unidentified 2 —
spiny transparent cyst, RBC — round brown cyst and SBC
— spiny brown cyst. Cysts of Biecheleria cf. baltica are
mostly very small (~5—10 pwm) and were partly lost during
sample preparation (sieving). Therefore, we excluded them
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from the total cyst concentrations and statistical analyses.
Furthermore, it cannot be excluded that some thin-walled
transparent Impagidinium spp. cysts have been missed dur-
ing the counting.

3.3. Benthic foraminifera sample preparation and
faunal analysis

Living benthic foraminifera can be found down to 10 cm
in sediment (e.g., Kucharska et al., 2019; Zajaczkowski
et al., 2010). However, as the gravity corer did not pen-
etrate deep enough at every station, the uppermost 4 cm
of sediment was used for foraminiferal analysis to enable
the comparison of the results between all the stations.
Even though the 4 cm thick samples might contain some
foraminiferal specimens older than ~2 years (as assumed
for the 2 cm thick samples used for dinoflagellate cyst as-
semblage analysis), we find this a reasonable approach be-
cause, as mentioned before, we expect the environmen-
tal conditions to be roughly similar over the last couple of
years. The sediments were weighed and wet-sieved through
sieves with mesh sizes of 500 um, 100 wm, and 63 pm.
The 500 wm sieve was used only to protect foraminiferal
shells from crushing by larger grains and the results of
the analysis of >500 wm and 500—100 wm fractions (>100
wm) were analyzed together. The material was subsequently
dried and weighed with an accuracy of £0.1 mg. Benthic
foraminifera census counts were conducted on representa-
tive splits (>300 specimens) in the >100 wm fraction using
a Nikon SMZ1500 stereomicroscope. Individual species were
identified and counted. The paleontological taxonomy sys-
tem used throughout this paper follows Loeblich and Tappan
(1987), Hald and Korsun (1997), Husum and Hald (2004),
Darling et al. (2016), tacka and Zajaczkowski (2016), and
Hayward et al. (2020). The number of benthic foraminifera
per 1 g dry sediment (foram g~') was calculated.

3.4. Environmental data

The SST and SSS data were retrieved from the Coperni-
cus website (https://www.copernicus.eu/; accessed Octo-
ber and November 2018). Monthly averaged data were read
from available maps and average seasonal values were cal-
culated over the period of two years prior to sediment
sampling (August 2012—August 2014 for Hornsund and Stor-
fjorden, August 2014—August 2016 for the rest of the sta-
tions; see Table 1 for sampling dates). Data on sea-ice
coverage were retrieved from the website of the Norwe-
gian Meteorological Institute (https://cryo.met.no/). Sea-
ice concentrations at each station (in %) were manually read
from Ice Charts at weekly intervals (four daily values per
month) within two years prior to sediment sampling (the
same as for the SST and SSS data). Subsequently, the av-
erage seasonal values (winter: December—February, spring:
March—May, summer: June—August, autumn: September—
November) were calculated. As fast ice was not present at
any station during the studied time, only drift ice is included
in the analysis. Despite ongoing global changes, we assume
that environmental parameters over two years represent av-
erage ‘modern’ conditions and display general trends over
the last couple of years. For this reason, we analysed the re-
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lationships between environmental parameters over a con-
stant time interval (two years prior to sediment sampling)
and the two groups of microorganisms, despite the variable
time represented by the sediment samples studied.

3.5. Statistical analyses

To reduce noise in the data sets, all statistical analyses were
performed on relative abundances of dinocysts and ben-
thic foraminifera after grouping some less important species
into genera and excluding taxa that contribute less than
1% to the assemblages (i.e., the maximum relative abun-
dance at any station was lower than 1%). Only these taxa are
presented and discussed hereafter. Multivariate statistical
analyses were used to investigate the relationships between
each microfossil group (dinocysts and benthic foraminifera)
and environmental parameters using CANOCO 4.5 for Win-
dows (ter Braak and Smilauer, 2002). First, a Detrended Cor-
respondence Analysis (DCA) was performed to identify the
nature of variability within the assemblages in each group.
The length of the first gradient determines whether the as-
semblages have unimodal variation (length >2) or linear
variation (length <2) (Lep$ and Smilauer, 2003). We iden-
tified that the length of the first gradient was 1.9 standard
deviations (SD) for dinocysts and 2.4 SD for foraminifera,
indicating a linear variation for cysts and a unimodal varia-
tion for foraminifera. The DCA results justified the further
use of a Redundancy Analysis (RDA) for dinocysts and Canon-
ical Correspondence Analysis (CCA) for benthic foraminifera
(Lep$ and Smilauer, 2003).

We applied a forward selection of environmental param-
eters to reduce the set of variables that could effectively
explain the greatest amount of variance in the data sets.
A total of seven environmental parameters were chosen for
the analyses: water depth (WD), winter and summer sea-
surface temperature (SST win, SST sum), salinity (SSS win,
SSS sum), and sea ice cover (SI win, SI summer). Each envi-
ronmental variable’s statistical significance (P-value < 0.05)
was determined using the forward selection Monte Carlo
permutation test, with 499 unrestricted permutations.

4, Results
4.1. Oceanographic conditions

The results of CTD measurements, together with the identi-
fied water masses (following Cottier et al., 2005) are shown
in Figure 2. Seasonally averaged sea-ice cover, SST and SSS
data used for the multivariate statistical analysis are listed
in Supplementary Table 1. We acknowledge that some of
the salinity data retrieved from Copernicus appear anoma-
lous, reaching up to 37.8 at station WIJ1 in March. Such high
values might be caused by the quality of satellite measure-
ments in inner parts of narrow fjords and/or in high lati-
tudes in general. However, it should be noted that the high-
est salinities (>35.3) are associated with the lowest temper-
atures (<—2°C), generally high sea-ice concentrations, and
occur in the inner parts of the north-facing fjords (Wijde-
fjorden and Rijpfjorden) in winter and spring (January to
May). Altogether, it suggests that the high salinities might
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be related to brines formed by salt rejection during sea-ice
formation (Haarpaintner et al., 2001). For this reason, we
decided not to discard or correct the outlying data as they
most probably reflect the natural variations even if the ab-
solute values are indeed overestimated.

4.2. Dinoflagellate cyst abundances and
assemblages

The total cysts concentrations calculated per gram of dry
weight of sediments (cysts g~') vary from ~1,700 to 20,000,
with an average of ~10,800 cysts g~'. The highest cyst
concentrations were found in Isfjorden and Rijpfjorden.
The southern part of the studied region is characterized by
lower cyst concentrations, with the lowest values recorded
at the Hornsund and Edgegya sites (Figure 3A). In total,
dinocysts belonging to 39 taxa (23 genera) were identified in
the analysed samples. A total of 19 of them were produced
by autotrophic and 20 by heterotrophic dinoflagellates
(Supplementary Table 2). The proportions of cysts produced
by heterotrophic and autotrophic dinoflagellates in the
assemblages are variable. Figure 3B shows the geographical
distribution of the heterotrophic/autotrophic-related taxa
in the cyst assemblages. The proportion of heterotrophic
taxa ranges from 21 to 81%, averaging ~53%. In general, the
highest abundances of heterotrophic taxa were observed at
the sites near the mouth of each fjord and in coastal wa-
ters, with the highest average values recorded in Isfjorden.
Islandinium minutum, Brigantedinium spp., cysts of Pen-
tapharsodinium dalei and Polarella glacialis were present in
every sample (Figure 4). Six further taxa (Ataxiodinium
spp., cysts of Protoceratium reticulatum (or Opercu-
lodinium centrocarpum sensu Wall and Dale, 1966),
Nematosphaeropsis labyrinthus, Dubridinium spp. Echini-
dinium spp., and Selenopemphix quanta) were present in
each of the studied regions (though not in every sample).
Light microscope micrographs of the most common dinocyst
taxa are shown in Figure 5.

Four species were most abundant in the analyzed sam-
ples (Figure 4). Islandinium minutum constituted ~39% of
all identified dinocysts and reached a maximum of 72% at
station IS 3. The second most abundant species were cysts
of Polarella glacialis (~24%) with a maximum abundance
of 73% at station NAL 1. Cysts of Pentapharsodinium dalei
and Operculodinium centrocarpum contributed an average
of ~9% and ~7% in all identified assemblages, respectively
with maximum abundances of ~39% at WIJ 1 and ~29% at
IS 1, respectively. Among the remaining taxa, only Islan-
dinium? cezare reached more than 22% at one of the sta-
tions (HR 2) but its average proportion among all identified
taxa was only ~3%. Details on the relative abundances of in-
dividual taxa at each station can be found in Supplementary
Table 2.

The results of the Redundancy Analysis (RDA) on the pro-
portions of dinocyst taxa in the assemblages showed that
the first ordination axis explains 43% of the variance, and
it is positively but not significantly correlated with the win-
ter sea-ice cover and negatively and significantly correlated
with the water depth (Figure 6). A Monte Carlo permutation
test under the reduced model with 499 permutations indi-
cated that the first ordination axis and all canonical axes are
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Figure 3  A: Total sedimentary concentrations [cysts g—'] of dinocysts at each station. B: Proportion of autotrophic/heterotrophic
dinocysts in each sample.
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Figure 4 Percentages of the most common autotrophic (shades of green) and heterotrophic (shades of red) dinocyst taxa at each
station.
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Figure 5

statistically significant with P-values of 0.004 and 0.002, re-
spectively. The second ordination axis explains an additional
19% of the variance, and it is positively and significantly cor-
related to the summer sea-ice cover and sea-surface salin-
ity in winter. Figure 6 shows the ordination of sites, winter
and summer environmental parameters, as well as the most
common cyst taxa based on the first two RDA axes (RDA1 and
RDA2). The first axis (RDA 1) demonstrates that the best fit
corresponds to cysts of Polarella glacialis (67%), Islandinium
minutum (37%), Operculodinium centrocarpum (24%), and
Echinidinium species (~20%). The species with the best fit
for the second axis (RDA 2) are cysts of Pentapharsodinium
dalei (78%), Spiniferites elongatus (43%), Selenopemphix
quanta and cysts of Protoperidinium nudum (both ~30%,
respectively), and Operculodinium centrocarpum (27%).
The scores of RDA 1 and RDA 2 for each site are plotted
on the satellite image of the area (NASA; https://landsat.
visibleearth.nasa.gov/view.php?id=86468) that shows snow/
ice cover in the summer of 2015 (Figure 7). It illustrates the
impact of the warm WSC on the western side and the cool
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Plate presents light microscope micrographs. 1) High focus of Islandinium minutum (EDG 1). 2) High focus of Echini-
dinium karaense (EDG 1). 3) Mid focus of Dubridinium sp. with flagellar scar (HR 3). 4) High focus of Islandinium? cezare (EDG
1). 5) Mid focus of Echinidinium sleipnerensis (EDG 1). 6) Mid focus of Brigantedinium simplex with typical flagellar scars (NAL
4). 7) High focus of Selenopemphix quanta (EDG 1). 8) Mid focus of cyst of Polarella glacialis (EDG 1). 9) High focus of cyst of
Pentapharsodinium dalei (IS 1). All scale bars = 10 um.

ESC on the southern and eastern coasts of Svalbard during
the summer growing season. The figure shows that sites with
the highest negative RDA 1 scores are in Isfjorden, Wijde-
fjorden, and Rijpfjorden, while the highest positive RDA1
values are in Nordaustlandet and Edgegya. Sites with posi-
tive RDA 2 scores are primarily in Wijfjorden and Rijpfjor-
den, whereas sites with the highest negative scores of RDA
2 are found along the eastern and southern sites, as well as
near the mouths of most of the fjords.

4.3. Benthic foraminiferal abundances and
assemblages

The total benthic foraminifera concentrations calculated
per gram of dry weight of sediments (forams g=') vary from
5 to ~1,300, with an average of ~214 forams g~'. The high-
est benthic foraminiferal concentrations were found at Wi-
jdefjorden and Nordaustlandet sites. The southern part of
the studied region is characterized by lower foraminiferal
concentrations, with the lowest values recorded at Stor-


https://landsat.visibleearth.nasa.gov/view.php?id=86468

M.M. Telesinski, V. Pospelova, K.N. Mertens et al.

1.0

SSS sum

S win

RDA 2 (19% of variance)

SST sum

a — DBtepiki

L4
us \ I cez
If’f i Spp

eyysprosum

RDA Axes 1 2 3

Eigenvalues 0.432 0.190 0.029
Spp.-env. correlations 0.828 0.880 0.750
Cumul. % spp. data 433 62.3 65.7
Cumul. % spp.-env.  65.7 93.1 974

P, nudum

uleaiu%

() P. glacialis
2 E. karaense

T applanatum

P odinium .
o SST Wwin Dubridinium
o
<
-1.0 RDA 1 (43% of variance)

Marginal Effects
Variable Lambda

WD 0.33 WD 0.330
SSSwin  0.15 SSS win  0.140
SSSsum  0.11 SI'sum  0.100
SI win 0.11 SIwin  0.030
SSTsum 0.10 SST win  0.040
SSTwin  0.07 SSS sum 0.020
SI sum 0.07 SST sum 0.010

Figure 6 The results of the Redundancy Analysis (RDA) on

Conditional Effects
Variable Lambda P-value

1.0

Study areas
@ Isfjorden (IS 1-3)

ooy @ Wijdefjord (WL 1-3)
o012 ® Rijpfjorden (RIJ 1-4)
0'270 @ Nordaustlandet (NAL 1-4)
0076 © Edgeeya (EGD 1-3)
0‘4()2 @ Storfjorden (ST 1-4)
0:630 @ Hornsund (HR 1-4)
the proportions of dinocyst taxa in the assemblages showing the

ordination of sites, winter (win) and summer (sum) environmental parameters (S| — sea-ice concentration, SSS — sea surface
salinity, SST — sea surface temperature), as well as the most common dinocyst taxa based on the first two RDA axes (RDA1 and

RDA2).

fjorden and Edgegya sites (Figure 8A). In total, benthic
foraminifera belonging to 27 taxa (24 genera) were identi-
fied in the analysed samples. A total of 15 of them were cal-
careous and 12 were agglutinated (Supplementary Table 3).
The proportions of calcareous and agglutinated foraminifera
in the assemblages are variable. Figure 8B shows the ge-
ographical distribution of the calcareous/agglutinated taxa
in the foraminiferal assemblages. The proportion of calcare-
ous taxa ranges from 21 to 100%, averaging ~76%. In gen-
eral, the highest proportions of calcareous taxa were ob-
served at the sites near the fjord heads and stations clos-
est to the coast, with the highest average values recorded
in Wijdefjorden. Elphidium clavatum, Islandiella helenae
and Nonionellina labradorica were present in every sample
(Figure 9). Fourteen further taxa (Buccella frigida, Cas-
sidulina reniforme, Cibicides, lobatulus, Globobulim-
ina arctica-turgida, Islandiella norcrossi, Stainforthia
loeblichi, Trifarina fluens, Adercotryma glomeratum,
Labrospira crassimargo, Recurvoides turbinatus, Reophax
scorpiurus, Spiroplectammina spp., Textularia earlandi-
kattegatensis, and Portatrochammina karica) were present
in each of the studied regions (though not in every
sample).

Five benthic foraminifera species were dominant in most
of the analyzed samples (Figure 9). E. clavatum constituted
~22% of all identified forams and reached a maximum of
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~52% at station HR 2. The second most abundant species
were Cassidulina reniforme and Cibicides lobatulus (15%,
respectively) with a maximum abundance of ~71% at sta-
tion HR 1 and ~48% at station WIJ 2, respectively. Nonionel-
lina labradorica reached ~11% with a maximum abundance
of ~31% at station IS 2. Adercotryma glomeratum, the most
abundant agglutinated species, constituted ~8% of all iden-
tified taxa with a maximum of ~23% at station RIJ 1. Among
the remaining species, Melonis barleeanus reached a maxi-
mum of ~12% at station NAL 3 but its average share among
all identified taxa reached only ~2%. Details on the relative
abundances of individual taxa at each station can be found
in Supplementary Table 3.

The results of the canonical correspondence analysis
(CCA) on the proportions of benthic foraminifera in the
assemblages showed that the first ordination axis (CCA 1)
explains 21% of the variance, and the second ordination
axis (CCA 2) describes an additional 11% of the variance
(Figure 10). The first and all canonical axes are statisti-
cally significant with P-values of 0.02 and 0.004, respec-
tively. CCA 1 is positively and significantly correlated with
the summer sea-ice cover, whereas CCA 2 is positively and
significantly correlated with the winter sea-ice cover.

The first axis (CCA 1) has the best fit with agglutinated
foraminifera Adercotryma glomeratum (55%), Ammodiscus
sp. (58%), Portatrochammina karica (46%) and calcareous
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Figure 7 The scores of RDA 1 and RDA 2 for each site plotted on the satellite image of the area (NASA; https://landsat.
visibleearth.nasa.gov/view.php?id=86468) showing snow/ice cover in the summer of 2015 (Data date: April 29, 2015—July 9, 2015).
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Figure 8 A: Total sedimentary concentrations [forams g~'] of benthic foraminifera at each station. B: Proportion of calcare-

ous/agglutinated foraminifera in each sample.

Melonis barleeanus (57%) and Quinqueloculina spp. (31%).
The taxa with the best fit for the second axis (CCA 2)
are calcareous Cibicides lobatulus (42%) and Nonionellina
labradorica (28%). The CCA scores for each site plotted
on the satellite image of the area (NASA; https://landsat.
visibleearth.nasa.gov/view.php?id=86468) (Figure 11) show
that the highest positive CCA 1 values are in Rijpfjorden
and the highest negative values at the coastal sites of Nor-
daustlandet (NAL 1 and 2). Sites with positive CCA 2 scores
are mainly in the northern and northeastern parts of the
archipelago, whereas sites with the highest negative scores
of CCA 2 are along the eastern and southern sites, as well as
near the mouths of most of the fjords.
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As mentioned above, the stations can be divided into
three major areas. This classification has been confirmed
by our dinocyst and benthic foraminiferal results and can be
summarized as follows:

4.4. Atlantic Water-dominated stations

This region includes three westward and northward facing
fjords: Isfjorden, Wijfjorden, and Rijpfjorden (Figure 1).
These fjords are characterized by the presence of a thick
layer of AW, usually underlain by TAW and covered by a rel-
atively thin layer of SW and/or IW (Figure 2A). The dinocyst
assemblages (Figure 4) are dominated by Islandinium min-
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utum (an average abundance of ~41% with a maximum of
72% at station IS 3), followed by cysts of Pentapharsodinium
dalei (~17% with a maximum of 37% at station WIJ 1), Op-
erculodinium centrocarpum (~14% with a maximum of 28%
at station IS 1), and cysts of Polarella glacialis (~8%). The
most common benthic foraminiferal species (Figure 9) of the
AW-dominated region are Cibicides lobatulus, Nonionellina
labradorica, and E. clavatum (each constituting on average
15% of the assemblages), followed by Adercotryma glom-
eratum (~12%), Cassidulina reniforme (~11%), and Porta-
trochammina karica (~8%). Cibicides lobatulus reached a
maximum abundance of 47% at station WIJ 2, Nonionellina
labradorica reached 31% at station IS 2, and Adercotryma
glomeratum reached 23% at station RIJ 1. Other dinocyst
and benthic foraminiferal species constituted on average
less than 5% of the assemblages, respectively.

4.5. Arctic Water-dominated stations

Fjords characterized by ArW dominance include Storfjor-
den and Hornsund, both located in southern Svalbard
(Figure 1). Even though AW and TAW are also present in
the water column at most of the stations, the overlying
layer of SW and/or IW is relatively thicker, compared to
AW-dominated stations, and the surface water temperatures
are lower (Figure 2C). The most common dinocyst species in
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this region (Figure 4) include Islandinium minutum (~40%),
cysts of Polarella glacialis (~27%), and Islandinium? cezare
(~9% with a maximum of 22% at station HR 2). The most nu-
merous benthic foraminiferal species (Figure 9) are E. clava-
tum (~27% with a maximum of 52% at station HR 2), Cas-
sidulina reniforme (~19% with a maximum of 71% at station
HR 1), Nonionellina labradorica (~12%), Cibicides lobatulus
(~10%), Recurvoides turbinatus (~8%), Adercotryma glom-
eratum (~6%), and Buccella frigida (~5%).

4.6. Locally/glacier-influenced stations

This region groups stations located in the coastal zones of
Nordaustlandet and Edgegya (Figure 1). The oceanographic
conditions and, thus, dinocyst and benthic foraminiferal
faunas are the most diversified here and depend largely
on the distance of the station from the ice front. SW, IW,
and TAW dominate the water column in different propor-
tions at all the stations, indicating a dynamic oceanographic
regime and the mixing of water masses of different origins
(Figure 2B). Two species dominate the dinocyst assemblages
(Figure 4) in this region: cysts of Polarella glacialis (~41%
with a maximum of 72% at station NAL 1) and Islandinium
minutum (~33%). The most common benthic foraminiferal
species (Figure 9) include E. clavatum (~25%), Cibicides
lobatulus (~19%), Cassidulina reniforme (~16%), and Non-
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two CCA axes (CCA1 and CCA2).

ionellina labradorica (~6%). It is also worth noting that Mel-
onis barleeanus reached a maximum of 12% at station NAL 3
although its average share among all identified taxa reached
less than 3%.

5. Discussion

Cyst-forming dinoflagellates and benthic foraminifera are
two unrelated groups of microorganisms, but both en-
code environmental parameters of surrounding waters.
Most dinoflagellates are planktic (e.g., Taylor et al., 2008;
Zonneveld et al., 2013) and for this reason, their spatial dis-
tribution is mostly dependent on the upper water masses. In
contrast, the composition of the benthic foraminiferal as-
semblages is strongly influenced by factors such as, e.g.,
trophic state, type of sediment, and bottom water oxygena-
tion level that might be independent of the dominant wa-
ter mass. As already mentioned in the introduction, we de-

cided to focus only on surface water conditions, as these
are available over extended periods of time from satel-
lite observations, while bottom water parameters are avail-
able only from CTD measurements performed during re-
search cruises, mostly in summer. Even though surface wa-
ter parameters might not affect benthic foraminiferal as-
semblages in a straightforward way, in the relatively shal-
low (<300 m) waters around Svalbard they certainly influ-
ence them indirectly, e.g., by regulating the food flux reach-
ing the bottom (see, e.g., Seidenkrantz, 2013). This differ-
ence is well reflected in our results. For instance, the first
and second ordination axes of the RDA on the proportions
of dinocyst taxa in the assemblages explain much more of
the variance (43% and 19%, respectively, Figure 6) compared
to the first two ordination axes of the CCA on the propor-
tions of benthic foraminifera (21% and 11%, respectively,
Figure 10).

The dinocyst concentrations (Figure 3A) clearly show that
dinoflagellates are highly dependent on the properties of
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Figure 11

The scores of CCA 1 and CCA 2 for each site plotted on the satellite image of the area (NASA; https://landsat.

visibleearth.nasa.gov/view.php?id=86468) showing snow/ice cover in the summer of 2015.

the upper water masses. The concentrations are highest in
the western and northern Svalbard, most influenced by the
WSC carrying AW. It might seem surprising that the dinocyst
abundance is lower in Wijdefjorden than in the Rijpfjor-
den located farther north and more distant from the AW
source. However, it should be noted that while Wijdefjor-
den is a long and narrow fjord, which limits AW penetra-
tion, Rijpfjorden has a wide mouth allowing for an easier ex-
change of water masses. Additionally, Rijpfjorden is strongly
affected by summer sea ice (Figure 6) which might further
promote summer dinoflagellate blooms as melting sea ice
releases nutrients stimulating productivity in the marginal
ice zone (e.g., Hebbeln and Wefer, 1991; Ramseier et al.,
1999; Sakshaug, 2004; Smith Jr. et al., 1987). Off Nordaust-
landet the dinocyst abundance is also relatively high (com-
parable to that in Wijdefjorden) indicating that AW reaches
this area (Figure 2B). In southern Svalbard, the abundances
are generally low. An exception is two stations in Storfjor-
den (ST 1 and 4) suggesting that the WSC can reach the main
axis of this widely open fjord in times when the ESC weak-
ens.

The benthic foraminiferal abundances exhibit a similar
general pattern with higher values in western and north-
ern areas influenced mainly by the WSC and lower values in
the south affected by the ESC (Figure 8). A peculiar observa-
tion is that the highest benthic foraminiferal concentrations
were found in Wijdefjorden (with by far the highest values
at station WIJ 1 in the inner fjord) and Nordaustlandet. This
might suggest that the benthic foraminiferal abundance is
also stimulated by organic matter delivered by glaciers as
both regions are influenced by tidewater ice fronts.

An important and widely debated aspect of dinocyst and
benthic foraminifera distributions in coastal waters around
Svalbard is their association with sea ice. Despite the re-
cent development of geochemical proxies of sea-ice cover-
age (e.g., Belt et al., 2007; Belt and Mdiller, 2013; Cabedo-
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Sanz et al., 2013; Muller et al., 2011), its reconstruction in
paleo records remains a complicated issue. For this reason,
we took a particular interest in investigating the potential
use of the two microfossil groups together as sea-ice indica-
tors. More specifically, here we discuss drift ice as fast ice
was not present at any station over the studied time.

An analysis of the dinocyst distribution around Sval-
bard suggests that two species might potentially be associ-
ated with sea ice: Echinidinium karaense and Islandinium?
cezare. Echinidinium karaense, known from the Beaufort
Sea, the Baffin Bay, and the northern Hudson Bay, prefers
waters with temperatures between —2°C and —8°C and
salinity between 20.5 and 33.8. It is found in nutrient-
rich waters with lowered salinity due to ice melting and
with a well-ventilated layer of bottom waters (e.g., Head
et al., 2001; Zonneveld and Pospelova, 2015). Its associa-
tion with sea ice has previously been investigated, but as
it occurred only occasionally in areas with dense sea-ice
cover, no definite conclusion have been reached (de Vernal
et al., 2020, 2013). Islandinium? cezare is known from the
Kara Sea and appears to have similar environmental pref-
erences to Echinidinium karaense (e.g., Head et al., 2001;
Zonneveld and Pospelova, 2015). The relative abundances
of the two species were low at AW-dominated stations (ls-
fjorden, Wijdefjorden, Rijpfjorden) as well as off Nordaust-
landet (Figure 3). They were much higher off Edgegya and at
ArW-dominated stations (Storfjorden and Hornsund). Nev-
ertheless, they were present in all areas except for Isfjor-
den (Figure 12), i.e., in areas where sea ice occurs (Sup-
plementary Table 1). Although our environmental data indi-
cate very low sea-ice concentrations in Hornsund, its west-
ern and central part is often occupied by pack ice brought
there from the Barents Sea by the ESC in late spring and
summer (Btaszczyk et al., 2013). Altogether, this suggests
that Echinidinium karaense and Islandinium? cezare could
be potential regional sea-ice indicators.
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Echinidinium karaense, Islandinium? cezare and cysts of Po-
larella glacialis.
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Our RDA results (Figure 6) show that the dinocyst species
that is the most correlated with winter sea ice (drift ice)
is Polarella glacialis. This species was first described from
sea-ice brine channels in Antarctica (Montresor et al., 1999)
and its association with sea ice has been observed in the
Canadian Arctic (Montresor et al., 2003) and the Arctic
Ocean (Matthiessen et al., 2005). However, cysts of Po-
larella glacialis have not been identified in most sediment
samples used in paleoenvironmental studies for several po-
tential reasons. Cysts of Polarella glacialis likely do not con-
sist of resistant dinosporin (Montresor et al., 1999) and their
long-term preservation in sediments is questionable. Fur-
thermore, small (12—17-um long and 8—15-um wide) cysts
of Polarella glacialis could easily pass through the 10—15
wm mesh size typically used in dinocyst sample preparation
protocols, thus some but not all of them could be lost dur-
ing palynological sample preparation (see Heikkila et al.,
2016, 2014). The abundance of this species in our samples
(Figures 4 and 11) supports the fact that the cyst walls are
resistant enough to be extracted from surface sediments
and be used as environmental indicators, at least for mod-
ern samples from the Svalbard region. We acknowledge that
some of the cysts of Polarella glacialis were partly lost dur-
ing sample preparation. This may have biased our results,
but the correlation of this species with sea-ice cover is still
strong. Echinidinium karaense also shows a correlation with
winter sea ice in the RDA plot (Figure 6). Even though it
also appears in middle and outer Hornsund (stations HR 2-
4) where no sea ice was recorded (Supplementary Table 1),
the presence of Echinidinium karaense might be in accor-
dance with episodic appearance of pack ice in this area in
late spring and summer, as mentioned above. Thus, cysts of
Polarella glacialis as well as Echinidinium karaense can be
considered potential winter drift ice indicators in the Sval-
bard region. Nevertheless, it should be kept in mind that
the first ordination axis of the RDA plot, which cysts of Po-
larella glacialis and Echinidinium karaense best fit with, is
positively but not significantly correlated with the winter
sea-ice cover.

No correlation was found between the winter sea-ice
cover and the abundance of Islandinium? cezare (Figure 6).
The discrepancy between the “naked eye” correlation of
this species’ distribution and sea-ice concentration and the
RDA results might have several reasons. First of all, the en-
vironmental parameters had to be selected and reduced
to enable an efficient statistical analysis. This might have
led to some of the fauna-environment relationships being
missed in the results. For instance, pack ice is brought from
the Barents Sea into Hornsund mainly in late spring and sum-
mer (Btaszczyk et al., 2013), while our analysis took into ac-
count only winter and summer sea-ice concentrations. Sec-
ondly, the abundance of Islandinium? cezare was relatively
low, compared to cysts of Polarella glacialis (though higher
than that of Echinidinium karaense), which might have fur-
ther biased the results. However, our results confirm previ-
ous findings (Heikkila et al., 2016), indicating no direct re-
lationship between Islandinium? cezare and sea-ice cover.

The CCA results of benthic foraminifera assemblages
(Figure 10) show that the first ordination axis which is pos-
itively and significantly correlated with the summer sea-ice
cover has the best fit mostly with agglutinated foraminifera
species. However, before concluding that they can be used
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as summer sea-ice indicators (e.g., Scott et al., 2008), it
should be noted that agglutinated species are most abun-
dant in outer parts of fjords and at sites located farther off-
shore (Figure 8B) and that the ratio of agglutinated to cal-
careous foraminifera mainly depends on the absolute abun-
dance of the latter (Supplementary Table 3). Obviously, the
summer sea ice that originates mostly from the Arctic Ocean
and the Barents Sea is also the most abundant in the outer
parts of the fjords. Therefore, our results do not provide
a definite answer whether increased sea-ice concentration
in summer is indeed an environmental preference of agglu-
tinated species (or a factor that decreases the abundance
of calcareous species) or are there other factors that de-
termine lower abundances of calcareous foraminifera in the
outer parts of fjords. Although benthic foraminifera are not
direct proxies for sea-ice cover, they respond to the sur-
plus of food often available at sea-ice edges (Hebbeln and
Wefer, 1991; Seidenkrantz, 2013; Smith Jr. et al., 1987).
Furthermore, poor preservation of calcareous tests results
from intensive decay of organic matter, leading to a de-
crease in pH (Majewski and Zajaczkowski, 2007), or corro-
sive brines released during sea-ice formation (Fossile et al.,
2020; Nardelli et al., 2023), although the latter occurs
mainly during the winter-early spring season.

Interesting exceptions among the calcareous fauna are
Quinqueloculina spp. and Melonis barleeanus, both show-
ing a strong correlation with the summer sea-ice cover
(Figure 10). Quinqueloculina spp. is an epifaunal porcela-
neous foraminifera that belongs to miliolids. In our samples,
it consisted mainly of Quinqueloculina arctica, a species
common in the Arctic Ocean (e.g., Barrientos et al., 2018).
It was the most common in the inner Rijpfjorden, where
the summer sea-ice concentration was also the highest. To-
gether, it might suggest that Quinqueloculina spp. or, more
precisely, Quinqueloculina arctica, can be used as an indica-
tor of summer sea ice in this particular environmental set-
ting (a fjord facing the Arctic Ocean). Melonis barleeanus,
in turn, is an infaunal hyaline species that is usually associ-
ated with fine-grained sediments containing buried organic
matter that supports an infaunal life habit (e.g., Hald and
Steinsund, 1992; Jennings et al., 2004). The species was first
recorded in Rijpfjorden only recently and its appearance in
this fjord was associated with the increasing influence of
AW on the northern coast of Svalbard (Kujawa et al., 2021).
Although this might be true, we suppose that the relatively
high abundance of this species in Rijpfjorden and off Nor-
daustlandet compared to other stations (Figure 9) results
mainly from its known environmental preferences. How-
ever, locations with abundant summer sea ice might also
be characterised by fine-grained sediments transported by
the ice (e.g., Nurnberg et al., 1994), thus making Melonis
barleeanus an indirect summer sea-ice indicator.

Winter sea ice is the most abundant in the inner parts
of the fjords (especially Wijdefjorden and Storfjorden) and
off the glaciated shores (Supplementary Table 1). These also
happen to be the areas where the relative abundance of cal-
careous forams is the highest, which is most clearly seen at
stations off Edgegya (Figure 8B). As a result, CCA shows a
correlation between winter sea-ice concentration and sev-
eral species of calcareous benthic foraminifera (Figure 10).
However, this does not mean that they can be simply inter-
preted as winter sea-ice indicators. A good example is Cibi-
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cides lobatulus, the species the most correlated with winter
sea-ice cover according to our CCA results. It dominates at
locations with coarse sediments and is usually interpreted
as an indicator of high energy/low sedimentation rate en-
vironments (e.g., Klitgaard-Kristensen and Sejrup, 1996) in
marine environments from the Arctic (e.g., Hald and Ko-
rsun, 1997) to the tropics (e.g., Javaux and Scott, 2003;
Romano et al., 2022). In Svalbard, such conditions may oc-
cur in the vicinity of fjord thresholds and narrows, where
sea ice produced in the inner parts may also get stuck for
extended periods of time. The species was also common
at stations close to the ice fronts of Nordaustlandet and
Edgegya (Supplementary Table 3) where the environment is
extremely dynamic. Winter sea ice is also abundant near the
ice fronts because of large amounts of freshwater from the
glaciers, which freezes at higher temperatures than saline
water. Taken together, this could have contributed to the
correlation of Cibicides lobatulus with winter sea-ice cover
in our statistical analysis. However, this correlation occurs
only in the particular environmental setting of the Svalbard
fjords and glaciated margins.

In contrast, Nonionellina labradorica occupies the outer,
deeper parts of the western and southern fjords, influenced
by stable TAW (Figure 2, Supplementary Table 3) as it is
known to feed on fresh phytodetritus and thus is indicative
of high-productivity environments (e.g., Hald and Korsun,
1997; Majewski et al., 2009; Polyak and Mikhailov, 1996;
Zajaczkowski et al., 2010). Therefore, its strong negative
correlation with winter and summer sea-ice cover is not sur-
prising.

A direct relationship between net primary production
and the abundance of heterotrophic dinoflagellate species
can be expected. This relationship is more complex for au-
totrophic species, as they produce part of the chlorophyll-
a (Chl-a) registered by the satellites. When Chl-a concen-
trations increase, heterotrophic species generally increase
more than autotrophic species, so that the latter decrease
in relative abundance (e.g., Zonneveld et al., 2013). A pos-
itive correlation between Chl-a concentrations and benthic
foraminiferal abundance in shallow shelf areas can also be
expected (e.g., Ahrens et al., 1997; Yamashita et al., 2020).
However, no such relationship can be observed in our data
(Figures 3, 7 and 12). First, average sea surface Chl-a con-
centrations around Svalbard are generally low, except for a
few areas like Freemansundet (north of Edgegya), Van Mi-
jenfjorden (on the western coast of Svalbard), or in some of
the side-fjords of the Isfjorden system where they reach rel-
atively high values of up to ~68 mg Chl yr—' m=3 (Figure 13).
Unfortunately, none of our stations is located in these net
primary production hotspots and the highest, though mod-
erate Chl-a concentrations can be found at Storfjorden sta-
tions ST 2 and ST 3. Second, in such complex environments
as Arctic fjords (e.g., Cottier et al., 2005; Kujawa et al.,
2021; Syvitski and Shaw, 1995) the relationship between the
net primary production and the Chl-a concentration (e.g.,
Campbell et al., 2002) might be more complex and/or sup-
pressed by other processes than in the open ocean. Poten-
tial factors that might influence the primary productivity in
Arctic fjords include, e.g., increased turbidity of the wa-
ter or enhanced sedimentation of organic matter at glacier
fronts during the melting season (e.g., Kujawa et al., 2021;
Svendsen et al., 2002).
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Figure 13

Location of study sites plotted on mean annual sea surface chlorophyll-a concentration [mgChl a~' m—3] data from

satellite measurements (2009—2013). Data source: NASA Ocean Biology (OB.DAAC, 2014). Mean annual sea surface chlorophyll-
a concentration for the period 2009—2013 (composite dataset created by UNEPWCMC). Data obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS) Aqua Ocean Colour website (NASA OB.DAAC, Greenbelt, MD, USA). Accessed
28/11/2014. URL: http://oceancolor.gsfc.nasa.gov/cgi/l3. Cambridge (UK): UNEP World Conservation Monitoring Centre. URL:

http://data.unep-wcmc.org/datasets/37.

6. Summary and conclusions

The fjords and glaciated coasts of the Svalbard archipelago
are complex environments shaped by numerous factors.
The most important of them is the AW-carrying WSC which
mostly impacts the western coast, but its influence reaches
as far as the coast of Nordaustlandet. It carries large
amounts of heat, salt, and nutrients which have a tremen-
dous effect on marine ecosystems, glaciers, and coasts.
The abundance of both dinocysts and benthic foraminifera
is clearly dependent on the strength of AW inflow. How-
ever, other factors such as the sea ice exported from the
Arctic Ocean and the Barents Sea or even the shape and
bathymetry of individual fjords strongly influence the plank-
tic and benthic communities in the region.

The results of multivariate statistical analyses of
the relationships between environmental parameters and
dinocyst assemblages suggest that cysts of Polarella
glacialis and Echinidinium karaense can be considered win-
ter drift ice indicators. The potential association between
Islandinium? cezare and sea-ice cover was not confirmed.

The relationships between environmental parameters
and benthic foraminiferal assemblages are much more diffi-
cult to interpret, as the surface water parameters analysed
in this study have only indirect influence on them. Further-
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more, these bottom dwellers might be influenced by much
more factors than just the dominant water mass or sea-ice
cover. Although the statistical analysis shows the correlation
of some benthic foraminiferal species or groups with win-
ter/summer sea-ice cover, this correlation could be caused
by more indirect relationships. For example, the correlation
of Melonis barleeanus with summer sea-ice cover could be
caused by the association of this species with fine-grained
sediments, which around Svalbard are more common in ar-
eas with abundant summer sea ice.

In general, the analysis of relationships between the en-
vironmental parameters and the abundance of dinocyst and
benthic foraminiferal species is a complicated task as even
a strong correlation does not necessarily mean a causal rela-
tionship in such a complex environment as Svalbard fjords.
Nevertheless, using two complimentary microfossil groups
as (paleo)environmental indicators can provide a more com-
plete picture of the environmental conditions.
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