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ARTICLE INFO ABSTRACT

Editor: Dr. T.M. Cronin The relationships between modern Arctic benthic foraminifera and their ecological controls, along with their

Keywords: sensitivity to rapid environmental changes, is still poorly understood. This study examines how modern benthic
Benthic foraminifera foraminifera respond to annual environmental changes in the glaciated Arctic fjord Kongsfjorden, western
Svalbard Svalbard. Large environmental gradients due to the inflow of warm and saline Atlantic Water and the influence

Arctic fjord
Annual changes
Atlantic water

of tidewater glaciers characterise the fjord hydrography. A transect of six multi-corer stations, from the inner to
the outer fjord, was sampled in the late summers of 2005 to 2008 to study the distribution of living (rose Bengal
stained) benthic foraminifera. Physical properties of the water masses were measured concurrently. In general,
nearly the entire Kongsfjorden region was dominated by ubiquitous N. labradorica foraminiferal assemblage that
successfully exploited the local food resources and thrived particularly well in the presence of Atlantic-derived
Transformed Atlantic Water (TAW). Further, the annual investigation revealed that Kongsfjorden underwent
large interannual hydrological changes during the studied years related to variable inflow of warm and saline
Atlantic Water. This led to a strong fauna variability particularly at the two marginal sites: the glacially influ-
enced inner fjord and marine influenced shelf region. We also observed significant species shift from the ‘cold’ to
‘warm’ years and an expansion of widespread and sub-arctic to boreal species into the fjord.

1. Introduction

Benthic foraminifera are commonly used to deduce paleoceano-
graphic changes in the Arctic, and they have shown to be of great value
due to their high abundance and diversity in shelf areas (e.g., Jennings
and Helgadéttir, 1994; Polyak et al., 2002; Lloyd, 2006; Wollenburg
et al., 2007; Bubenshchikova et al., 2008; Slubowska—Woldengen et al.,
2008; Skirbekk et al., 2010; Rasmussen and Thomsen, 2010; Jernas
et al., 2013; Pawlowska et al., 2017). Reconstructing paleoceano-
graphic changes using benthic foraminifera in the Arctic, however,
strongly depends on the knowledge about their adaption to changes in

biological, chemical, and physical surroundings. Several studies have
already demonstrated some of the environmental factors (e.g., sea
bottom sediment composition, water masses, oxygen content in the
sediments and flux of organic carbon to the sea bed) that control the
living benthic foraminifera (e.g., Jorissen et al., 1995; Hald and Korsun,
1997; Rytter et al., 2002; Lloyd, 2006). Still, it is difficult to interpret
some palaeofaunal records and to obtain a thorough understanding of
the environmental impact on benthic foraminifera. This is either due to
the lack of modern faunal analogues or simply the lack of high-re-
solution paleorecords. Hence, there is a need to improve our knowledge
of foraminiferal ecology in order to unravel the full range of past en-
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Fig. 1. Study area and regional ocean current system. A) Map of
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from Hald and Korsun, 1997). The legend refers to water masses
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vironmental and climate changes in the Arctic from the time prior to the
mid-19th century, when instrumental time series became available.

In this study we focus on Kongsfjorden, an Arctic fjord on the
northwestern Svalbard archipelago (Fig. 1). This fjord is characterized
by a strong environmental gradient (e.g. temperature, salinity, tur-
bidity/sediment supply) due to marine-terminating glaciers at the fjord
head and advection of warm Atlantic water masses from the shelf. The
cross-shelf water-mass exchanges are known to affect the physical and
biological systems in these Arctic fjords (e.g., Hop et al., 2002; Willis
et al., 2008; Hodal et al., 2012; Gluchowska et al., 2016), and hence,
make them particularly sensitive to environmental changes.

The main goal of this study is to investigate the Arctic foraminiferal
fauna response to rapid environmental shifts by studying living benthic
foraminiferal changes on annual time scales (summer season) in the
period from 2005 to 2008 along a transect from outer to inner
Kongsfjorden, Svalbard.

The knowledge of modern benthic foraminiferal faunas in
Kongsfjorden remains sparse and focus mainly on total fauna assem-
blages (living and dead individuals not distinguished; e.g. Elverhgi
et al., 1980; Shetye et al., 2011). Most of these studies are also re-
stricted to certain areas or within shallow water depths in Kongsf-
jorden. Hald and Korsun (1997) present modern (rose Bengal stained)
foraminifera from the neighbouring Krossfjorden while Loubere et al.
(2011), and Loubere and Rayray (2016) study the content of living

foraminifera using the cell tracker green method at a few stations in
Kongsfjorden. In other Svalbard fjords investigations of living for-
aminifera have been carried out by Hansen and Knudsen (1995),
Korsun et al. (1995), Hald and Korsun (1997), Korsun and Hald (2000),
Majewski and Zajaczkowski (2007), Forwick et al. (2010) and
Zajaczkowski et al. (2010).

2. Physiographic and environmental settings

The fjord system Kongsfjorden-Krossfjorden is located on northwest
Spitsbergen, the largest island of the Svalbard archipelago (Fig. 1 B).
Kongsfjorden is 20 km long, 4-10 km wide (Svendsen et al., 2002), and
up to 394 m deep (Howe et al., 2003). Kongsfjorden and Krossfjorden
merge and continue as a submarine glacial trough, Kongsfjordrenna,
out to the shelf edge (Fig. 1 C). Kongsfjorden and Krossfjorden do not
possess well-defined sills at their mouths (Howe et al., 2003). At pre-
sent, five tidewater glaciers drain into the innermost part of the fjord,
providing it with fresh water and sediments (Elverhgi et al., 1980,
1983; Svendsen et al., 2002; Streuff et al., 2015). Sediment supply to
the fjord occurs also from rivers and sea ice. However, large lateral
gradients from the fjord head towards the fjord mouth are found
(highest sediment fluxes and generally coarsest composition at fjord
head) (e.g., Elverhgi et al., 1980, 1983; Hop et al., 2002; Svendsen
et al., 2002; Zajaczkowski, 2008). According to Trusel et al. (2010)
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Table 1A
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Study locations with the individual stations in Kongsfjorden from each cruise in the years from 2005 to 2008. Position and environmental data of various environmental parameters
(water depth, granulometry, organic matter, C/N ratio and sediment depth of oxygenated layer).

Station Station log  Latitude ("N) Longitude ("E) Depth (m) % Clay % Silt % Sand % Corg % MOC C/N ratio Depth of the
(< 2pm) (2-63 pm) (> 63 um) (Kim (Kim oxygenated layer in
(Dijkstra, (Dijkstra, (Dijkstra, et al., et al., core (mm) (Loubere
2009) 2009) 2009) 2011) 2011) et al., 2011)
Shelf NP05-11-20 79°01.75 10°44.96 319 - - - - - -
NP06-16-45 323 - - - 1.8 - - -
NP07-13-08 326 20.3 78.7 1.0 2.3 61 8 7 *1
NP08-16-33 328 - - - 1.6 - - 7.5 £ 0.5
Fjord mouth NP05-11-21 79°03.05 11°05.17 326 - - - 2.0 - - -
NP06-16-43 315 - - - 1.6 - - -
NP07-13-26 329 19.1 77.2 3.7 1.9 67 8 7.5 £ 0.5
NP08-16-30 330 - - - 2.1 - - 6 =1
Outer NP05-11-02 79°00.74 11°23.01 375 - - - 2.0 - - -
NP06-16-12 377 - - - - - - -
NP07-13-49 380 19.4 77.6 3.0 1.9 52 8 -
NP08-16-46 378 - - - 1.7 - -
Central NP06-16-37 78°59.17 11°39.45 287 - - - - - - -
NP07-13-53 278 22,5 77.5 0.0 1.5 61 8 6.5 £ 0.5
NP08-16-44 278 - - - 1.2 - - -
Inner NP05-11-03 78°59.17 11°50.22 287 - - - 1.1 - - -
NP06-16-30 311 - - - 0.9 - - -
NP07-13-42 319 20.9 78.1 1.0 1.2 65 8 7.5 £ 0.5
NP08-16-40 319 - - - 0.7 - - 8 1
Inner-most  NP05-11-05 78°57.37 11°57.14 336 - - - 0.9 - -
NP06-16-31 338 - - - 0.7 - - -
NP07-13-40 342 20.6 78.9 0.5 1.0 61 8 9.5 £ 0.5
NP08-16-37 342 - - - 0.5 - - 8 £ 2

recent sediment accumulation rates at the immediate fronts of Kongs-
vegen and Kronebreen are > 1ma~ ',

2.1. Oceanographic and sea ice conditions in Kongsfjorden
The hydrography in Kongsfjorden is a result of internal water
masses that are influenced by external intrusions, resulting in water

masses arising from mixing of these (Svendsen et al., 2002;Cottier et al.,

Table 1B

2005). Properties of the different water masses in Kongsfjorden are
shown in Table 1B. The presence of both external Atlantic Water (AW)
and Arctic Water (ArW) inside the fjord is due to exchange of water
masses across the shelf. However, the mechanisms for the exchange are
debated. In winter time exchange may be driven by ice production in
the fjord (Nilsen et al., 2008) and atmospheric forcing (Nilsen et al.,
2016), while in the summer season physical conditions along the front
between AW on the slope and ArW on the shelf may be more important

Percentage of main water masses in the water column from 2005 to 2008 in Kongsfjorden (definition after Cottier et al., 2005).

Station Station log External Internal Mixed
Atlantic water Local water Surface water Transformed Atlantic water Intermediate water
T (°C) > 3.0 -0.5t0 1.0 > 1.0 1.0 to 3.0 > 1.0
S > 34.65 34.30 to 34.85 < 34.65 > 34.65 34.00 to 34.65
Shelf NP05-11-20 57% 0% 8% 26% 10%
NP06-16-45 59% 0% 6% 32% 2%
NP07-13-08 48% 0% 0% 42% 10%
NP08-16-33 28% 4% 0% 56% 12%
Fjord mouth NPO5-11-21 28% 1% 10% 42% 19%
NP06-16-43 57% 0% 10% 28% 5%
NP07-13-26 56% 0% 0% 37% 7%
NP08-16-30 32% 0% 0% 56% 11%
Outer NP05-11-02 0% 1% 10% 54% 22%
NP06-16-12 53% 0% 10% 34% 3%
NP07-13-49 62% 0% 5% 28% 5%
NP08-16-46 17% 0% 2% 67% 14%
Central NP06-16-37 54% 0% 10% 30% 6%
NP07-13-53 54% 0% 5% 34% 7%
NP08-16-44 22% 0% 8% 65% 4%
Inner NP05-11-03 0% 19% 10% 58% 13%
NP06-16-30 47% 0% 9% 35% 8%
NP07-13-42 57% 0% 5% 32% 6%
NP08-16-40 22% 0% 7% 61% 10%
Inner-most NP05-11-05 0% 18% 10% 61% 11%
NP06-16-31 51% 0% 9% 34% 7%
NP07-13-40 55% 0% 4% 34% 7%
NP08-16-37 22% 0% 5% 59% 14%
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Fig. 2. Temperature (left column) and salinity (right column) transects from August/September 2005-2008. The CTD surveys cover a dense grid from Kongsfjordrenna into Kongsfjorden.
The corresponding multicorer/CTD stations are marked as vertical dashed lines. Isolines are drawn at — 1 °C to 7 °C in 1 °C steps for the temperature survey, and at 30 to 35 in 0.1 steps
for salinity. Range of the dominant water masses (Atlantic and Transformed Atlantic Water) are indicated with black line.

than plain estuarine circulation (Tverberg and Ngst, 2009).

Atlantic Water is present in the core of the West Spitsbergen Current
(WSC) (Figs. 1 A and B) all year round. It is characterized by tem-
peratures above 3 °C and salinities of > 34.65 (Svendsen et al., 2002).
Atlantic Water enters the fjord every summer season where it remains
present for a few months (Svendsen et al., 2002). The front along the
shelf between AW and fresher and colder ArW (— 1.5 to 1 °C; > 34.3)
carried by Coastal Current (Fig. 1 B) normally prevents any cross-shelf
transport during the winter season. However, unusual and extensive
intrusions of AW into the fjords of West Spitsbergen have also recently

122

been recorded in wintertime (Cottier et al., 2007; Willis et al., 2008;
Tverberg and Ngst, 2009). In addition, the mixing processes in the fjord
lead to formation of Transformed Atlantic Water (TAW), consisting of
AW chilled by interaction with ArW and internal water masses
(Table 1B).

During the winter season, December/January, fast ice forms in the
inner fjord (0.7 m in thickness; Gerland et al., 1999). The extent of sea
ice and the sea ice edge position vary from year to year but generally
only the innermost part of the fjord is sea-ice covered (Svendsen et al.,
2002; Gerland and Renner, 2007).
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3. Material and methods

3.1. Sampling

Surface sediment samples were collected along a transect consisting
of six stations in Kongsfjorden with R/V Lance from 2005 to 2008
(Fig. 1C, Table 1). The samples were collected from similar water
depths, ranging from 250 to 375 m, to reduce the influence of bathy-
metric variability on the fauna. Sampling of surface sediments at the six
stations was repeated each year in late summer (August/September)
except at the central station in 2005. The surface sediment samples
were retrieved with a multicorer (MC) loaded with 6 transparent bar-
rels, each 80 cm long and with an inner diameter of 10.4 cm. After
retrieving the multicorer visual inspection of the surface of the cores
was performed to evaluate the quality of the samples, i.e., detect and
avoid any disturbances. One core from each station with an intact
surface, indicated by a fluffy surface layer and delicate epifauna, was
used for further processing. The sediment cores were subsampled on-
board for the uppermost 0-2 cm of the sediments column. Immediately
after subsampling, the samples were stained with a solution of ethanol
and rose Bengal (1 g/1 L ethanol) to identify the living (stained) fauna.
Stained samples were subsequently stored in a cold room for at least six
weeks before further laboratory processing.

3.2. Environmental variables

Samples for analysing environmental parameters were collected si-
multaneously with the foraminiferal samples. Grain-size analysis of the
uppermost 1 cm of the surface sediments were carried out on samples
from 2007 and 2008 (Dijkstra, 2009) following the methods described
by Konert and Vandenberghe (1997) (Table 1A). The samples (c. 1-2 g
bulk sediment) were pre-treated with H>O,, HCl and NaOH to remove
organic matter, carbonates and opal, respectively. All measurements
were performed on a Fritsch Analysette 22 laser particle sizer at the
Vrije Universiteit resulting in a grain-size distribution with 56 size
classes in the size range 0.15-1600 pm (Dijkstra, 2009).

The content of organic carbon in the surface sediment samples from
2005, 2006 and 2008 were measured with a Leco CS-200 induction
furnace at the University of Tromsg (Table 1A). The inorganic carbon
was removed from the bulk sediment with HCI (10%) at room tem-
perature prior to the measurements (Espitalié et al., 1977). In addition
we used the Crg, C/N ratio and marine organic matter (% MOC) of the
same sample set from 2007 that were conducted and published pre-
viously (Peterse et al., 2009; Kim et al., 2011) (Table 1A). Sediment
slices of 1 cm intervals retrieved from a multicore core followed by
immediately freezing at — 20 °C were used for C,, and C/N ratio
analyses. Elemental and stable isotope analyses of sediment samples are
described in Peterse et al. (2009) and Kim et al. (2011). Oxygen profiles
were measured during the cruises in 2007 and 2008 in the surface se-
diments immediately after sampling the multicores (Loubere et al.,
2011) (Table 1A).

Prior to multicorer sampling, physical oceanographic properties
were measured with a CTD (Seabird SBE 9111 plus) providing tem-
perature, salinity and pressure in the water column. In each year, a
dense grid of CTD stations was measured to obtain oceanographic
properties. The results of the oceanographic measurements are pre-
sented as water column temperature and salinity transects (Fig. 2),
bottom water temperature and salinity (Fig. 3) and the percentage of
main water masses in the water column (Table 1B). The percentages of
different water masses (Table 1B) are calculated from the CTD profiles
taken at the coring sites.

3.3. Laboratory analyses

3.3.1. Foraminiferal sample processing
In the laboratory the samples were wet sieved and wet analysed for
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living (stained) fauna in > 106 um fraction. Both calcareous and ag-
glutinated foraminifera were quantified and identified down to species
level in each subsample. The calcareous species were identified as living
if most of the chambers were completely filled and evenly colored. The
agglutinated foraminifera were in addition examined for coloration of
the aperture; whereas Hyperammina subnodosa tests were crushed to
examine the inner content. All live specimens were counted in each
sample, ranging from 61 to 1171 specimens per sample. Identification
of the species is mainly based on Hoglund (1947), Loeblich and
Loeblich and Tappan (1953), Feyling-Hanssen (1964), Feyling-Hanssen
et al. (1971). After examination, all specimens were stained again with
a mixture of ethanol and rose Bengal and stored in a cold room (4 °C) at
the Norwegian Polar Institute in Tromsg.

3.4. Data analysis

The absolute abundance of stained individuals was standardized to
100 cc (Fig. 4). Species richness, defined as the number of taxa in a
sample (S), species diversity measured with the Shannon-Wiener di-
versity log. based index (H), and evenness of distribution of individuals
among taxa expressed by the Pielou index (J), were calculated for all
foraminiferal samples. The relative abundances of stained taxa of > 2%
at the given sites are presented in Fig. 5A and B, the absolute and re-
lative abundances of the most dominant taxa are presented in Fig. 6A
and B.

The foraminiferal assemblages (FAs) were defined with orthogonal
rotated (Varimax) Principal Component Analysis (PCA; Malmgren and
Haq, 1982; Mackensen et al., 1990). The calculated Principal Compo-
nent (PC) scores (Table 2) show the contribution of the each for-
aminiferal species to each FAs whereas PC loadings (Table 3) show
importance of particular FAs at particular sites. The patterns of for-
aminiferal composition was further investigated and illustrated with
CAP ordination (constrained ordination) using Bray-Curtis similarities
(Fig. 7). This was done in order to visualize the variability along the
best discriminated groups of samples defined by fjord site (spatial
variability) and sampling year (temporal variability). In order to im-
prove the visualization of the plots both site and year plots were dou-
bled: right figures give the information about samples (Fig. 7A and C);
left figures about the vectors indicating the taxa (Fig.7B and D).

Relationships between environmental variables and foraminiferal
indices were investigated using Pearson correlations (Table 4). How-
ever, due to the lack of granulometry measurements for the years 2005,
2006 and 2008, and the lack of TOC measurements for some of the
stations, those two parameters were excluded. The significance level for
the statistical test used was p < 0.05. All statistical analyses were
performed on the untransformed data of living foraminiferal species
with relative abundances constituting > 2% of the total assemblages in
at least one sample. The statistical analyses were carried out using
PRIMER 6, PERMANOVA + (Clarke and Warwick, 2001; Anderson
et al., 2008), PAST 3 (Hammer et al., 2001) and SYSTAT 11.

4. Results

4.1. Environmental conditions in Kongsfjorden during the sampling period
(2005-2008)

4.1.1. Oceanography

The oceanographic changes (salinity and temperature) in
Kongsfjorden in the summers from 2005 to 2008 are shown in Figs. 2, 3
and Table 1B.

Overall, the percentage of Atlantic Water increased in Kongsfjorden
in 2006-2008 compared to 2005 (Table 1B). Transformed Atlantic
Water is inferred as the prevailing water mass at the bottom during the
entire sampling period (Fig. 2). Overall, bottom temperature varied
from 1.6 °C to 2 °C between the summers of 2005-2007, exceeding the
range at the two outermost stations of 2005 (up to 2.7 °C, Figs. 2 and 3).
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Fig. 3. Bottom water properties: temperature and salinity,
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The bottom water temperature of 2008 was the lowest measured during
the studied period (from 0.9 °C to 1.3 °C). Although the variations of
bottom water salinity were generally low (from 34.81 at the two in-
nermost stations in 2005 and 2006; to 34.98 at ‘shelf’ and ‘mouth’ in
2007), the summers 2007 and 2008 were characterized by the highest
salinities.

4.1.2. Sedimentological properties

The locations of the stations, water depths, granulometric and
geochemical parameters of the fjord sediments are presented in
Table 1A.

Overall, the grain size distribution was similar at all stations
showing high content of silt (2-63 um) at all stations (approx. 78%),
and a clay (< 2pum) content of approximately 20%. Sand contents
(> 63 um) were slightly higher at the deepest stations (> 3%) and
lower or absent (0-1%) at the shallower central and inner stations as
well as on the shelf.

4.1.3. Organic carbon

The organic carbon content (Corg) varied between 0.5 and 2.4% (%
dry weight) along the transect (Table 1A). The content of organic
carbon (C,,) generally declined from the outer part (around 2%) to-
wards the inner part (around 1-0.5%) of the fjord. The overall gradual
decrease of organic carbon from the ‘shelf’ to the ‘innermost’ station is
comparable between years although the absolute values vary at each
station between years (Table 1A). The C/N ratio was stable and rela-
tively low (8) (Table 1A), and most of the organic carbon in Kongsf-
jorden originated from marine production (MOC = 52%) (Table 1A).

4.2. Foraminifera

In the analysed surface samples, 78 benthic foraminiferal species
(Appendix A) were identified among 10.049 counted stained in-
dividuals. Some of the most abundant species are shown in Plate 1
(SEM) and Plate 2 (digital image). In this study, the species Stainforthia
loeblichi and Stainforthia concava were grouped together into Stain-
forthia loeblichi/concava due to the morphological resemblance.

Our study shows the highest foraminiferal absolute abundance in
2006 while year 2007 shows the lowest (Fig. 4). The ‘shelf” station and
the ‘innermost’ station were characterized by low absolute abundance
as well as low diversity in 2006 and 2007 compared to higher values in
years 2005 and 2008 (Fig. 4). The highest species evenness and con-
tribution of agglutinated foraminiferal taxa were characterized for 2007
(Fig. 4).

Relative abundance of all living benthic foraminiferal species
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with > 2% in at least one sample at the given sites are presented in
Fig. 5A and B. Prominently, Nonionellina labradorica dominates the
benthic foraminiferal fauna in Kongsfjorden. Foraminiferal fauna oc-
currence at the ‘shelf’ site in 2005 clearly differed from the following
years 2006-2008 when great numbers of species became absent. On the
contrary, species like Adercotryma glomeratum, Reophax scorpiurus and
Bolivina pseudopunctata were more abundant after 2005. Stainforthia
feylingi appeared only in 2006 and 2008 with occurrences of 25% while
Cassidulina reniforme were particularly abundant (19%) in 2008. The
‘fjord mouth’ site was strongly dominated by N. labradorica (above
50%) except in 2007. Abundant were also A. glomeratum (in 2007) and
C. reniforme (in 2008). At the ‘outer fjord’ N. labradorica was accom-
panied by Alveolophragmium crassimargo (2006 and 2007), Reophax
subfusiformis (in 2007), R. scorpiurus (2008) and Silicosigmoilina groen-
landica (in 2008). In the summers of 2006 and 2007 N. labradorica
occurrence dropped below 20% at the ‘central’ site. The ‘inner fjord’
was dominated by N. labradorica with C. reniforme (2005), Stainforthia
loeblichi/concava (2005), Elphidium excavatum f. clavatum (2006) and
Globobulimina auricula (2007, 2008). After 2005, lower abundances of
N. labradorica were observed at the ‘innermost’ site, whereas higher
abundances of S. loeblichi/concava (2007) and Reophax subfusiformis
(2007, 2008) occurred.

Absolute and relative abundances of selected, most abundant spe-
cies are presented in Fig. 6. Some species demonstrated clear patterns in
temporal variability. In 2005, B. pseudopunctata absolute abundance
and occurrence were very low to absent, but increased in the following
years. A. glomeratum was least abundant in 2006. In the summers 2006
and 2007, A. crassimargo became more abundant in the fjord synchro-
nously with decrease of C. reniforme. Relative abundances of N. labra-
dorica were similar for 2005, 2006 and 2008 (average values of 41%,
37% and 39%, respectively), whereas they were particularly low in
2007 with a minimum value of 4% at the outer fjord. The decrease was
also reflected in the absolute abundance. Contrary, R. subfusiformis was
abundant almost exclusively in 2007. A general increase of G. auricula
was observed in the summers 2007 and 2008 reaching a highest ab-
solute abundance in the 2008, whereas the abundance of E. excavatum f.
clavatum dropped to a minimum (< 5%). The spatial distribution pat-
tern indicated higher relative and absolute abundances of S. loeblichi/
concava and R. subfusiformis in the inner part of Kongsfjorden. B.
pseudopunctata was abundant at the two marginal locations (‘innermost’
and ‘shelf’), whereas the middle fjord locations were characterized by
increased importance of i.e. A. crassimargo, particularly in 2006 and
2007. Other species, like A. glomeratum, when abundant (except
summer 2006), decreased gradually towards the inner fjord.
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Plate 1. SEM images of the most abundant species: A-Nonionellina labradorica (Dawson, 1860); B-magnification of Nonionellina labradorica aperture, filled with diatoms, from Plate 1 A; C-
Elphidium excavatum f. clavatum Cushman, 1930; D-Cassidulina reniforme Norvang, 1945; E-Stainforthia feylingi Knudsen & Seidenkrantz, 1994; F-Globobulimina auriculata (Bailey, 1894); G-
Bolivina pseudopunctata Hoglund, 1947; H-Stainforthia loeblichi (Feyling-Hanssen, 1954); I-Stainforthia concava (Hoglund, 1947); J-Adercotryma glomeratum (Brady, 1878); K-Reophax

subfusiformis Earland, 1933; L-Alveolophragmium crassimargo (Norman, 1892).

4.3. Statistical analysis

The PCA resulted in three-PC model (referred further as three for-
aminiferal assemblages) that explained 81.31% of the total variance of
the dataset (Table 2). Foraminiferal assemblages (FAs) determined for
Kongsfjorden are named after the taxon of the highest PC scores. The
most important N. labradorica FA explained 66.24% of total variance,
with accessory species I helenae, S. loeblichi/concava, S. groenlandica
and G. auricula. The second R. subfusiformis FA explained 8.86% of total
variance with S. loeblichi/concava A. gloemratum, A. crassimargo and C.
involvens. Less important was the S. feylingi FA (6.21% of total variance
of the dataset) with R. scorpiurus, C. reniforme, B. pseudopunctata, C.
involvens, A. glomeratum and S. loeblichi/concava showing high PC
scores.

The distributions of sites with high PC loadings for each FA is shown
in Table 3. The N. labradorica FA dominated most sites in Kongsfjorden
over the four years survey except in 2007 when it only occurred at the
two outermost stations and at the ‘inner’ site. The R. subfusiformis FA
was prominent only in 2007 and 2008 in the ‘innermost’ site and ad-
ditionally in 2008 at the ‘outer fjord’ location. The S. feylingi FA co-
occurred with N. labradorica FA at the ‘shelf’ and ‘innermost’ site in
2006. It dominated the ‘shelf’ site in 2008.

In general, points representing samples in both CAP plots, site and
year (Fig. 7) were dispersed, indicating that both spatial and temporal
variations in fauna composition are important. Groups of samples col-
lected at the ‘shelf’ (except collected in 2005) and ‘innermost’ fjord
region were clearly separated on the site/year type CAP plot, which
indicate spatial variability (Fig. 7A and B). The vectors in the CAP or-
dination discriminated the species that best defined the fauna in the
region. The vectors indicated that B. pseudopunctata, S. feylingi, Reophax
gracilis, R. scorpiurus and A. glomeratum were best correlated with the
‘shelf’ sites, whereas Elphidium excavatum f. clavatum, R. subfusiformis
and S. loeblichi/concava with inner fjord region.

Groups of samples collected in 2005 and 2006 were distinguishable
on the year/site CAP plot (temporal variability; Fig. 7C and D) while
some overlapping was observed between samples collected in 2007 and
2008. A taxonomic composition of foraminifera showed shifts in the
taxa composition over the four years. Cibicides lobatulus, C. reniforme
and Nonionella auricula were indicated as the best correlated with
variability in year 2005, whereas Reophax spp. and Robertinoides arctica
with 2006.

A correlation matrix (Pearson) was calculated for abiotic variables
(bottom temperature and salinity, depth) and foraminiferal indices
(abundance, diversity, % of calcareous fauna, relative abundance and
FAs). Correlation coefficients (r) are given in Table 4. Moderate (> 0.4)
positive correlation to the bottom water salinity was found with A.
glomeratum (r = 0.55) and R. subfusiformis (r = 0.46) and negative
correlation with R. arctica (r = — 0.57). Bottom temperature changes
correlated with abundance of C. lobatulus (r = 0.46); Islandiella islan-
dica (r = 0.44); Quinqueloculina seminulum (r = 0.41) and antic-
orrelated with R. scorpiurus (r = — 0.42). There was no significant
correlation between environmental variables and any of the determined
foraminiferal assemblages (FAs).

5. Discussion
5.1. Methods — sampling bias

Benthic foraminifera are known to show high seasonal variability as
well as patchy distributions, both vertically (sediment depth) and

horizontally (spatial distribution), (e.g. Gustafsson and Nordberg, 2000;
Swallow, 2000; Buzas et al., 2002; Loubere et al., 2011). In this study, it
seems that patchiness was of minor importance compared to the in-
fluence from the environmental changes in Kongsfjorden as the dis-
tribution pattern, at least among the abundant taxa, was fairly con-
sistent. Possible patchiness beyond spatial scales larger than the
multicorer tube, i.e., larger than c. 10 cm can, however, not be entirely
ruled out. However, no sample replicates were available in this study.
Thus, random signals, particularly from species of low abundances,
have to be interpreted with caution. Within the multicore tube we know
that the foraminifera may be dispersed unevenly due to their micro-
habitat preferences (Loubere et al., 2011). Higher density of macro-
fauna may also affect foraminifera population growth due to enhanced
bioturbation activity (Wtodarska-Kowalczuk et al., 2013). In this study,
however, we focus on a fjord setting as a macro-habitat to gain more
insight in the general environmental changes affecting the modern
benthic foraminiferal distribution patterns.

5.2. Annual environmental changes in Kongsfjorden

5.2.1. Inflow of Atlantic Water and bottom water variability

In February-March 2006 the continental shelf west of Svalbard, as
well as Kongsfjorden, was flushed with Atlantic Water (AW; Cottier
et al., 2007), an event that increased the yearly temperature and sali-
nity in Kongsfjorden for several years. The presence of AW was already
large in the early summer of 2006, and increased throughout the season
due to continued inflow of AW. Consequently, there was a large dif-
ference between the summer water masses in Kongsfjorden in the ‘cold’
year in 2005 and of the ‘warmer’ years in 2006-2007.

Nevertheless, the bottom waters did not reflect directly this major
oceanographic change in the fjord. The bottom water mass constituted
of Transformed Atlantic Water (TAW) except the ‘shelf’ station in 2008
that was dominated by cold Local Water. Overall, the differences be-
tween the lowest and highest summer bottom temperatures and sali-
nities over the four summer seasons were rather low: maximum 1.7 °C
and 0.17 [psul, respectively. In 2005, the three outermost stations were
influenced by the recent AW inflow, while in later years the bottom
water contained mainly remnants of the winter/spring production of
cooled AW. In 2008 the difference was mainly in colder temperatures
indicating that the winter production reservoir must have contained a
large percentage of cooled AW from previous years. The large-scale
oceanographic changes in the fjord influenced the bottom environment
only to some degree, most likely due to the water stratification in the
summer season.

5.2.2. Primary productivity, bottom C,g reservoir and bottom oxygen
concentration

Organic carbon (C,r), measured on surface sediments shows a
general declining trend towards the inner part of the fjord. This is most
likely due to the high amounts of sediment load during the melting
season and dilution of the concentration of organic matter in the
proximity of tidewater glaciers (Wtodarska-Kowalczuk and Pearson,
2004). Sampling of primary producers (in this case mainly diatoms and
Phaeocystis) in Kongsfjorden show a low in biomass and a late bloom in
spring 2007 compared to spring 2006 (Hegseth and Tverberg, 2013). In
2007, additional smaller blooms were also registered later during
spring and summer. The reason for these changes was attributed to
strong inflow of AW into Kongsfjorden (Hodal et al., 2012; Hegseth and
Tverberg, 2013). From this study it is clear that the content of organic
carbon (C,g) in the sediments was not easily reconciled with discrete
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Plate 2. Digital images of the most abundant species: 1-Alveolophragmium crassimargo (Norman, 1892); 2-Adercotryma glomeratum (Brady, 1878); 3-Ammotium cassis (Parker, 1870); 4-
Recurvoides turbinatus (Brady, 1881); 5-Reophax subfusiformis Earland, 1933; 6-Silicosigmoilina groenlandica (Cushman, 1933); 7-Nonionellina labradorica (Dawson, 1860); 8-Globobulimina
auriculata (Bailey, 1894); 9-Elphidium excavatum f. clavatum Cushman, 1930; 10-Melonis barleeanum (Williamson, 1858); 11-Cassidulina reniforme Norvang, 1945; 12-Islandiella helenae
Feyling-Hanssen & Buzas, 1976; 13-Islandiella norcrossi (Cushman, 1933); 14-Buccella frigida (Cushman, 1922); 15-Cibicides lobatulus (Walker & Jacob, 1798); 16-Trifarina fluens (Todd,
1947); 17-Stainforthia feylingi Knudsen & Seidenkrantz, 1994; 18-Stainforthia loeblichi (Feyling-Hanssen, 1954); 19-Bolivina pseudopunctata Hoglund, 1947;
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Fig. 4. Living fauna characteristics in each year along the
Kongsfjorden sampling transect (from top to bottom panel): abun-
dance (individuals/100 cc of sediment); number of species; diversity
(H"); evenness (J'); percentage of calcareous foraminifera.
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measurements of primary productivity (Hodal et al., 2012; Hegseth and
Tverberg, 2013). In 2007, the observed decrease in primary pro-
ductivity was not reflected in the C, values as they were comparable
or even higher than in other years. Hence, C,, measurements reflect an
integrated signal covering the average of several years/seasons of
productivity (Rathburn et al., 2001) and they include a complex mix-
ture of sources and variable preservation e.g. due to bioturbation.

The available data of bottom oxygen concentrations for the years
2007 and 2008 (Table 1) indicated that the anoxic boundary was lo-
cated between 0.6 and 0.95 cm sediment depth, i.e. that likely no an-
oxic conditions occurred at the sediment surface. In the study from
Kongsfjorden, Loubere et al. (2011) identified foraminifera occurrence
at sediment depths deeper than the pore-water anoxic boundary and
substantial numbers of living specimen even down to 3 cm below the
sediment surface. The authors indicate that benthic foraminfera can
take advantage of partially ventilated sediments associated with macro-
and meio-fauna activity allowing them to survive below the average
anoxic boundary depth. Based on these observations and the relatively
good water exchange between the Kongsfjorden and the shelf en-
vironment (Cottier et al., 2005), we consider that the benthic fauna was
likely not restricted by the bottom oxygen concentration, at least re-
garding the years 2007 and 2008 during which oxygen concertation
measurements were performed.
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5.3. Foraminiferal fauna

5.3.1. General fauna characteristics in a changing fjord environment

To the best of our knowledge, the present study is the first report of
annual variability of living benthic foraminifera from the Arctic region.
Our study reveals the annual variability in foraminiferal concentrations
in surface sediments from an Arctic fjord, in both temporal and spatial
perspectives. The annual observations revealed a high benthic for-
aminiferal abundance in Kongsfjorden (summer of 2006) which could
be related to the reported relatively high primary productivity (Hegseth
and Tverberg, 2013; see also Section 5.2.2), as well as an assumed high
supply of phytodetritus to the seabed. Contrary in the following years
(2007 and 2008), primary production is inferred to be lower due to
retention of AW throughout the spring, thus perturbing the spring
bloom (Hegseth and Tverberg, 2013). This seems to be as well reflected
by benthic foraminifera in observed minimum absolute abundance
(2007). The higher foraminiferal concentration in 2008 can be ex-
plained by distinctly delayed phytoplankton bloom, albeit low (late
spring 2008; Hegseth and Tverberg, 2013) giving foraminifera the op-
portunity to graze and then flourish later in the summer (conditions we
captured during sampling). It is noticeable that the decrease in benthic
foraminiferal abundance in 2007 can be directly related to the sig-
nificant decline of the overall dominant N. lababradorica. Hence, the
species can greatly influence the total foraminiferal abundance in
Kongsfjorden (correlation to fauna abundance; Table 4). Apparently,
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Fig. 5. A and B. Relative abundance (%) of all live benthic foraminifera with > 2% in at least one sample at the given site, at six stations in Kongsfjorden between 2005 and 2008 years.
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Fig. 6. A and B. Absolute (no. specimens/100 cc) and relative abundance (%) of the most dominant living benthic foraminifera species in Kongsfjorden between 2005 and 2008 years.

Note different values on y-axis.
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Table 2
Foraminiferal PC scores. Significant taxa scores (> 0.7 or < — 0.7) for particular FAs are
in bold.

Percent of total variance N. labradorica R. subfusiformis S. feylingi
explained FA FA FA
66.24 8.86 6.21
Noninellina labradorica 5.86 0.29 0.57
Adercotryma glomeratum -0.39 -0.83 1.08
Islandiella helenae -0.91 -0.21 -0.12
Silicosigmoilina —0.80 -0.30 —0.06
groenlandica
Stainforthia loeblichi/ -0.85 2.37 0.71
concava
Cassidulina renifomre —0.61 —0.40 2.04
Robertinoides arctica -0.30 -0.50 —-0.03
Islandiella norcrossi -0.29 -0.33 -0.13
Quinqueloculina stalkieri —0.09 —0.50 —0.49
Cassidulina neoteretis —-0.08 —-0.50 —0.46
Alveolophragmium —0.42 0.77 —-0.50
carssimargo
Ammodiscus planus —0.07 -0.38 —0.57
Cibicdes lobatulus —0.02 -0.35 —0.54
Elphidium excavatum f. -0.29 0.27 -0.23
clavatum
Recurvoides turbinatus —-0.03 0.25 -0.18
Buccella tenerrima 0.01 0.03 -0.27
Islandiella islandica —0.06 —0.45 —0.47
Reophax subfusiformis -0.28 5.29 -0.41
Trifarina fluens —0.08 —0.41 —0.48
Hyperam subnodosa 0.06 0.11 -0.70
Quinqueloculina seminulum -0.07 —-0.41 —-0.47
Ammotium cassis -0.07 0.14 —0.08
Nonionellina turgida f. 0.00 0.12 -0.20
digitata
Reophax scorpiurus 0.01 -0.27 2.12
Bolivina pseudopunctata 0.20 0.31 1.60
Globobulimina auricula 0.78 0.16 -0.27
Nonionella auricula 0.28 -0.13 -0.57
Reophax gracilis —0.02 -0.16 0.44
Spiroplectammina biformis 0.03 -0.34 -0.35
Textularia earlandii -0.15 -0.14 —0.05
Triloculina trihedra -0.15 -0.35 —-0.51
Cornuspira involvens —0.45 -0.74 -1.15
Hippocrepina pusilla -0.13 -0.10 -0.57
Lagena distoma -0.07 —0.40 —-0.50
Melonis barleanum —0.08 -0.39 -0.52
Pyrgo williamsoni —0.01 -0.35 —0.54
Reophax arctica 0.02 -0.20 —-0.52
Reophax crutus 0.08 -0.37 —0.58
Reophax spp. 0.01 -0.34 -0.37
Stainforthia feylingi —0.58 -0.25 4.33

the foraminiferal diversity was not affected by the diminished food
supply in 2007, mainly because the decrease in calcareous fauna was
countered by the increase of agglutinated taxa (Figs. 4 and 5). The
arenaceous fauna in Kongsfjorden, represented mainly by R. sub-
fusiformis, A. glomeratum and R. scorpiurus, seems to be less sensitive or
more tolerant to the lower quality and/or quantity of food, than the
calcareous fauna. This agrees well with observations by Jennings and
Weiner (1996), Koho et al. (2008) in addition to laboratory experiments
by Alve (2010) where agglutinated species appear to be less influenced
by the input of labile organic matter.

The shifting environmental conditions during the four years sam-
pling period affected the two marginal stations, i.e. the ‘shelf’ station
and the more glacier-proximal ‘innermost’ station, more pronounce
than the other stations. Both sites were characterized by low benthic
foraminifera absolute abundance as well as low diversity in warmer
years (2006 and 2007; Fig. 4). The ‘innermost’ station normally ex-
periences higher sediment accumulation rates up to 20,000 gm ™~ 2yr~!
(Svendsen et al., 2002), as a consequence of deposition from suspended
matter deriving from runoff from tidewater glaciers. This is often con-
sidered as unfavourable conditions to benthic fauna due to potential
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burial effects. The colder years (2005 and 2008) would presumably
provide less glacial suspended matter. This is advantageous to species
normally not tolerating higher sediment accumulation rates. Environ-
mental conditions affecting the low abundances and diversity at the
‘shelf’ station may be related to the larger variations of bottom water
temperature recorded here and not elsewhere in the transect (Fig. 3).
This could indicate that the outer marginal habitats of Kongsfjorden are
more prone to large hydrological changes e.g. cross shelf - fjord water
exchange.

5.3.2. Common foraminiferal assemblages in Kongsfjorden

The most prominent finding in the study of the foraminiferal fauna
was the distinct dominance of one calcareous species N. labradorica.
Furthermore, the N. labradorica FA was the most important assemblage
among the three distinguished in the fjord (Tables 2 and 3). The as-
semblage consists of species N. labradorica, G. auricula and S. loeblichi/
concava, i.e. species associated with organic-rich sediments in Nordic
Seas (e.g. Korsun et al., 1995; Polyak and Mikhailov, 1996; Polyak
et al., 2002; Lloyd, 2006). Studies by Bernhard and Bowser (1999) and
Cedhagen (1991) have found that N. labradorica prefers diatoms as a
food source. This is also indicated by the SEM images of N. labradorica
in Kongsfjorden having several diatoms located along the aperture
(Plate 1). Secondary, I. helenae, a typical Arctic shelf species, is also
known to reflect a high food supply associated with the sea ice margin
in seasonally ice-free seas, e.g. the Kara and Barents Seas (Hald and
Steinsund, 1996; Husum et al., 2015). Nevertheless. Kongsfjorden is
considered to be much less productive than e.g. the colder Hornsund
(SW Spitsbergen) due to the lower proportion of diatoms replaced by
flagellates and smaller algae (Piwosz et al., 2008). However, a recent
study from western Svalbard indicates that benthos can also feed on
macroalgal detritus transported down-slope even at depths over 400m
(Renaud et al., 2015). Macroalgal detritus can thus contribute sig-
nificantly to Arctic fjord food webs as additional carbon pool. Indeed,
the importance of macroalgal detritus in the warmer and less frequently
ice covered Kongsfjorden is higher than in the colder Hornsund
(Zaborska et al., 2016). Furthermore, Zaborska et al. (2016) describe
the Kongsfjorden ecosystem as mature, characterized by effective food
webs and overall better quality food sources compares to Hornsund.
This could explain why N. labradorica FA in Hornsund (facka and
Zajaczkowski, 2016) as well as several others Svalbard fjords is not as

Table 3
Foraminiferal PC loadings. Statistically important FAs (> 0.4) for particular sites are in
bold.

Site N. labradorica FA R. subfusiformis FA S. feylingi FA
SHELF'05 0.52 0.07 0.14
FJORD MOUTH'05 0.94 0.03 0.12
OUTER'05 0.93 0.09 0.10
INNER'05 0.51 0.20 0.29
INNERMOST'05 0.90 0.11 0.08
SHELF'06 0.51 0.03 0.76
FJORD MOUTH'06 0.94 0.07 0.11
OUTER'06 0.87 0.05 0.12
CENTRAL'06 0.39 0.04 -0.11
INNER'06 0.91 0.10 0.08
INNERMOST'06 0.57 0.15 0.42
SHELF'07 0.80 0.04 0.35
FJORD MOUTH'07 0.65 0.17 0.13
OUTER'07 -0.01 0.89 -0.11
CENTRAL'07 0.28 0.29 —-0.03
INNER'07 0.91 0.17 0.13
INNERMOST'07 0.17 0.84 0.07
SHELF'08 0.02 -0.07 0.93
FJORD MOUTH'08 0.88 0.04 0.22
OUTER'08 0.84 0.06 0.21
CENTRAL'08 0.86 0.07 0.07
INNER'08 0.95 0.09 0.08
INNERMOST'08 0.75 0.51 0.17
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Pearson's correlation coefficients (r) between abiotic and biotic variables. Statistically relevant correlations (p < 0.05) between species and environmental variables are highlighted in

bold, strong correlations are highlighted in bold and with gray box.

Salinity bw. Temp.b.w. Depth(m) —Div.[H] Ind/100cc %cale. N labradoricaFA & SUPRSHOMIS g fotingi pa
Temp. b. w. -0,05
Depth (m) 0,05 -0,07
Div.[H'] -0,07 0,29 0,11
Ind./10Qcc -0,30 -0,19 -0,12 0,17
% calc. -0,39 -0,07 -0,41 -0,58 0,34
N. labradorica FA -0,28 -0,03 0,04 -0,33 0,26 0,64
R. subfusiformis FA 0,36 0,13 0,27 0,12 -0,23 -0,59 -0,52
S. fevlingi FA -0,05 -0,37 0,03 -0,19 -0,07 0,11 -0,21 -0,38
Noninellina labradorica -0,27 -0,03 0,04 -0,48 0,44 0,74 0,88 -0,44 -0,22
Adercotryma glomeratum 0,55 0,05 -0,15 0,26 -0,08 -0,17 -0,08 -0,34 0,32
Islandiella helenae 0,32 0,36 -0,42 0,45 -0,26 -0,39 -0,42 0,21 -0,31
Silicosigmoilina groenlandica 0,08 0,11 0,06 0,40 -0,28 -0,51 -0,32 0,06 -0,21
Stainforthia loeblichi/concava -0,04 0,15 -0,04 -0,08 -0,21 -0,03 -0,43 0,58 -0,06
Cassidulina renifomre 0,09 -0,25 -0,17 0,00 0,05 0,17 -0,18 -0,26 0,51
Robertinoides arctica -0,57 0,16 -0,09 0,37 -0,06 -0,17 -0,06 -0,19 -0,02
Islandiella norcrossi 0,05 -0,03 -0,50 0,14 -0,03 0,09 -0,11 -0,06 -0,15
Quinqueloculina stalkieri 0,26 0,30 0,07 0,43 -0,12 -0,32 -0,02 -0,07 -0,20
Cassidulina neoteretis 0,14 0,24 0,14 0,27 -0,02 -0,19 -0,04 -0,15 0,02
Alveolophragmium carssimargo -0,03 0,22 0,23 0,55 -0,13 -0,72 -0,39 0,40 -0,46
Ammodiscus planus -0,26 0,40 -0,12 0,51 0,18 -0,19 -0,16 -0,02 -0,35
Cibicdes lobatulus -0,01 0,46 -0,16 0,52 0,22 -0,13 0,10 0,04 -0,40
Elphidium excavatum f. clavatum -0,28 0,30 -0,13 0,22 0,05 0,12 -0,02 0,17 -0,27
Recurvoides turbinatus 0,10 -0,10 -0,05 0,40 0,02 -0,35 -0,01 0,30 -0,08
Buccella tenerrima 0,31 0,27 0,14 0,05 0,02 -0,19 -0,22 0,21 -0,14
Islandiella islandica 0,10 0,44 -0,07 0,37 0,06 -0,14 -0,15 -0,12 0,03
Reophax subfusiformis 0,46 0,09 0,32 0,16 -0,15 -0,66 -0,56 0,97 -0,35
Trifarina fluens 0,14 0,30 -0,42 0,44 0,06 -0,10 -0,12 -0,04 -0,28
Pulleniasp. -0,27 0,08 0,05 -0,04 -0,36 -0,06 -0,18 0,14 0,24
Hyperam subnodosa 0,03 0,25 0,22 0,18 -0,08 -0,37 -0,12 0,28 -0,48
Quinqueloculina seminulum 0,01 0,41 -0,11 0,44 -0,01 -0,32 -0,24 -0,03 -0,09
Ammotium cassis 0,03 -0,15 0,28 0,42 -0,25 -0,57 -0,18 0,38 0,00
Nonionellina turgida f. digitata 0,30 -0,06 0,02 -0,14 -0,22 -0,07 -0,24 0,31 0,16
Reophax scorpiurus -0,01 -0,42 0,32 -0,18 -0,25 -0,11 -0,12 -0,33 0,79
Bolivina pseudopunctata 0,12 -0,25 0,09 -0,27 -0,26 -0,11 -0,08 -0,09 0,54
Globobulimina auricula 0,29 -0,30 -0,32 -0,47 -0,02 0,34 0,31 -0,07 -0,16
Nonionella auricula -0,22 0,37 0,08 0,02 -0,05 0,23 0,34 -0,02 -0,15
Reophax gracilis -0,03 -0,16 0,15 -0,11 -0,27 -0,22 -0,24 -0,11 0,66
Spiroplectammina biformis -0,24 -0,05 0,35 0,24 -0,01 -0,26 -0,03 -0,17 0,28
Textularia earlandii -0,03 -0,27 0,17 0,40 0,02 -0,46 -0,41 0,08 0,13
Triloculina trihedra 0,32 0,21 -0,31 0,37 -0,18 -0,42 -0,39 0,17 -0,30
Cornuspira involvens -0,25 0,00 -0,28 0,22 0,07 -0,06 -0,21 -0,10 -0,27
Hippocrepina pusilla 0,29 0,18 -0,04 0,42 -0,19 -0,67 -0,59 0,50 -0,43
Lagena distoma 0,04 0,13 -0,39 0,37 -0,19 -0,30 -0,27 -0,01 -0,23
Melonis barleanum 0,29 0,09 -0,47 0,18 -0,11 -0,11 -0,22 0,06 -0,20
Pyrgo williamsoni -0,09 -0,13 -0,07 0,07 -0,15 -0,17 -0,02 -0,01 -0,31
Reophax arctica 0,29 0,19 0,06 -0,19 -0,08 -0,01 -0,23 0,54 -0,12
Reophax crutus -0,11 0,24 0,26 0,21 0,00 0,16 0,17 -0,06 -0,12
Reophaxspp -0,34 -0,05 0,06 -0,05 -0,31 -0,10 -0,09 -0,07 0,38
Stainforthia feylingi -0,07 -0,30 0,00 -0,09 0,00 -0,01 -0,40 -0,25 0,88

important as in Kongsfjorden (Hald and Korsun, 1997). The assemblage
occurs usually only in the outer to central part of the Svalbard fjords,
whereas in the Kongsfjorden-Krossfjorden system it dominated nearly
the entire region (this study; Hald and Korsun, 1997). Hence, the fre-
quent occurrence of the N. labradorica FA indicates that the assemblage
can successfully exploit the food resources from the local biological
productivity and thrives particularly well in the presence of near
bottom Atlantic-derived TAW.

The second assemblage, the R. subfusiformis FA, appears to be re-
lated to poorer food conditions when N. labradorica becomes reduced
(summer 2007). Sampling of primary producers in 2007 in
Kongsfjorden reveals a low biomass dominated by Phaeocystis algae
over diatoms (Hegseth and Tverberg, 2013) which could explain the
pronounced decrease of N. labradorica in absolute and relative
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abundances (Fig. 6). The R. subfusiformis FA consists of both aggluti-
nated species as R. subfusiformis, A. glomeratum and A. crassimargo, in
addition to the calcareous species S. loeblichi/concava, which in turn has
been associated with high seasonal productivity (Polyak et al., 2002).
However, in Kongsfjorden S. loeblichi/concava seems to not be ham-
pered by annual alternation of food conditions neither exhibits any
significant annual changes in abundance in general. Consequently, it
contributed to all three foraminiferal assemblages.

The random and sparse occurrences of the S. feylingi FA is difficult to
explain. The recent distribution of S. feylingi is poorly understood due to
the morphological resemblance and confusion with other Stainforthia
and Fursenkoina species. It has been described an opportunist, generally
found in arctic to cold boreal environments (e.g. Lloyd et al., 2007).
Moreover, the fossil deposits of the species are related to transitional



P. Jernas et al.

A

06 T site
A sierr
2007
® \/ FJORD MOUTH
04 - M ouTer
=+ centraL
@ NNER
@ INNERMOST
2005
02T 2008
2005
o [ ]
< @ 2005
o 2007
° ‘2007 2006
0+ A S 2%93 20062g¢ ey
A 2007 A V008
A 20057 V
2008 m 2007 200
2008
02 + 2006
|
2006
04 | | % |
-0,6 -0,4 -0,2 0 02
C CAP1
04 T year
SHELF
\Y4 A 2005
\/ 2006
@® 2007
4 @ 2008
0,2 OUTER@ INNER
€ OUTER
OUTER V/ INNERMOST
CENTRAL o FJORD MOUTH Y CENTRAL
o CENTRAL @ SHELF FJORD MOUTH
< 0 INNERMOST @ @ sHELF
$) @ INNERMOST
INNER @ ER
INNERMOST
A
FJORD MOUTH AOUTER
02 +
HELF FJORD MOUTH
A INNER05
04T | | | |
-0,4 -0,2 0 0,2 0,4
CAP1

Global and Planetary Change 163 (2018) 119-140

06 site
SHELF
FJORD MOUTH
04 OUTER
+ centraL
S. loeblichi/concava INNERS
INNERMOST
0,2 + N. turgida f. digitata R. subfusiformis
o~ E. exc. f. clavatum
o
<
O
0 + B. pseudopunct
S. feylingi = N:/Jabradorica
cyiingl \ ~ Hyperammina sp.
g' gragilis— A. carssimérgd
- SCOPIUIUS A - glomeratum
-0,2 +
-04 — | | | |
I I T T 1
-0,6 -0,4 -0,2 0 0,2
D CAP1
0.4 1 year
2005
2006
2007
02 1 2008
s
B. pseudépunctat; .
R. gracilis )
H.pusilla S, feyli‘ gi //Reophax scorpirus
G. auricula
R. subfusiformis \\l\
>
g M. badganum” == R arctica
< 07
© A. glomeratum—"
C. lobatulus |
02 L C. renifémre \N. aliricula
-04 — | I | |
f T I I 1
-0,4 -0,2 0 0,2 0,4
CAP1

Fig. 7. Plots of CAP ordinations best discriminating groups of samples based on Bray-Curtis similarities of foraminifera relative abundances. Upper panel (a, b) show CAP plots defined by
spatial (site) distribution, and lower panel (c, d) show CAP plots defined by temporal distribution (year). Vectors indicate the taxa best correlated with the ordination coordinates

(r > 0.4); vector length corresponds to the correlation values.

environments between arctic and boreal conditions that require high
tolerance of unstable conditions (Knudsen and Siedenkrantz, 1994 and
references therein). The accessory species R. scorpiurus also tolerates a
wider range of salinities and temperatures ranging from sub-tropical to
arctic (Williamson et al., 1984), and it has a rather patchy distribution
in Svalbard fjords (Hald and Korsun, 1997). It is possible that the oc-
currence of the species at the ‘shelf’ location could be related to the
random transport of the propagules from the outer shelf or slope (Alve
and Goldstein, 2003, 2010). Nevertheless, they found favourable con-
dition to grow whenever the alteration of bottom temperature occurred
(2005/2006 and 2007,/2008; Fig. 3), which is particularly emphasised
at the ‘shelf’ station. The other accessory species C. reniforme can be
likely linked to the presence of cold LW (originating from strong cooling
of TAW and/or AW) that occupied the outer part of Kongsfjorden in

2008. This suggests that C. reniforme prefers cool and saline waters. This
concurs with previous studies of C. reniforme, where is has been related
to cold water environments (Sejrup et al., 1980; Mackensen et al.,
1985). C. reniforme also commonly replaces E. excavatum f. clavatum as
the dominant species when the fjord environment changes from glacier
proximal to distal glaciomarine conditions (Hald and Korsun, 1997).
The last accessory species, B. pseudopunctata, has been shown to have a
significant relation to a high supply of organic material (e.g. Gustafsson
and Nordberg, 2001), which explains its occurrence on the shelf with a
high content of organic matter. Although these species have been as-
signed to one foraminiferal assemblage, it does not necessarily mean
that they are equally sensitive to the same environmental parameters.
Since the ecological niche is a combination of various factors, the
species may respond to them selectively.
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Table 5

Biogeography of living benthic foraminifera in Kongsfjorden over four summer seasons
(from 2005 to 2008) following the biogeographical distribution in NW European fjords by
Murray and Alve (2016). For each year, the shading shows contribution (relative abun-
dance) of the species to the total live foraminifera in the fjord. The species abundances are
defined as M = minor (< 10%), pale blue = subsidiary (= 10% but not dominant), dark

blue = dominant (> 10% and the most frequent species).

2005 2006 2007 2008
WIDESPREAD SPECIES
Cassidulina renifomre M
Globobulimina auricula M M M
Adercotryma glomeratum M M

Noninellina labradorica

SPECIES WITH NORTHERN BOUNDARIES

Cornuspira involvens

Bolivina pseudopunctata M
Reophax scorpiurus M M

Reophax subfusiformis M

SPECIES WITH SOUTHERN BOUNDARIES

Nonionellina auricula M M M M
Elphidium excavatum f. clavatum M M
Stainforthia loeblichi M M
Alveolophragmium carssimargo M M
Islandiella norcrossi M M M M
Recurvoides turbinatus M M M

5.3.3. Spatial and temporal variability of the benthic foraminifera species

This study clearly shows the significance of the temporal and spatial
variability of benthic foraminiferal fauna in Kongsfjorden as indicated
by the larger dispersion of the samples on the CAP ordination plotted
along the strongest gradients produced by both sites and years (Fig.7).

5.3.3.1. Spatial variability. The foraminiferal fauna distribution along
the fjord transect showed overall the strongest variability at the two
marginal stations: the glacially influenced inner fjord and marine
influenced shelf region. The sites from the middle fjord region,
representing probably the most stable conditions, showed much lower
benthic foraminiferal variability.

The inner region of the fjord was represented by the typical gla-
ciomarine species E. excavatum f. clavatum (Figs. 5, 6 and 7A and B).
This supports previous observations of E. excavatum f. clavatum showing
the ability to adapt to harsh environments such as near tidewater-gla-
cier fronts and riverine estuaries (e.g., Korsun and Polyak, 1989; Hald
et al.,, 1994; Hald and Korsun, 1997; Korsun and Hald, 1998, 2000;
Forwick et al.,, 2010). S. loeblichi/concava and R. subfusiformis also
thrive in the hostile settings with high turbidity and sediment deposi-
tions (Svendsen et al., 2002). S. loeblichi/concava is found within sea-ice
covered areas in cold waters ~0 °C (Steinsund, 1994) and may, thus,
take advantage of the seasonal sea-ice cover restricted to the inner
Kongsfjorden (Gerland et al., 1999). In the Kara Sea, S. loeblichi was
found within a narrow salinity range in the intermediate zone between
river-proximal and river-distal areas (< 34) (Polyak et al., 2002). Our
study show that S. loeblichi/concava can cope also with higher salinities
(from 34.8 to 35).

During this study, we observed overall lower occurrence of N. lab-
radorica at the two marginal sites what suggest that the open marine -
fjord boundary environment as well as the glacial influence in the head
of the fjord are not optimal for this species. Similar association with the
more stable middle fjord environment was shown by Hyperammina
subnodosa and A. crassimargo (Fig. 7A and B).

It is interesting that the ‘shelf 2005’ site also fell within this middle
shelf group (Fig. 7A and B). The foraminiferal fauna at the ‘shelf’ in
2005 differed much from ‘shelf’ site in the following years when many
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of the species presented in 2005 vanished while others became more
abundant (Fig. 5). Most of the species that disappeared or lowered their
abundance at the shelf represents typical arctic fauna, e.g. I. norcrossi, E.
excavatum f. clavatum, Q. stalkieri, A. crassimargo, R. turbinatus and
Trifarina fluens (Rytter et al., 2002; Majewski et al., 2009; Murray and
Alve, 2016). Although the year 2005 is generally considered as a cold
year, the ‘shelf’ site experienced strong local influence of AW (highest
bottom water temperatures) which could also explain the appearance of
Cassidulina neoterestis and R. subfusiformis (Jennings et al., 2004). We
speculate that the intrusion of AW onto the shelf site in 2005 had a
negative influence on the arctic foraminiferal fauna. Although the arctic
species were still present in 2005 we were not able to evaluate their
condition. It might be likely that the species remained in the study area
but were not able to thrive and reproduce in the following years since
the AW inflow into Kongsfjorden continued. Some species, e.g. C. re-
niforme, R. gracilis, and A. glomeratum, remained on the Kongsfjorden
shelf whereas others, R. scorpiurus, B. pseudopunctata and S. feylingi,
even flourished after year 2005 suggesting some affinity to more open
marine environment.

5.3.3.2. Temporal variability. The temporal variability reveals
significant species shift from the ‘cold’ year 2005 to the ‘warm’ year
2006 and the following years 2007 and 2008 (Fig. 7C and D). The
colder conditions in Kongsfjorden are best represented by C. reniforme,
N. auricular and C. loabatulus, whereas R. arcitca is more abundant with
the enhanced inflow of AW in the summer 2006. We also observe an
increase of A. crassimargo and B. pseudopunctata during the years where
AW/TAW has the strongest influence in the fjord. The rapid increases in
G. auriculata coincide with the low primary productivity in 2007 and
2008 (Hegseth and Tverberg, 2013) indicating that the species is able to
exploit periods of low food availability. This is supported by the results
from laboratory experiments and samples from natural environments
showing that G. auriculata is able to feed on stored organic carbon of
low quality in the deeper sediment sub-surface (Alve, 2010; Loubere
et al., 2011).

It should also be noted that the overall increase of G. auriculata
coincides with the generally highest values of bottom salinities along
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the transect. Hence, the more frequent occurrences of G. auriculata may
also be governed by the increasing bottom water salinities character-
ising the prevailing TAW. A study on modern benthic foraminifera from
the Nova Scotia continental margin also relates G. auriculata with high
salinity (Williamson et al., 1984). The agglutinated A. glomeratum and
R. subfusiformis which bloomed in 2007 and 2008 may have similar
strategies exploiting the situation of increased salinity and/or low food
quantity/quality during these years. Indeed, both species show positive
correlation to the bottom salinity (Table 4). This is in accordance with
previous studies connecting R. subfusiformis to areas with relatively
high and stable salinities (Hoglund, 1947; Thiede et al., 1981) and re-
lating A. glomeratum to Atlantic-sourced waters at high latitude shelf
areas (Vilks, 1980; Jennings and Helgadoéttir, 1994; Hald and Korsun,
1997).

E. excavatum f. clavatum has previously been found in water masses
with relatively low salinities in Svalbard fjords, e.g. Local Water,
Intermediate and Winter-cooled Water (Hald and Korsun, 1997;
Forwick et al., 2010; Lacka and Zajaczkowski, 2016). The formation
and subsequent influence of water masses of low salinities in Kongsf-
jorden (intermediate, local water and surface waters, Table 2) have
been hampered by the enhanced inflow of AW and TAW after 2006.
Hence, the increased bottom salinity in Kongsfjorden from 2007 to
2008 probably caused E. excavatum f. clavatum to decrease in 2008.

Apart from G. auriculata, none of the species representing the key
foraminiferal assemblage (N. labradorica FA) appeared among the fauna
characterized by significant temporal variability (Fig. 7C and D).
Hence, the N. labradorica FA was annually very persistent albeit a minor
decrease in 2007 due to reduced primary productivity.

5.4. Biogeographical range of the Kongsfjorden foraminiferal fauna

The modern benthic foraminiferal fauna in Kongsfjorden differs
clearly from the fauna reported from other fjords of Svalbard. The main
characteristic feature of the Kongsfjorden fauna is the dominance of one
single foraminiferal assemblage, ruled by the ubiquitous N. labradorica.
Hald and Korsun (1997) observed similar fauna association only in the
adjacent Krossfjorden. Krossfjorden is part of the same fjord system as
Kongsfjorden, thus most probably sharing similar environmental set-
tings. An assemblage dominated by N. labradorica together with S.
loeblichi has been observed in fjords in western and northern Svalbard
(Hald and Korsun, 1997). However, in none of these fjords N. labra-
dorica was as frequent as in as in Kongsfjorden. The presence of N.
labradorica in the deeper outer and middle parts of the fjords in western
and northern Svalbard has been suggested to reflect the inflow of TAW
(Hald and Korsun, 1997). N. labradorica is also linked to Atlantic-
sourced water and its elevated nutrient level in Disko Bugt, West
Greenland (Lloyd, 2006) and on the shelf off northern Iceland (Jennings
et al., 2004). In the Barents Sea, the distribution of N. labradorica along
the Polar front also suggest the affinity with pulses of elevated food
concentrations at the seafloor (Steinsund, 1994). We suggest that
Kongsfjorden provides a unique habitat with exceptional conditions for
N. labradorica colonization and growth. The specific conditions are,
however, not favourable for the common glaciomarine species E. ex-
cavatum f. clavatum that is abundant in the other fjords of Svalbard
(Korsun and Polyak, 1989; Hald et al., 1994; Hald and Korsun, 1997;
Korsun and Hald, 1998, 2000; Polyak et al., 2002). Unlike other west
Spitsbergen fjords, Kongsfjorden has rather unique deep-water con-
nection between its outer basin and the shelf that promotes water mass
exchange and inflow of AW to the fjord (Svendsen et al., 2002). Con-
sequently, the arctic fjord develops sub-arctic like conditions, which
most likely explain observed fauna differences.

Following the benthic foraminiferal biogeographical distribution
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classification for the NW European fjords by Murray and Alve (2016),
this study shows that Kongsfjorden is dominated by species with
widespread distribution (Table 5). Species, which according to that
classification are limited by their northern distribution boundaries i.e.
commonly decrease towards higher latitudes, became more frequent
after the AW advection into Kongsfjorden in 2006. The species re-
stricted by their southern limit show an overall decrease and they be-
come minor (Table 5). We can thus assume that annual variability of
benthic foraminifera fauna in Kongsfjorden is mostly attributed to the
influence of AW, unveiled in rapid expansion of widespread and sub-
arctic to boreal species into the fjord, where they successfully competed
with arctic fauna.

6. Conclusions

This study presents the first multi-year observations of living
benthic foraminiferal fauna variability in an Arctic fjord that was in-
fluenced by large variations in seasonal advection of warm and saline
Atlantic Water during the study period between 2005 and 2008. Three
major fauna assemblages (FA) reflecting specific environmental condi-
tions were distinguished. The N. labradorica FA is the most abundant
assemblage of the three Kongsfjorden FA. The N. labradorica FA
exploited the food resources from the local biological productivity and
thrived particularly well within Transformed Atlantic Water. It only
experienced a minor decrease once in relation to a reduction in primary
productivity. The second FA, the R. subfusiformis FA, consisted mostly of
agglutinated taxa and was more tolerant with regard to a lower quality
and/or quantity of available food. The third FA, the Stainforthia feylingi
FA, had a rather random and sparse occurrence. The Stainforthia feylingi
FA was associated with alteration of bottom temperature, particularly
at the shelf region.

The study reveals significant temporal and spatial variabilities of
benthic foraminiferal fauna. Overall, the strongest variability was ob-
served at the two marginal stations: the glacially influenced inner fjord
and the marine influenced shelf region. Both stations experienced un-
stable conditions that affected absolute abundance, diversity and spe-
cies composition. Furthermore, the temporal fauna variability revealed
significant species shift from the ‘cold’ (2005) to ‘warm’ and more saline
years (2006-2008). The shift is shown as a rapid expansion of sub-arctic
to boreal species into the fjord, where they successfully competed with
the existing arctic fauna. Our study has revealed that the current Arctic
fjord system is a spatially and temporally dynamic system with regard
to the hydrography and benthic foraminiferal occurrence.
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Appendix A

List of foraminifera taxa identified in Kongsfjorden.

Agglutinated species

Adercotryma glomeratum (Brady, 1878)
Alveolophragmium crassimargo (Norman, 1892)
Ammodiscus planus Hoglund, 1947

Ammotium cassis (Parker, 1870)

Eggerella advena (Cushman, 1922)

Hippocrepina indivisa Parker, 1870

Hippocrepina pusilla Heron-Allen & Earland, 1930
Hyperammina subnodosa Brady, 1884

Miliammina fusca (Brady, 1870)

Silicosigmoilina groenlandica (Cushman) emend Loeblich & Tappan, 1953
Spiroplectammina biformis (Parker & Jones, 1865)
Textularia earlandi Loeblich & Tappan, 1957
Trochammina atlantica (Parker, 1952)
Trochammina inflata (Montagu, 1808)
Trochammina squamata Jones & Parker, 1860
Recurvoides turbinata (Brady, 1881)

Reophax arctica Brady, 1881

Reophax curtus Cushman, 1920

Reophax gracilis Earland, 1933

Reophax pilulifera Brady, 1884

Reophax scorpiurus de Montfort, 1808

Reophax nana Rhumbler, 1913

Reophax gracilis Earland, 1933

Reophax subfusiformis Earland, 1933
Quingueloculina agglutinata Cushman, 1917
Quinqueloculina stalkeri Loeblich & Tappan, 1953

Calcareous species

Astrononion gallowayi Loeblich and Tappan, 1953
Buccella frigida (Cushman, 1921)

Buccella tenerrima (Bandy, 1950)

Bulimina marginata d'Orbigny, 1826
Bolivina pseudopunctata Hoglund, 1947
Cassidulina neoteretis Seidenkrantz, 1995
Cassidulina reniforme Ngrvangi, 1945
Cibicides lobatulus (Walker & Jacob, 1798)
Cornuspira foliacea (Philippi, 1844)
Cornuspira involvens (Reuss, 1850)
Dentalina baggi Galloway & Wissler, 1927
Dentalina pauperata (d'Orbigny, 1846)
Elphidiella arctica (Parker & Jones, 1864)
Elphidium albiumbilicatum (Weiss, 1954)
Elphidium asklundi Brotzen, 1943
Elphidium bartletti Cushman, 1933
Elphidium excavatum f. clavatum Cushman, 1930
Elphidium excavatum (Terquem, 1875)
Elphidium incertum (Williamson, 1858)
Elphidium subarcticum Cushman, 1944
Fissurina marginata (Montagu, 1803)
Fissurina laevigata Reuss, 1850

Fissurina serrata (Schlumberger, 1894)
Glandulina laevigata (d'Orbigny, 1839)
Globobulimina auriculata (Bailey, 1894)
Islandiella helenae Feyling-Hanssen & Buzas, 1976
Islandiella islandica (Ngrvang, 1945)
Islandiella norcrossi (Cushman, 1933)
Lagena distoma Buchner, 1940

Lagena parri Loeblich and Tappan, 1953
Lagena laevis (Montagu, 1803)

Lagena mollis Cushman, 1944

Lagena striata (d'Orbigny, 1839)
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Melonis barleeanus (Williamson, 1858)
Nonionellina labradorica (Dawson, 1860)
Nonionella turgida f. digitata Ngrvang, 1945
Nonionella turgida (Williamson, 1858)
Nonionella auricula Heron-Allen & Earland, 1930
Nonionella iridea Heron-Allen & Earland, 1932
Oolina lineata (Williamson, 1848)

Oolina costata (Williamson, 1858)

Patellina corrugata Williamson, 1858
Protelphidium anglicum Murray, 1965

Pyrgo williamsoni (Silvestri, 1923)

Robertina arctica d'Orbigny, 1846
Quinqueloculina seminulum (Linnaeus, 1758)
Stainforthia concava (Hoglund, 1947)
Stainforthia loeblichi Feyling-Hanssen, 1954
Stainforthia feylingi Knudsen & Seidenkrantz, 1994
Triloculina trihedra Loeblich and Tappan, 1953
Triloculina trigonula (Lamarck, 1804)

Trifarina fluens (Todd, 1948)

Virgulina loeblichi Feyling-Hanssen, 1954
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