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Abstract
Benthic foraminifera are one of the most widely and abundantly distributed organisms in the fjords of Svalbard and Norway. 
Due to their short life span and quick reactivity to environmental changes they can be used as indicators of the “atlantification” 
process. Here, we compare the benthic foraminifera assemblages along the latitudinal gradient, from the fjords of northern 
Svalbard to southern Norway to assess whether the “atlantification” process may homogenise the foraminiferal assemblages 
in terms of their abundance and species composition. Furthermore, the previously published data on benthic foraminiferal 
faunas was updated to identify changes in distribution that have occurred over the last few decades. For this purpose, fjord 
mouths in western and northern Svalbard (Isfjorden, Wijdefjorden and Rijpfjorden) and northern and southern Norway 
(Balsfjorden, Raunefjorden and Hjeltefjorden) were resampled. The analysis revealed similarities between the Svalbard and 
Norwegian foraminiferal assemblages of up to 30%; however, there were essential differences in terms of abundance and 
biodiversity. These results suggest that Svalbard fjords will remain distinct in the future, even under conditions of further 
warming or “atlantification”. Svalbard fjords may be dominated by Atlantic Water- preferring species, whereas, in Norwegian 
fjords, pressure from human activity will probably be the main driver of environmental changes, leading to changes in the 
foraminiferal assemblages with the increasing dominance of opportunistic, hypoxia-tolerant species.
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Introduction

Fjords are the most common coastal features in the Euro-
pean Arctic. They are a unique transition zone between 
land and open sea, which provide valuable information on 
climatic and environmental changes (Syvitski and Shaw 
1995; Cottier et al. 2005). Svalbard fjords are particularly 
affected by ongoing climatic changes and are transforming 
faster than most other marine environments (Schiermeier 
2007; Nilsen et al. 2016; Bałazy and Kukliński 2019). Until 
recently, Svalbard fjords were classified as subpolar, i.e. 
periodically freezing during winter (Syvitski et al. 1987). 
However, since 2005 many of these fjords have undergone 

an intensified process of “atlantification” and practically 
do not freeze anymore (e.g. Zajączkowski et al. 2010; Cot-
tier et al. 2019; Skogseth et al. 2020). “Atlantification” is 
caused by the increase in the advection of warm and saline 
Atlantic water (AW) carried by the West Spitsbergen Current 
(WSC), a continuation of the North Atlantic Current (NAC) 
(Walczowski et al. 2012; Muilwijk et al. 2018). The shelf of 
western Svalbard is cut by numerous troughs, 200 m – 400 m 
deep, facilitating water exchange between open ocean and 
fjords. Since the core of the WSC is located at a depth of c. 
500 m, the propagation of AW towards the Svalbard fjords 
depends on the frequency of near-inertial waves generated 
by winter storms that bring the warm water from the AW 
layer up to the surface (Nilsen et al. 2016; Promińska et al. 
2018; Graham et al. 2019). Nilsen et al. (2016) predicted that 
acceleration of the WSC will lead to the shallowing of the 
AW core and the WSC will penetrate fjords of Svalbard more 
easily. The “atlantification” weakens the formation of sea ice 
in the fjords of western and northern Svalbard (Cottier et al. 
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2007; Arntsen et al. 2019), influencing the abundance and 
distribution of benthic fauna (Włodarska-Kowalczuk et al. 
2007, 2013).

Recent research suggests that Norwegian fjords could be 
a modern analogue for the future of the Svalbard fjords, due 
to an intensive warming process (e.g. Bałazy and Kukliński 
2019). Svalbard and Norway were covered by the Eurasian 
ice sheets during the Last Glacial Maximum, c. 20 ka BP. 
Today, Norwegian fjords are classified as temperate fjords 
which are free of sea ice (Syvitski et al. 1987). There are also 
no tidewater glaciers (Andreassen et al. 2005). The benthic 
foraminifera distribution patterns in these fjords are shaped 
mainly by the surface runoff, river inflow, basin morphology 
and local water mass distribution (Qvale et al. 1984). Fjords 
can evolve from one type to another as a result of climate 
changes (Szczuciński et al. 2009); therefore, it is important 
to observe how these changes affect fjord ecosystems.

Benthic foraminifera are one of the most widely and 
abundantly distributed organisms of the Svalbard and Nor-
way fjords. Due to their short life span and quick reactivity to 
environmental changes (Kramer and Botterweg 1991), they 
can potentially be used as indicators of the “atlantification” 
process, particularly because the bottom-water temperature 
is one of the most important abiotic factors controlling their 
distribution (Murray and Alve 2016). Studies of current 
foraminifera assemblages are also important to improve their 
use as proxies in paleoenvironmental interpretations.

In this study, benthic foraminiferal assemblages along 
the latitudinal gradient, from the fjords of northern Sval-
bard to southern Norway (from 80°N to 60°N) were com-
pared, to assess whether the “atlantification” process could 
homogenise the foraminifera assemblages of these two 
regions in terms of their abundance and species composi-
tion. A comprehensive benthic foraminiferal biogeography 
of this region was presented by Murray and Alve (2016), 
based on the available literature at the time (mostly from 
the 1990s, e.g. Hald and Korsun 1997) and on morphotax-
onomy. Our study updates the existing dataset to identify 
possible changes in benthic foraminifera species distribu-
tion that have occurred in the past three decades. For this 
purpose, the mouths of the fjords in western and northern 
Svalbard (Isfjorden,Wijdefjorden and Rijpfjorden), as well as 
northern and southern Norway (Balsfjorden, Raunefjorden, 
Hjeltefjorden), are resampled. Fjord mouths were selected 
because shelf and ocean waters have a greater influence in 
these locations, compared to central parts and heads, which 
usually represent local conditions.

Study region

Study sites were selected to represent different thermal con-
ditions along a latitudinal gradient, from the northernmost 
tip of Svalbard to the fjords of southern Norway (Fig. 1). 

Rijpfjorden, Wijdefjorden and Isfjorden (subpolar fjords) 
are located in the Svalbard archipelago where the oceano-
graphic conditions are shaped by an interplay between AW 
and Arctic Water (ArW) (Fig. 1A). AW is carried north-
ward by the WSC along the continental shelf of Svalbard. 
In the northern part of the archipelago, the WSC diverges 
into the Svalbard Branch, which flows eastwards, and the 
Yermak Branch, which flows northwards into the Arctic 
Ocean (Aagaard et al. 1987). AW is relatively warm and 
saline (≥ 3 °C and ≥ 34.65) (Cottier et al. 2005) (shown in 
Table 1), whereas ArW is between 1.0 °C and 1.5 °C and 
34.3 and 34.8. ArW is likewise transported northward along 
the western coast of Svalbard by the East Spitsbergen Cur-
rent (ESC), but it flows closer to the shore and becomes 
less saline due to outflow from the adjacent fjords (Cottier 
et al. 2005). The mixing of AW and ArW on the shelf leads 
to the formation of Transformed Atlantic Water (TAW), 
characterised by temperatures of 1.0 °C – 3.0 °C and salin-
ity > 34.65 (Cottier et al. 2005; Nilsen et al. 2016). Dense 
Winter Cooled Water (WCW) can be found throughout the 
year at the bottom of the fjords’ deep basins.

Rijpfjorden is a south–north-oriented fjord cutting into 
the northern coast of Nordaustlandet (Fig. 1A). It has the 
northernmost exposure of all of the studied fjords and is a 
true Arctic fjord that freezes every winter and is ice-covered 
for at least nine months a year (October – June; Ambrose 
et al. 2006; Cottier et al. 2019). Winds also drive drifting 
pack ice into the fjord during the summer months, while 
warm subsurface AW enters the fjord from the north (Hop 
et al. 2019).

Wijdefjorden is located on the northern coast of Spits-
bergen and, at 108 km, is the longest fjord in the Svalbard 
archipelago. Along the coast of Wijdefjorden, five tidewater 
glaciers are located: two at the fjord-head and three along 
the northeastern coast. Wijdefjorden is influenced by both 
AW and local waters.

Isfjorden is the largest fjord system on Svalbard; it is 
strongly influenced by AW that delivers heat flux and cre-
ates ice-free conditions (Nilsen et al. 2016).

Balsfjorden, Hjeltefjorden and Raunefjorden (temperate 
fjords) are located along the coast of Norway (Fig. 1B). The 
oceanographic conditions of the Norwegian coast are shaped 
by two currents: the Norwegian Coastal Current (NCC) 
and the Norwegian Atlantic Current (NwAC). They both 
flow northwards but are distinguished by a clear difference 
in salinity, and they do not mix. The NwAC carries more 
saline AW (≥ 34.9; Table 1), whereas the NCC is a wedge-
shaped current that carries less saline waters (< 34.9), which 
become fresher during summer due to land runoff (Cottier 
et al. 2005). The current flows close to the shore and influ-
ences local fjords (Sætre 1999).

Among the three Norwegian fjords, Balsfjorden is the most 
northern and does not have a direct connection to the open 
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Fig. 1  Location of the sampling stations in fjords of A Svalbard and B Norway. Values in brackets are bottom-water temperatures at the time of 
sampling. WSC West Spitsbergen Current, ESC East Spitsbergen Current, NwAC Norwegian Atlantic Current, NCC Norwegian Coastal Current
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sea. Water exchange occurs through three inlets: Tromsøysund, 
Sandnessund and Straumsfjorden. Due to its shallow sill depth 
(10 m – 30 m), it is strongly influenced by coastal waters (For-
wick and Vorren 2016). It is also relatively narrow, with an 
average width of 5 km. It has a maximum basin depth of 130 m 
and is characterised by a flat bottom with only one sill. The 
sediments are mainly of glaciomarine origin, but the present-
day Balsfjorden is free of tidewater glaciers (Hopkins 1991). 
The sea-ice cover during winter is present only in the shallow 
arms of the fjord (Wassmann et al. 1996).

Hjeltefjorden and Raunefjorden, located further south 
(Fig. 1B), are under constant pressure caused by marine traf-
fic connecting the city of Bergen with strategic maritime 
passages. They are characterised by numerous inlet sills: the 
deepest sill (170 m) connects Hjeltefjorden with Raunefjorden, 
while the sills connecting these fjords with the open sea do not 
exceed 40 m. In the summer, strong northern winds induce 
upwelling, causing denser waters to spill over the sills, result-
ing in salty, cold, oxygen-rich waters to fill the fjord, improv-
ing environmental conditions (Aksnes 2006). Neither of these 
fjords is influenced by glaciers.

All of the studied fjords are characterised by similar sedi-
mentation rates. In the Svalbard fjords, the sedimentation rates 
range between 0.11 cm  yr−1 and 0.17 cm  yr−1 in Isfjorden, and 
usually do not exceed 0.2 cm  yr−1 in other large fjords (Elver-
høi et al. 1995; Majewski and Zajączkowski 2007). In the Nor-
wegian fjords, sedimentation varies between 0.13 cm  yr−1 and 
0.28 cm  yr−1 (Włodarska-Kowalczuk et al. 2019).

Materials and methods

Sampling

Surface sediment samples were collected in August 2015 
(Norwegian fjords) and August 2016 (Svalbard fjords) 

during the cruises of S/Y Oceania (Fig. 1; Table 2). Sam-
pling stations were located in the axis of the fjords to mini-
mize direct terrigenous influence. At each station, a single 
10 cm sediment core was taken using a small gravity corer 
loaded with transparent barrels (4.5 cm inner diameter). 
Replication is mandatory for environmental monitoring 
(Schönfeld et al. 2012); however, this was not the focus of 
this study. These samples may, therefore, provide only a 
limited representation of spatial variability and should be 
treated with some caution. Directly after collection, cores 
were visually inspected to detect disturbances, then cut in 
1 cm slices and the upper 2 cm used for further analyses. We 
have decided to study only the uppermost 2 cm, and compare 
it with the archive data by Hald and Korsun (1997), instead 
of studying the entire core in terms of past changes, because 
vertical migration of foraminifera within the sediment up 
to several centimeters could provide too much distortion 
in such a high-resolution study. Samples for foraminiferal 
analyses were preserved in 75% ethanol to which Rose Ben-
gal solution was added to distinguish between living and 
dead foraminifera. Water temperature, salinity and turbidity 
were measured at each station with a Mini CTD Sensordata 
SD202, at 1-s intervals.

Foraminiferal analysis

Sediment samples for foraminiferal analyses were wet-sieved 
through 500 µm, 100 µm and 63 µm diameter sieves. The 
samples were sorted dry and, when necessary, they were split 
using a dry microsplitter. Foraminifera from 500 µm and 
100 µm fractions were combined, as the 500 µm sieve was 
only used to protect smaller foraminifera from destruction 
by, e.g. small stones. Both living and dead fauna were stud-
ied in the > 100 μm size fraction. Since dead foraminifera 
tests give a time-averaged view of the fauna, this will tend 
to smooth out some of the spatial (and temporal) patchiness 
and help to mitigate the problem of limitations imposed by 
the lack of replication. We have decided to study > 100 μm 
fraction instead of > 125 μm (Schönfeld et al. 2012) to com-
pare our foraminiferal assemblages with the ones studied by 
Hald and Korsun (1997) who also used > 100 μm fraction. 
A minimum of 300 specimens from a representative split of 

Table 1  List of water masses characteristics in studied Svalbard (after 
Cottier et al. 2005) and Norwegian fjords (after Hopkins 1991)

Water mass Abbreviation Characteristics

Temperature (°C) Salinity

Atlantic water AW  > 3  > 34.65
Arctic water ArW  − 1.5–1 34.3–34.8
Transformed Atlantic 

water
TAW 1–3  > 34.65

Winter cooled water WCW  <  − 0.5 34.3–34.85
Surface water SW  > 1  < 34
Norwegian Atlantic 

water
NwAW  > 7  > 35

Norwegian Coastal 
water

NwCW 2–13 32–35

Table 2  Coordinates of sampling stations

Station Depth (m) Latitude Longitude

Rijpfjorden 260 80° 22.354' N 22° 05.736' E
Wijdefjorden 160 79° 29.359' N 15° 33.475' E
Isfjorden 230 78° 09.800' N 14° 07.100' E
Balsfjorden 180 69° 23.061' N 19° 02.804' E
Hjeltefjorden 300 60° 40.052' N 04° 51.734' E
Raunefjorden 240 60° 16.502' N 05° 09.075' E
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each sample were identified to precisely determine the rela-
tive abundance of species of the assemblage (Patterson and 
Fishbein 1989). The Rijpfjorden sample contained a lower 
amount of benthic foraminifera (244 specimens), therefore 
this sample could be less representative in further biodiver-
sity calculations and should be treated with some caution.

Specimens were morphologically identified to the lowest 
possible taxonomic level, following the generic classification 
and taxonomy of Loeblich and Tappan (1987). Foraminiferal 
identification was based on the literature from the relevant 
regions (e.g. Alve 1991; Husum and Hald 2004; Mackensen 
et al. 1985; Hald and Korsun 1997; Łącka and Zajączkowski 
2016). Nomenclature was according to the accepted spe-
cies names published in the WoRMS database (Hayward 
et al. 2020). Foraminiferal abundance was expressed as the 
number of individuals  g−1 of dry sediment [ind  g−1]. Species 
that constitute at least 5% of the assemblage were consid-
ered dominants. The raw count data (total assemblage) nor-
malized to ind  g−1 was first transformed using square-root 
transformation. Bray–Curtis similarity between the assem-
blages was calculated by the Plymouth Routines in Multi-
variate Ecological Research (PRIMER) software version 6.0 
(Clarke et al. 2006; Ding et al. 2014). Taxonomic diversity 
was expressed with the Shannon–Wiener index (H’):

where pi is the proportion of each specimen belonging to 
the ith species and was calculated using Microsoft Excel 
Spreadsheet Software (Spellerberg and Fedor 2003). 
Foraminiferal species composition was analyzed using the 
Principal Component (PC) method, with orthogonal rotation 
(varimax) applied to the dataset of total (living and dead) 
individuals. The commercially distributed statistics package 
SYSTAT 11 was used for the analyses.

Results

Oceanographic conditions

In Rijpfjorden, salinity ranged from 34.5 to 35.1 and the tem-
perature was the lowest of all of the studied fjords (ranging 
from −0.4 °C at the bottom to 5 °C at the surface). A low 
amount of suspended particulate matter was present (< 0.4 
formazin turbidity unit [FTU]; Fig. 2).

In Wijdefjorden, salinity ranged from 21.2 at the sur-
face to 35.5 at the bottom (Fig. 2). The temperature ranged 
from 5.8 °C at the surface to 3.4 °C at the bottom. Turbidity 
ranged from 0.4 to 0.9 FTU in the uppermost 20 m, then 
dropped to 0.1 FTU and increased again near the bottom, 
reaching c. 0.6 FTU (Fig. 2).

H�
= −

n
∑

i=1

pi ln pi,

Surface salinity in Isfjorden (> 20 m) varied from 29.4 
to 34 and increased to 35.1 at c. 70 m (Fig. 2). The tem-
perature ranged from 7.5 °C at the surface to 1.8 °C at the 
bottom, with a significant increase up to 4.5 °C at a depth 
of 90 m – 120 m. The amount of suspended solid matter in 
the surface layer was the highest of all of the studied fjords, 
reaching 12.5 FTU (Fig. 2).

In Balsfjorden, salinity ranged from 28.7 to 33.8 and tem-
perature oscillated between 13.6 °C at the surface and 3 °C 
at the bottom (Fig. 2). Water turbidity was highest in the 
surface layer (1.1 FTU), whereas below 35 m it dropped to 
c. 0.2 FTU.

Hjeltefjorden was characterised by salinity ranging from 
29.8 at the surface to > 35 below 125 m and temperature 
ranged from 17 °C at the surface to 7.5 °C at the bottom. 
Turbidity was 0.5 FTU at the surface and decreased to 0.1 
FTU below the surface layer (Fig. 2).

Due to the strong ship drift, the measurements in Raun-
efjorden reached a maximum depth of 138 m: salinity oscil-
lated from 28.9 to 35 and the temperature was from 18.3 °C 
at the surface to 7.6 °C at the bottom. Turbidity was highest 
at the surface, reaching a maximum of 1.2 FTU and decreas-
ing to 0.3 FTU at 138 m (Fig. 2).

Foraminiferal assemblages

In total, 68 foraminifera species (52 calcareous and 16 
agglutinated) were found (all the raw species counts and 
percentages are available as the supplementary files Online 
Resource 1 and Online Resource 2). Examples of these are 
illustrated in Fig. 3 and 4. In general, a higher number of 
species was found in Norwegian fjords, with the highest spe-
cies richness observed in Raunefjorden (40 species; Fig. 5). 
Among the Svalbard fjords, Wijdefjorden was character-
ised by the highest species richness (31 species), whereas 
the lowest number of species was noted in Rijpfjorden (17 
species).

The fjords of Svalbard were characterised by a Shan-
non–Wiener index below 2.2, with the lowest diversity in 
Wijdefjorden (around 1.90; Fig. 5). In all Norwegian fjords, 
diversity was above 2.4 and the southernmost fjords, Hjeltef-
jorden and Raunefjorden, were characterised by the highest 
diversity (Fig. 5).

In the Svalbard fjords, foraminiferal abundance did not 
exceed 75 ind  g−1 (Fig. 6). The Norwegian fjords were char-
acterised by much higher abundance, ranging from c. 516 
ind  g−1 in Raunefjorden to slightly over 167 ind  g−1 in Bals-
fjorden. The foraminiferal assemblages were dominated by 
dead calcareous specimens (Fig. 6). The lowest abundances 
of living (stained) foraminifera were found in Hjeltefjorden 
(0.5%), Raunefjorden (6.6%) and Rijpfjorden (10.7%). Both 
Svalbard and Norwegian fjords were dominated by calcare-
ous foraminifera (Fig. 6).
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Fig. 2  Water temperature [°C], 
salinity and turbidity [FTU] 
measured at the sampling sta-
tions at the time of sampling 
in August 2015 (Norway) and 
in August 2016 (Svalbard). 
Svalbard fjords (left-hand 
column): Rijpfjorden, Wijdef-
jorden, Isfjorden; and Norwe-
gian fjords (right-hand column): 
Balsfjorden, Hjeltefjorden and 
Raunefjorden. AW Atlantic 
Water, ArW Arctic Water, FTU 
formazin turbidity unit, TAW  
Transformed Atlantic Water, 
WCW  Winter Cooled Water, SW 
Surface Water, NwAC Norwe-
gian Atlantic Water, NwCW 
Norwegian Coastal Water
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The only species that was dominant in all of the stud-
ied fjords was Cassidulina reniforme (ranging from 5.7% 
abundance in Raunefjorden to 26.5% in Balsfjorden; Fig. 7). 
Elphidium clavatum was a dominant species in Hjeltefjorden 
and all Svalbard fjords, whereas Cibicidoides lobatulus was 
a dominant species in two Svalbard (Rijpfjorden and Isf-
jorden) and two Norwegian fjords (Hjeltefjorden and Raun-
efjorden). The relative abundances of all dominant species 
are presented in Fig. 7.

Principal component analysis

Results of the principal component analysis (PCA) (Table 3) 
performed on a total assemblage showed that four compo-
nents, PC1, PC2, PC3 and PC4, accounted for 93.67% of 
the variance within the data set. Each PC is defined by a 
dominant species and accessory species. PCs are referred 
to as FA named by the species with the highest score val-
ues (Table 3). Nonionellina labradorica FA in Isfjorden and 
Wijdefjorden explained 29.45% of the total foraminiferal 
variance, with Buccella frigida, C. lobatulus, E. clavatum, 
Fursenkoina complanata and Melonis affinis as accessory 
species. The second assemblage was found in Raunefjorden 
and Hjeltefjorden, where Bolivina robusta FA (4.14%) was 
the most important taxon and the accessory species were 
Cassidulina laevigata, C. lobatulus, C. reniforme and Hya-
linea balthica. PC3 and PC4 were noted only in Rijpfjorden 
and Balsfjorden, respectively. In Rijpfjorden, Adercotryma 
glomeratum FA was observed, with C. lobatulus, Trocham-
mina inflata, E. clavatum, F. complanata, M. affinis and N. 
labradorica as accessory species, altogether accounting 
for 17.84% of the total variance. Cassidulina reniforme 
FA (16.68%), found only in Balsfjorden, consisted of five 
accessory species: F. complanata, Globobulimina turgida, 
M. affinis, N. labradorica and E. clavatum (Table 3).

Bray–Curtis similarity

The Bray–Curtis analysis performed on a total assemblage 
revealed c. 30% similarity between all fjords. The fjords were 
further divided into two major groups: southern Norwegian 
fjords with c. 70% similarity between Raune and Hjeltef-
jorden; and Svalbard fjords, together with Balsfjorden, with 
c. 50% similarity between them (Fig. 8).

Discussion

Benthic foraminiferal assemblages as evidence 
of the “atlantification” of Svalbard fjords

The studied fjords show differences in foraminifera species 
richness and abundance, but most are dominated by C. 

reniforme and E. clavatum (except Balsfjorden and Raun-
efjorden, where E. clavatum constituted less than 5% of the 
total assemblage), confirming the ubiquitousness of these 
species. Murray and Alve (2016) described E. clavatum as 
a species with a “southern boundary” that is not present 
in the fjords of western Norway. However, according to 
our data as well as Darling et al. (2016) who found E. 
clavatum in the Skagerrak and the Kattegat, this species 
appears further south too.

The lowest foraminiferal abundance and species rich-
ness were recorded in Rijpfjorden, probably because of 
the cold WCW at the fjord bottom and the prevalence of 
drifting sea ice at the surface (Cottier et al. 2019). The 
presence of sea-ice in Rijpfjorden is also consistent with 
the moderate contribution of T. inflata in this assemblage 
(c. 7%): this species is an indicator of seasonal sea-ice 
presence (e.g. Scott et al. 2009). The most abundant spe-
cies in Rijpfjorden was A. glomeratum: this species thrives 
in cold, well-oxygenated waters (Williamson et al. 1984; 
Alve 1991), which is in accordance with the presence of 
WCW at the bottom of the fjord. Szymańska et al. (2017) 
suggested that this species is also associated with AW 
mixed with colder, local waters (i.e. TAW): this agrees 
with this study, which found TAW between depths of 70 m 
and 170 m in Rijpfjorden. The next most abundant spe-
cies in this assemblage were E. clavatum and M. affinis: 
while E. clavatum is an opportunistic species (e.g. Corliss 
1991), the appearance of M. affinis is, to the best of our 
knowledge, the first record of this species so far north in 
the Svalbard fjords. The northernmost locality where M. 
affinis has previously been noted, though in very low abun-
dance, was Kongsfjorden (Jernas et al. 2018). Usually, this 
species appears more abundantly on the shelf and in the 
troughs of southern and western Svalbard, e.g. in Storf-
jordrenna (Łącka et al. 2015), and Laptev Sea (Taldenkova 
et al. 2005) as it thrives in waters of Atlantic origin (Hald 
and Steinsund 1996). Its appearance in Rijpfjorden sug-
gests that this fjord experiences, at least seasonally, envi-
ronmental conditions suitable for the growth of species 
thriving in AW. The presence of AW in the fjord’s mouth 
was also confirmed by the CTD profile.

Rijpfjorden is regarded as a cold subpolar fjord that, for a 
long time, has been dominated by Arctic species (Dalpadado 
et al. 2016). However, according to the recent report of Cot-
tier et al. (2019), acceleration of the AW inflow to the fjord 
has been observed for the last three years. The appearance 
of AW species in Rijpfjorden could be the first faunal indica-
tion of the “atlantification” of this northern Svalbard fjord. 
Although it remains cold enough for winter sea ice forma-
tion and the resulting presence of WCW, accelerated AW 
inflow enables the growth of foraminiferal species that prefer 
waters of Atlantic origin. Migration of foraminiferal species 
associated with warm AW may be a result of progressing 
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environmental and climate changes, discussed by Murray 
and Alve (2016).

Wijdefjorden and Isfjorden were both dominated by the 
Nonionellina labradorica FAs and were similar in terms of 
foraminiferal abundance and number of species. The previ-
ous study on benthic foraminifera in Wijdefjorden was con-
ducted almost three decades ago by Hald and Korsun (1997) 
in a similar location and at a similar water depth. A compari-
son with our data reveals that the bottom-water temperature 
in the mouth of Wijdefjorden has changed from 1.6 °C to 
3.4 °C over this period. This temperature increase has sig-
nificantly influenced the FA, even though the foraminiferal 
abundance was similar in both study years (around 100 ind 
 g−1). Nowadays, the FAs in Wijdefjorden is mostly domi-
nated by N. labradorica and E. clavatum, with significant 
abundances of B. frigida and C. reniforme. In the study of 
Hald and Korsun (1997), the FA was dominated by I. nor-
crossi, N. labradorica, B. frigida and C. lobatulus. Both 
C. reniforme and E. clavatum point to a change towards a 
more disturbed bottom environment (e.g. Korsun et al. 1995; 
Łącka and Zajączkowski 2016), which is also confirmed by 
the high water turbidity, both at the surface and the bot-
tom. There is also a significant decline in the abundance of 
I. norcrossi: in 1997, I. norcrossi, which is a typical ArW 
species (e.g. Majewski et al. 2009) constituted 19.6% of the 
Wijdefjorden assemblage, whereas in the current study it 
reached only a few percent in Wijdefjorden and Rijpfjorden. 
The decimation of this species is most probably related to 
the recent increase in AW in this fjord.

Isfjorden was also analysed by Hald and Korsun (1997). 
All parameters (water temperature, foraminiferal abundance 
and species composition) were very similar, suggesting that 
this environment has not changed significantly. The FA 
consists mainly of species associated with AW, i.e. N. lab-
radorica (Hald and Korsun 1997; Jernas et al. 2018), but 
with a significant contribution of TAW-related species, e.g. 
A. glomeratum, which has been positively correlated with 
the presence of TAW entering the inner bays of Isfjorden, 

i.e. Adventfjorden (Szymańska et al. 2017; Kucharska et al. 
2019). As Isfjorden is widely open to the main flow of the 
WSC, it has been constantly influenced by AW since at least 
the early 1990s. The influence of AW in fjord mouths on 
benthic FAs is also confirmed by the data from Kongsf-
jorden, another wide-open west Svalbard fjord (Hald and 
Korsun 1997). In the mouth of the Krossfjorden-Kongsf-
jorden system, a FA dominated by the AW-related species N. 
labradorica, with a significant contribution of E. clavatum 
and C. lobatulus, was identified. Jernas et al. (2018) revis-
ited the station at Kongsfjorden between 2005 and 2008 and 
found similar assemblages.

It is important to note that besides the bottom-water tem-
perature, the quantity of organic matter (OM) in the sedi-
ments is one of the most important abiotic factors known to 
influence benthic foraminifera distribution, however we did 
not measure it in our study. The amount of OM in the sedi-
ments has been proven to impact foraminiferal assemblages 
in such environments as deltas and continental shelf (e.g. 
Eberwein and Mackersen 2006; Koho et al. 2008; Mojtahid 
et al. 2009). However, Norwegian and Svalbard fjords are 
recognized as hot spots for organic carbon burial (Smith 
et al. 2015; Faust and Knies 2019; Szymańska et al. 2021) 
and thus the quantity of OM is highly unlikely to be a limit-
ing factor for foraminiferal assemblages in the studied fjords.

The state of modern Norwegian fjords

The Norweigan fjords were characterised by higher abun-
dances of foraminifera than the Svalbard fjords, as well as a 
higher Shannon–Wiener diversity index. The high foraminif-
eral abundance, especially in the southern fjords, concurs 
with the surveys of Sweetman et al. (2009) that found unusu-
ally abundant foraminifera and biomass in deep Norwegian 
fjords (c. 203,000 ind  m−2) as well as by Szymanska et al. 
(2021; > 10,000 ind  g−1). According to Wassmann et al. 
(1996), Norwegian fjords are characterised by relatively 
high water temperatures and no glacier-caused disturbance. 
These environmental conditions, together with high organic 
matter input (e.g. from agriculture), may be the reason for 
the observed abundance and biodiversity of foraminifera.

The dominant species in Balsfjorden was the oppor-
tunistic C. reniforme, associated with AW indicators like 
N. labradorica, B. frigida and M. affinis (Hald and Ste-
insund 1996; Hald and Korsun 1997; Murray and Alve 
2016; Zajączkowski et al. 2010). Moreover, species with a 
strong tolerance for the oxygen-deficient environment, i.e. 
F. complanata (Kaiho 1994) and G. turgida (Kuhnt et al. 
2014; Risgaard-Petersen et al. 2006) were also observed. 
Typically anoxic-tolerant species were also noted in 
Hjelte- and Raunefjorden; however, G. turigida was 
replaced here by B. robusta and H. balthica, whose thin 
test walls are an adaptation to low oxygen concentrations 

Fig. 3  Digital images of the most abundant calcareous and aggluti-
nated benthic foraminifera species identified in the studied Svalbard 
and Norwegian fjords. a Nonionellina labradorica (Dawson 1860); 
b Cassidulina reniforme (Nørvang 1945); c Islandiella norcrossi 
(Cushman 1933); d Patellina corrugata (Williamson 1858); e Elphid-
ium bartletti (Cushman 1933); f Elphidium clavatum (Cushman 
1930); g Fursenkoina complanata (Egger 1893); h Buccella frigida 
(Cushman 1922); i Pyrgo williamsoni (Silvestri 1923); j Cibicidoides 
lobatulus (Walker and Jacob 1798); k Quinqueloculina seminula 
(Linnaeus 1758); l Melonis affinis (Reuss 1851); m Spiroplectam-
mina biformis (Parker and Jones 1865); n Adercotryma glomeratum 
(Brady 1878); o Recurvoides turbinatus (Brady 1881); p Siphonap-
erta agglutinata (Cushman 1917); q Hyalinea balthica (Schröter, in 
Gmelin 1791); r Bolivina robusta (Brady 1881); s Cassidulina laevi-
gata (d'Orbigny 1826); t Globobulimina turgida (Bailey 1851). Scale 
bars equal 100 μm

◂
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as they facilitate gas exchange (Gupta and Machain-Cas-
tillo 1993). The low numbers of living specimens found 
in the Norwegian fjords could, therefore, be explained by 
regular hypoxic conditions. Anoxic episodes, coupled with 
high primary production in summer, and human-induced 
eutrophication, are caused by e.g. salmon farming and 
agriculture (Aure and Stigebrandt 1990; Dale et al. 1999; 
Levin et al. 2009). The low number of living specimens 
in the southern fjords could also be the result of maritime 
traffic in this area causing localised heavy metal pollution 
(Aksnes 2006). This has been confirmed by the study of 

Dijkstra et al. (2017) that found no living foraminifera in 
the Hammerfest harbour (northern Norway).

Norwegian fjords as an analogue for the future 
of Svalbard fjords

Recent research has suggested that the Norwegian fjords can 
serve as a modern analogue to the future of the Svalbard 
fjords (e.g. Bałazy and Kukliński 2019). However, compar-
ing the studied benthic FAs and the environmental condi-
tions in the Svalbard and Norway fjords, more differences 

Fig. 4  Scanning electron micro-
scope (SEM) images of selected 
calcareous benthic foraminifera 
species identified in the studied 
Svalbard fjords. a Elphidium 
clavatum (Cushman 1930); 
b Nonionellina labradorica 
(Dawson 1860); c Cibicidoides 
lobatulus (Walker and Jacob 
1798); d Cassidulina laevigata 
(d'Orbigny 1826); e Islandiella 
norcrossi (Cushman 1933); f 
Cassidulina reniforme (Nørvang 
1945); g Fursenkoina compla-
nata (Egger 1893); h Trifarina 
fluens (Todd, in Cushman and 
McCulloch 1948); i Triloculina 
frigida (Lagoe 1977)
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than similarities were identified between them. The simi-
larities and differences between these two environments are 
listed in Table 4 and briefly discussed below.

The main features common to both regions are the pres-
ence of AW at the fjords’ mouths, the lack of sea ice (except 
Rijpfjorden where the sea ice appears seasonally; Hop et al. 
2019) and the presence of AW foraminiferal species. How-
ever, the AW that appears in all of the studied fjords reveals 
different features. Besides the fact that AW loses part of its 
warmth to the atmosphere on its way to higher latitudes, 
it is also intensively mixed with local waters on the shelf 
before it enters the fjord. Even though Svalbard fjords are 
glaciated, the majority of the freshwater produced during the 
summer melting season remains in the glacier bays (Drewnik 
et al. 2016; Promińska et al. 2018). The situation is different 
in the Norwegian fjords as they are not glaciated. Instead, 
Norway is characterised by extremely high precipitation, 

especially during the autumn months. Strong westerly winds 
bring moist air from the ocean, which falls in the form of 
rain/snow across most of Norway. Coastal areas can receive 
more than 3500 mm annually (Hanssen-Bauer et al. 2019), 
whereas the annual precipitation on Svalbard is around 
400 mm (Førland et al. 2011). High precipitation in Norway, 
coupled with high river and surface discharge (Wassmann 
et al. 1996), results in a high volume of freshwater entering 
the fjords along their entire length. Thus, at the Norwegian 
sampling stations, surface and bottom-water salinities were 
lower than in the Svalbard fjords. Moreover, in the Norwe-
gian fjords, the sill often separates the fjord basin from the 
ocean, which hinders water exchange, whereas the Svalbard 
fjords are wide open to the AW inflows, which also deter-
mines the FAs in these fjords.

The hydrographic isolation of the Norwegian fjords, 
coupled with their relatively high productivity (both natural 
and agricultural driven), might lead to hypoxic conditions 
at the bottom of the fjords. This is confirmed by the high 
abundance of hypoxia-tolerant species, e.g. B. robusta, F. 
complanata, and G. turgida (Gupta and Machain-Castillo 
1993). Model data suggests further deterioration of oxy-
gen conditions in deep Norwegian fjord basins because of 
reduced ventilation due to warming and increased density 
stratification (Aksnes et al. 2019), as well as nutrient avail-
ability enhancement (Levin et al. 2009). Spring blooms 
naturally occur from March to April in the coastal zone of 
Norway and an additional increase in primary production 
from May to June was noted by Wassmann et al. (1996), 
probably as a result of freshwater runoff. Primary production 
is low for the rest of the year; however, the deep penetra-
tion of sunlight and the lack of wind-driven vertical mixing 
appears to support the growth of phytoplankton cells dur-
ing blooms (Townsend et al. 1992). Dijkstra et al. (2017) 
state that hypoxic conditions may also be associated with 
the urbanisation and industrialisation of the Norwegian 
coasts, leading to pollution of coastal waters, thus chang-
ing the ecological quality of the environment. As a result, 
faunal communities in these areas often differ from those in 
undisturbed conditions.

Murray and Alve (2016) also examined the differences in 
the number and biodiversity of foraminifera from Svalbard 
and Norwegian fjords, specifically the environmental prefer-
ences of these organisms and the temperature and salinity 
of both regions. Norwegian waters are warmer (around 6 °C 
– 8 °C at the bottom) than Svalbard waters (around 4 °C at 
the bottom), which is primarily a result of their geographical 
position and insolation. Both regions, however, are chang-
ing significantly under the present climate warming. The 
results of this study suggest that in Svalbard fjords, changes 
will occur as the warming or “atlantification” progresses: 
Svalbard fjords may be dominated by AW-preferring species, 
with the simultaneous disappearance/migration of typical 

Fig. 5  Shannon–Wiener index calculated for foraminiferal assem-
blages and number of species counted in the studied samples. Sval-
bard: Rijpfjorden (RIJP), Wijdefjorden (WIJ) and Isfjorden (IS); Nor-
way: Balsfjorden (BALS), Hjeltefjorden (HJEL) and Raunefjorden 
(RAU)

Fig. 6  The abundance of total foraminifera (agglutinated and calcare-
ous; ind  g−1) in the studied fjords with indicated percentage of stained 
calcareous individuals; Svalbard: Rijpfjorden (RIJP), Wijdefjorden 
(WIJ) and Isfjorden (IS); Norway: Balsfjorden (BALS), Hjeltefjorden 
(HJEL) and Raunefjorden (RAU)
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Fig. 7  Relative abundances of dominant foraminifera species (> 5%) identified in the studied fjords
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ArW species. In Norwegian fjords, the pressure from human 
activity will probably be the main driver of environmental 
changes, leading to changes in FAs with a dominance of 
opportunistic, hypoxia-tolerant, and eutrophication-friendly 
species.

Summary and conclusions

• This analysis of benthic foraminiferal assemblages of 
fjords along the latitudinal gradient from northern Sval-
bard to southern Norway, reveals that similarity between 
the studied assemblages reaches up to 30%. However, 
there are crucial differences, in terms of abundance and 
biodiversity.

• The presence of M. affinis in Rijpfjorden is the first-ever 
observation of this AW-thriving species so far north. 
This observation confirms the conclusion of Cottier et al. 
(2019) that, in recent years, Rijpfjorden is more suscep-
tible to AW inflows. Shrinking sea-ice cover and more 
frequent storms have led to an intense inflow of AW onto 
the shelf and further to the western and northern Sval-
bard fjords, enabling AW species to appear further north.

Table 3  Foraminiferal principal component (PC) scores

PC1 PC2 PC3 PC4

% explained variance 29.452 29.694 17.837 16.684
Agglutinated species
Adercotryma glomeratum  − 0.070  − 0.641 7.305 0.263
Ammodiscus sp.  − 0.196  − 0.388 0.042  − 0.264
Ammotium cassis  − 0.182  − 0.384  − 0.119  − 0.236
Archimerismus subnodosus  − 0.197  − 0.299  − 0.213  − 0.228
Cuneata arctica  − 0.215  − 0.392  − 0.223  − 0.071
Eggerelloides advenus  − 0.155  − 0.381  − 0.195  − 0.227
Labrospira crassimargo 0.199  − 0.280  − 0.297  − 0.367
Quinqueloculina stalkeri  − 0.145  − 0.385  − 0.212  − 0.234
Recurvoides turbinatus  − 0.099  − 0.395  − 0.091 0.390
Reophax scorpiurus  − 0.244  − 0.428  − 0.303 0.355
Siphonaperta agglutinata  − 0.195  − 0.386  − 0.209  − 0.171
Spiroplectammina biformis  − 0.123  − 0.396 0.101  − 0.305
Spiroplectinella wrighti  − 0.209  − 0.083  − 0.226  − 0.253
Textularia earlandi  − 0.119  − 0.393  − 0.057  − 0.225
Trochammina inflata  − 0.233  − 0.392 1.080  − 0.461
Trochammina nana  − 0.189  − 0.354  − 0.206  − 0.223
Calcareous species
Astrononion hamadaense  − 0.205  − 0.243  − 0.221  − 0.234
Bolivina earlandi  − 0.235  − 0.266  − 0.238 0.011
Bolivina pygmaea  − 0.213  − 0.188  − 0.229  − 0.239
Bolivina robusta  − 0.476 4.142  − 0.500  − 0.680
Bolivinellina pseudopunctata  − 0.123  − 0.358  − 0.206  − 0.243
Buccella frigida 0.741  − 0.414  − 0.349 0.029
Bulimina marginata  − 0.245 0.088  − 0.261  − 0.267
Cassidulina laevigata  − 0.534 3.675  − 0.379  − 0.265
Cassidulina neoteretis 0.129  − 0.250 0.123  − 0.423
Cassidulina reniforme  − 0.187 1.351 0.412 6.104
Cassidulina sp.  − 0.213  − 0.188  − 0.229  − 0.239
Chilostomellina fimbriata  − 0.195  − 0.386  − 0.209  − 0.171
Cibicidoides lobatulus 1.542 3.175 1.866  − 0.626
Cibicidoides wuellerstorfi  − 0.193  − 0.327  − 0.209  − 0.226
Cornuspira involvens  − 0.195  − 0.386  − 0.209  − 0.171
Dentalina frobisherensis  − 0.165  − 0.384  − 0.207  − 0.227
Discorbis vilardeboanus  − 0.178 0.387  − 0.197  − 0.319
Elphidium bartletti  − 0.135  − 0.385  − 0.210  − 0.236
Elphidium clavatum 3.976 0.128 1.016  − 1.790
Elphidium sp.  − 0.155  − 0.383  − 0.205  − 0.230
Evolvocassidulina tenuis  − 0.179 0.095  − 0.198  − 0.282
Favulina squamosa  − 0.180  − 0.330  − 0.197  − 0.228
Fissurina sp.  − 0.230 0.556  − 0.246  − 0.282
Fursenkoina complanata  − 0.898  − 0.603  − 0.718 3.355
Gavelinopsis praegeri  − 0.187  − 0.328  − 0.203  − 0.227
Glandulina laevigata  − 0.185  − 0.382  − 0.202  − 0.221
Globobulimina auriculata  − 0.155  − 0.383  − 0.205  − 0.230
Globobulimina turgida  − 0.585 0.316  − 0.581 1.799
Globocassidulina crassa  − 0.243 0.181  − 0.254  − 0.185
Globocassidulina subglo-

bosa
 − 0.248 0.162  − 0.261  − 0.228

Table 3  (continued)

PC1 PC2 PC3 PC4

Hyalinea balthica  − 0.214 4.063  − 0.256  − 0.680
Islandiella helenae  − 0.233  − 0.422 0.562  − 0.129
Islandiella norcrossi  − 0.045  − 0.366 0.559  − 0.334
Lagena striata  − 0.165  − 0.384  − 0.207  − 0.227
Melonis affinis  − 0.795 0.123 1.392 1.880
Nonionella auricula  − 0.215  − 0.247  − 0.228  − 0.184
Nonionellina labradorica 6.619  − 0.381  − 1.196 1.905
Nonionoides turgidus  − 0.209  − 0.361  − 0.220  − 0.124
Oolina borealis  − 0.165  − 0.384  − 0.207  − 0.227
Patellina corrugata –0.193  − 0.327  − 0.209  − 0.226
Procerolagena distoma  − 0.199  − 0.358  − 0.213  − 0.174
Pullenia bulloides  − 0.245  − 0.124  − 0.250  − 0.052
Pullenia elegans  − 0.189  − 0.354  − 0.206  − 0.223
Pyrgo williamsoni  − 0.175  − 0.387  − 0.214  − 0.178
Quinqueloculina seminula  − 0.185  − 0.391  − 0.221  − 0.128
Robertina arctica  − 0.155  − 0.383  − 0.205  − 0.230
Robertinoides charlottensis  − 0.214  − 0.404  − 0.248 0.068
Stainforthia fusiformis 0.336  − 0.424 0.008  − 0.454
Stainforthia loeblichi  − 0.187  − 0.328  − 0.203  − 0.227
Trifarina fluens  − 0.066  − 0.245  − 0.281  − 0.097
Triloculina trihedra  − 0.175  − 0.382  − 0.200  − 0.223
Uvigerina peregrina  − 0.212 0.371  − 0.230  − 0.309

Significant species scores for particular foraminiferal assemblages 
(FAs) are in bold
PC analyses were performed on the entire (living and dead) FAs
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• There was a significant decimation of the typical ArW 
species, I. norcrossi, in Widefjorden (compared with the 
study of Hald and Korsun (1997)), related to the recent 
“atlantification” of this fjord.

• The two southernmost Norwegian fjords, Hjelte- and 
Raunefjorden were characterised by a low percentage of 

living foraminifera individuals, potentially resulting from 
anthropogenic stress and/or hypoxic conditions in these 
fjords.

• In recent years, the greatest change in the benthic 
foraminifera communities is observed in the Svalbard 
fjords that have been, until recently, regarded as the sub-
polar fjords, with the presence of seasonal sea-ice cover 
and limited inflow of AW. On the other hand, the Sval-
bard fjords that have constantly had AW inflow do not 
change significantly.

• Changes related to global warming will not make Sval-
bard fjords similar to Norwegian fjords because of 
significant differences in insolation resulting from the 
geographic position, precipitation and ease of water 
exchange with the adjacent shelf. In the future, Svalbard 
fjords may be dominated by AW-preferring species, 
whereas in Norwegian fjords the pressure from human 
activity will probably be the main driver of environmen-
tal changes. This may lead to changes in the foraminif-
era assemblages towards the dominance of opportunistic, 
hypoxia-tolerant species.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00300- 021- 02951-z.
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way: Balsfjorden (BALS), Hjeltefjorden (HJEL) and Raunefjorden (RAU), with principal component analysis FA and dominant species indicated

Table 4  List of similarities and differences between Svalbard and 
Norwegian fjords

Similarities Differences

Environmental factors
The presence of Atlantic Water Fjord morphology
Lack of sea-ice Bottom-water temperatures

Insolation
Surface discharge
Productivity
Precipitation
Oxygenation of bottom-waters
Anthropogenic stress
Length of the vegetation period

Benthic foraminifera
Presence of Atlantic Water indica-

tors and opportunistic species
Abundance

Biodiversity
Number of living specimens
Presence of anoxic-water species
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