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The subpolar North Atlantic (SPNA) Ocean has complex hydrography, and moderates
the global climate through the Atlantic Meridional Overturning Circulation (AMOC). The
surface water mass dynamics in SPNA and the upper limb of AMOC, govern the
plankton distribution. Specifically, the habitat of modern planktic foraminifera is strongly
affected by the SPNA hydrography. In the present study, 25 surface sediment samples
from the Labrador Sea to the Iceland-Faroe-Shetland Channel (IFSC) were examined
for planktic foraminifera distribution along a latitudinal transect at 59.50◦N. The planktic
foraminifera distribution followed the transition in water mass structure in the study
area from the Sub-Arctic water in the west to the warm North Atlantic water in the
east. Temperature and salinity are two dominant ecological factors controlling planktic
foraminifera assemblages in the region. This hydrographic contrast was also reflected
in the ratio of Neogloboquadrina pachyderma/Neogloboquadrina incompta along the
transect. Based on the cluster analysis, the planktic foraminifera assemblages could
be assigned to three groups. A cold/polar group in the Labrador Sea, a mixed (both
cold and warm) group in the Irminger Sea and IFSC, and a warmer temperate group
in the eastern part of the transect were represented by different planktic foraminifera
assemblages. Additionally, a decrease in Globorotalia inflata in the eastern transect
and an increase in Turborotalita quinqueloba in the Iceland basin and Irminger Sea
was observed in our study when compared with the published dataset. From this,
we suggest a shift in planktic assemblages in the SPNA. The present study on the
distribution of modern planktic foraminifera can help paleoceanographic reconstructions
in the SPNA ocean.
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INTRODUCTION

Planktic foraminifera are unicellular protists widely distributed in the modern oceans. They thrive
in the upper ocean water column and are constrained by various environmental parameters,
especially water mass characteristics (temperature, salinity, nutrients, etc.) and food availability
(Parker, 1960; Bé and Tolderlund, 1971; CLIMAP Project Members, 1976; Ortiz and Mix, 1992;
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Schiebel and Hemleben, 2005, 2017; Rebotim et al., 2017). The
calcium carbonate shells of planktic foraminifera are one of
the major biogenic components of marine sediments. Planktic
foraminifera species and assemblages are excellent indicators of
ambient environmental factors and have been widely used to
infer paleoenvironments (Kucera, 2007; Schiebel et al., 2017).
The depth stratification and ecological preferences of planktic
foraminifera play a vital role in reconstructing paleoceanographic
changes. However, the paleoenvironmental reconstructions rely
on a better understanding of the modern foraminiferal ecology
and factors governing their abundance in different water masses.
The distribution and ecology of planktic foraminifera have
been studied in the plankton tows, sediment traps, and surface
sediments from the world oceans (Berger, 1969; Thunell and
Reynolds, 1984; Schiebel and Hemleben, 2000; Schiebel et al.,
2001; Jonkers et al., 2010; Meilland et al., 2020). The studies
referred are either confined to different basins or show regional
heterogeneity. A complete ecological and spatial distribution
of planktic foraminifera is understudied in the subpolar North
Atlantic (SPNA) ocean, an area influenced by the large-scale
changes in the surface hydrography on both short and large
timescale (such as seasonal, annual, interannual, and decadal).

The SPNA exhibits significant west to east oceanographic
gradients from the subarctic to temperate regions (McCartney
and Talley, 1982; Read, 2000; Brambilla and Talley, 2008).
In particular, the SPNA hydrography is characterized by
the presence and interaction of different warm and cold
surface water currents (Read, 2000; García-Ibáñez et al.,
2015). The strength and extent of the Subpolar Gyre
(SPG) influence the hydrography in the SPNA (Hátún
et al., 2005; Staines-Urías et al., 2013). The hydrographic
diversity strongly affects the distribution of modern planktic
foraminifera in the SPNA, resulting in the occurrence of
several cold-, warm- and mixed-water planktic foraminifera
associations (Bé and Tolderlund, 1971; Ottens, 1991;
Schiebel et al., 2001).

The enhanced warming of the high latitude regions in
recent decades has led to major oceanographic shifts and
resulted in the changing ecology of various planktic faunas
(Fossheim et al., 2015; Oziel et al., 2017; Neukermans et al.,
2018; Jonkers et al., 2019). Especially, planktic foraminiferal
assemblages in high latitude oceans have shown a change in
diversity, with an influx of temperate species (Stangeew, 2001;
Schiebel et al., 2017; Jonkers et al., 2019; Meilland et al.,
2020). As opposed to the single dominant species found in
polar regions (Bé and Tolderlund, 1971), several plankton
tow experiments reported a rise in warmer-water foraminiferal
species in polar regions (Stangeew, 2001; Jonkers et al., 2019;
Meilland et al., 2020). The distribution of modern planktic
foraminifera reported from the SPNA ocean is mainly confined
to either the western (Stangeew, 2001; Jonkers et al., 2010)
or the eastern SPNA ocean (Schiebel and Hemleben, 2000).
These studies are based mainly upon plankton tows and
infer the planktic foraminifera populations with respect to
seasonality. Several studies discuss the variations in planktic
foraminifera assemblage structure in a latitudinal as well as
a longitudinal transect, pertaining to a change in water mass

structure in Nordic seas as well as in the Subarctic Pacific
(Stangeew, 2001; Kuroyanagi and Kawahata, 2004; Chapman,
2010; Pados and Spielhagen, 2014; Meilland et al., 2020); but
not in the SPNA ocean. Thus, the main objective of the
present study is to assess the spatial distribution of planktic
foraminiferal assemblages and their ecological preferences in
the SPNA ocean. Moreover, this becomes interesting as SPNA
has complex hydrography, showing an east-west gradient in
its physiographic properties, which significantly modulates
the planktic foraminiferal distribution. This study, covering
the entire SPNA from west to east, would improve our
understanding of planktic foraminifera distribution related to
various environmental parameters of different water masses and
significant shifts in high-latitude regions.

OCEANOGRAPHIC CONTEXT

The SPNA Ocean has a very complex hydrographic system owing
to the interaction of different types of surface currents, such as
the warm North Atlantic Current (NAC) and its derivatives-
East Reykjanes Ridge Current (ERRC), Irminger Current (IC),
and cold fresh East Greenland Current (EGC), West Greenland
Current (WGC), and Labrador Current (LC) affecting the diverse
regional environments (Pollard et al., 1996; Read, 2000; Brambilla
and Talley, 2008; Daniault et al., 2016). The NAC, an extension
of the Gulf stream, brings warm and saline water to the region
through various branches (Daniault et al., 2016; Figure 1A). EGC
brings cold and less saline water to the SPNA ocean along the
eastern coast of Greenland. These currents and the associated
water masses are controlled by the dynamics of cyclonic Subpolar
Gyre (SPG). A strengthened and expanded SPG brings more
subpolar water from the western SPNA to the eastern SPNA
through the eastern limb of SPG. A weakened and contracted
gyre brings subtropical warm water to the east SPNA through
the eastern limb of SPG (Staines-Urías et al., 2013). The upper
water mass at the east SPNA gets colder and denser as it
travels downstream toward the Labrador Sea through mixing
with the surrounding subpolar water mass and air-sea interaction
(Read, 2000).

In general, alternating warm and cold water currents create
a prominent hydrological contrast along the studied transect at
59.50◦N (Figures 1B–D). The annual average temperature and
salinity of the surface water (averaged for a water depth of 0–
100 m) vary from 10.33◦C and 35.28 PSU on the eastern side,
through 8.12◦C and 35.00 PSU on the central part near Reykjanes
Ridge, to 4.60◦C and 34.57 PSU in the Labrador Sea (Locarnini
et al., 2018; Zweng et al., 2018). The primary productivity in
the region (chlorophyll-a concentration) ranges from 5.80 [ln
(mg/L)] to 8.00 [ln (mg/L)] (Figure 1D).

The hydrographic dynamics in the SPNA are associated with
different-scale eddies and hydrological fronts, bringing more
nutrient-rich water to the region. The warm subtropical water
from the NAC and cold subpolar water are separated by the
subpolar front, creating a highly productive region (Taylor and
Ferrari, 2011a). The eddies associated with Iceland Basin and
Irminger Sea bring more nutrient-rich water to the surface
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FIGURE 1 | (A) Map showing locations of surface sediment samples and major ocean currents in subpolar North Atlantic Ocean (Schlitzer, 2015). Total 25 samples
along 59.50◦N latitude were retrieved during Akademik Ioffe 51 cruise; the black dots represent the locations of the surface sediment samples and the numbers
denote the name of the stations. Warm and cold surface currents are in red and green, respectively, and cold deep currents are shown in blue color. NAC, North
Atlantic Current; EGC, East Greenland Current; WGC, West Greenland Current; ISOW, Iceland-Scotland Overflow water; DSOW, Denmark Strait Overflow Water; LC,
Labrador Current; Map showing surficial distribution of, (B) Annual average Sea Surface Temperature (SST,◦C). (C) Annual average Sea Surface Salinity (SSS, PSU),
and (D) Annual average Chlorophyll-a [ln (mg/L)] of the modern ocean.

(Mahadevan et al., 2012). This makes the SPNA a highly
productive region (Taylor and Ferrari, 2011a; Mahadevan et al.,
2012). Also, the extent and strength of the SPG circulation
directly impact productivity changes in SPNA (Hátún et al.,
2009). The increased freshening of the SPNA and decreased
Atlantic Meridional Overturning Circulation (AMOC) strength
have a negative effect on primary productivity (Osman et al.,
2019). The productivity of plankton communities in SPNA
exhibits clear seasonal character peaking from spring to autumn
after the shutdown of winter convection and the formation of
stable surface stratification (Taylor and Ferrari, 2011b). Primary
productivity, along with the other physical parameters, controls

the distribution of planktic foraminifera assemblages (Bé and
Tolderlund, 1971; Schiebel and Hemleben, 2017). The abundance
of foraminifera species is also linked with chlorophyll-a (Chl-a)
concentration (Schiebel et al., 2001; Kuroyanagi and Kawahata,
2004; Retailleau et al., 2011).

MATERIALS AND METHODS

Sediment Samples
A total of 25 surface sediment samples were collected using Van
Veen grab sampler on board the R/V Akademik Ioffe 51st cruise
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during the summer (June–July) of 2016. The top sediment (0–
1 cm) section was carefully scooped from the collected samples
for this study. The samples were collected along a latitudinal
transect from the Labrador Sea in the west, to Iceland-Faroe-
Shetland Ridge (IFSR) in the east of the SPNA ocean, with a
depth varying between 158 m at station 22 and 3,477 m at
station 3 (Figure 1A). Of these 25 stations, 21 were from the
west-east transect along latitude∼59.50◦N; one sample was from
55.00◦N in the Labrador Basin, and three were from a southeast-
northwest transect in IFSR (Figure 1A; for more information, see
Supplementary Table 1).

Foraminiferal Counts and Calcium
Carbonate Content
Around ∼5 g sediment was freeze-dried per sample and soaked
in de-ionized water for 6 h, followed by wet sieving through
63 and 500 µm sieves. The >63 µm residue was then dry
sieved over >100 µm mesh. The size fraction of >100 µm was
chosen for faunal study to avoid any underestimation of small-
sized species, e.g., Turborotalita quinqueloba, Globigerinita uvula
following previous studies (Bauch, 1994; Kandiano and Bauch,
2002; Husum and Hald, 2012). The sieved fraction of >100 µm
was split using a micro-splitter until a minimum of 300 planktic
foraminifera specimens were picked from each sample (CLIMAP
Project Members, 1976). The planktic foraminifera species
were counted and identified to species level using a stereo-
zoom microscope (Nikon SMZ1500 with the magnification of
112X) following the taxonomic nomenclature by Kennett and
Srinivasan (1983) and Hemleben et al. (1989). The planktic
foraminifera specimens were well preserved in all the samples,
and no significant fragmentation of the planktic foraminifera
was found. The total planktic foraminifera abundances (TPF) per
one gram of dry sediment (ind. × g−1), the individual species
abundances per one gram of dry sediment (ind.× g−1), and their
relative abundances (%) were calculated.

For the estimation of the CaCO3 content, we measured the
Total Inorganic Carbon (TIC, weight%) of all the samples using
a Coulometer (UIC, Inc. CM5017). We followed the method of
Espitalié et al. (1977) to estimate the CaCO3%,

CaCO3 = (TC− TOC)× 8.33 (%) (1)

TC− TOC = TIC (2)

CaCO3 = TIC× 8.33 (%) (3)

In Eqs. 1, 2, TC is Total Carbon and TOC is
Total Organic Carbon.

Environmental Parameters
The annual average temperature and salinity data were obtained
from the World Ocean Atlas 2018 (WOA18)1 from the National
Oceanic and Atmospheric Administration (NOAA) (Locarnini
et al., 2018; Zweng et al., 2018). Both temperature and salinity
data were averaged over 0–100 m of water depth. The depth

1https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/

range (0–100 m) was preferred due to the occurrence of the
maximum abundance of planktic foraminifera in the upper 100 m
water column in the northeast Atlantic (Schiebel and Hemleben,
2000). Annual average Chl-a (mg m−3) data was taken from
the Moderate Resolution Imaging Spectroradiometer (MODIS)
(NASA Goddard Space Flight Center, 2018) Chl-a concentration
Level 3 data2 from the year 2001 to 2018 (Figure 1D). These
data were used to analyze the relationship between planktic
foraminifera distribution and main environmental variables
along the transect.

Statistical Analyses
Statistical analyses were carried out to facilitate the
understanding between various environmental parameters and
the relative species abundance. A strict criterion was followed
wherein species showing relative abundances greater than 2% in
at least three stations were considered for statistical analyses.

Principal Component Analysis
Principal Component Analysis (PCA) was performed on
the environmental parameters, such as temperature, salinity,
water depth of sampling point, Chl-a with total planktic
foraminifera abundances, and species percentages using the
software STATISTICA v. 10 (StatSoft). This method of statistical
correlation has been used to understand the major environmental
factors responsible for variation in the distribution of the planktic
foraminifera assemblages (Mallo et al., 2017). The marked
correlations are significant at a p < 0.05.

Cluster Analysis
A hierarchical cluster analysis was performed on the planktic
foraminifera assemblages to delineate different groups of stations
using the Bray Curtis similarity index. Each group was
represented by its characteristic foraminiferal assemblage. This
analysis has been used previously to identify the relationship
between the group of stations and different water masses
based on their specific planktic foraminifera assemblages (Parker
and Berger, 1971; Thunell, 1978; Ottens, 1991). We also
performed the similarity percentages (SIMPER) analysis (Clarke,
1993) to determine the individual species contribution to
each cluster group.

RESULTS

Total Planktic Foraminifera and Calcium
Carbonate
The TPF varied between 1,212 and 183,557 ind. g−1. The highest
abundance occurred at station 10 (water depth of 1,531 m) near
the Reykjanes Ridge, while the lowest abundance was at station
23 (water depth of 158 m), in Faroe-Shetland Channel (FSC).
Interestingly, few stations (2, 3, 4, and 13) located at deeper
depths in the Labrador Sea, east of Greenland and Reykjanes
Ridge exhibited low TPF, along with the samples at shallow
regions (5, 24, and 25), which are generally marked by the lowest

2http://oceancolor.gsfc.nasa.gov/cgi/l3

Frontiers in Marine Science | www.frontiersin.org 4 February 2022 | Volume 8 | Article 781675

https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/
http://oceancolor.gsfc.nasa.gov/cgi/l3
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-781675 February 3, 2022 Time: 14:50 # 5

Sahoo et al. Planktic Foraminiferal Assemblages in SPNA

TPF (Figures 2A,B). Subsequently, the CaCO3 content in the
surface sediments varied from 9% at station 4 (water depth
of 2,389 m), near the southwest coast of Greenland, to 74%
at station 17 (water depth of 1,514 m), at the western side of
the Rockall Plateau. Furthermore, the TPF and CaCO3 content
varied concomitantly (Figure 2A).

We found significant variations in the distribution of
planktic foraminifera species along the transect. A total of
nine species occurred in our samples: Globigerinita glutinata,
Neogloboquadrina pachyderma, Neogloboquadrina incompta,
Turborotalita quinqueloba, Globigerina bulloides, Globigerinita
uvula, Globorotalia inflata, Globorotalia scitula, and Orbulina
sp. (Figure 3). The list of planktic foraminifera species and
their ecological information can be found in Supplementary
Table 2. Among all, the former six species were the most
abundant. Together, they contribute at least 80% to the planktic
foraminifera community.

The former five species were consistently present along the
transect except at a few stations; whereas, G. inflata was present
only in the eastern part of the transect (absent toward the west
of Reykjanes Ridge). However, in the western part of the transect,
in the Labrador Sea and Irminger Sea, the sampled stations were
dominated by N. pachyderma. Moreover, it is the only species
found in the two sampling sites of the Labrador Sea, constituting
100% of the assemblage (Figure 4A).

Variations in Relative Abundances of
Planktic Foraminifera Species
The relative abundance of planktic foraminifera species varied
considerably from west to east along the transect (Figure 4).
Neogloboquadrina pachyderma was the most abundant species
in the western part of the transect consisting of 100% of the
assemblage in sediment fraction of >100 µm in the Labrador Sea
(Figure 4A). This species was more abundant in the Labrador and
Irminger Seas, and its concentration decreased toward the eastern
part of the transect. The species was absent from stations 15, 20,
21, and 22 on the eastern side of the Iceland Basin. The average
relative abundance of N. incompta was 22% in the transect with
the highest value of 43% (station 20) near the Scottish shelf
and nil in the Labrador Sea (stations 2 and 3) (Supplementary
Table 3 and Figure 4B). Higher relative abundance was seen in
the IFSC (average 41%) followed by the Iceland basin-Rockall
Plateau (average 27%) and the lowest in the Irminger Sea (average
12%) and the Labrador Sea (average 2%). Globorotalia inflata
was concentrated only in the eastern transect with the highest
relative abundance of 5% at stations 25 and 14 in the Iceland-
Faroe Ridge and the Iceland Basin (Figure 4C). The average
relative abundance of G. inflata was 2% in the eastern part of the
transect. Likewise, the average G. glutinata percentage along the
transect was 19%, with the highest abundance of 45% (station
14) in the Iceland Basin, although absent in the Labrador Sea
(Supplementary Table 3 and Figure 4D). Globigerina bulloides
percentage was low in this area, with an average value of 4%.
Globigerina bulloides showed the maximum abundance of 20% at
station 10 in the Reykjanes Ridge area. While, the abundance of
G. bulloides was nil at stations 2, 3, 22, and 23 in the Labrador Sea

and near the Scottish shelf (Figure 4E). The relative abundance
of T. quinqueloba increased (>25%) in specific sites in the
Irminger Sea, Iceland Basin, and off Scotland, with relatively
lower percentages in other stations ranging between 0 and 21%
(Figure 4F). Globigerinita uvula was present in the samples with
very low relative abundance, highest as 5% near the Scottish
shelf (station 21). The occurrence of G. uvula was patchy in
the transect. Globorotalia scitula and Orbulina sp. were very
rare. G. scitula was found only in the eastern Iceland basin
(stations 14, 15, and 16) with <1% and near the east coast of
Greenland (station 4) with 4%. Orbulina sp. was found only at
two stations in the eastern Iceland basin and Iceland-Faroe Ridge
(stations 14 and 23).

Ratio Neogloboquadrina
pachyderma/Neogloboquadrina
incompta Along E–W Transect
The distribution of the species N. pachyderma and N. incompta
is significantly influenced by the temperature and salinity of
the region. Also, a change in the relative abundance of N.
pachyderma and N. incompta is linked to specific summer (Sea
Surface Temperature) SST values of the water mass (Žarić et al.,
2005). Hence, to document the variation in water mass properties
(temperature and salinity) from west to east along the sampled
transect, the ratio of N. pachyderma and N. incompta was used.
Along the transect, the relative abundance of N. pachyderma was
observed to increase significantly from the eastern to the western
part. However, N. incompta exhibited an opposite trend with the
N. pachyderma abundance from east to west (Figure 5A). To
better interpret the variation of these two species with respect
to water mass (temperature and salinity) along the transect, we
analyzed the ratio of the two species (Figure 5). The ratio of N.
pachyderma/N. incompta decreased toward the eastern side of
the transect. Also, a higher ratio of >2 was observed toward the
western part of the transect, where lower temperature and salinity
values were attained (Figure 5B).

Principal Component Analysis
To assess the ecological preferences of the planktic foraminifera
and their relation to the environmental parameters in the SPNA
ocean, PCA was performed. The first two PCA factors explain
86.98% of the total variance. The first factor explains 60.71%,
and the second factor explains 26.27% (Figure 6). Factor 1
has positive loadings on temperature and salinity computed for
the first 100 m (average) of the water column, whereas factor
2 has a positive loading with superficial Chl-a. In the PCA
analysis, both temperature and salinity vary in the same trend.
However, both the parameters have an individual influence on
the abundance and distribution of planktic foraminiferal species
in the studied area. From the correlation table (Table 1), G.
glutinata, N. incompta, and G. inflata exhibit positive values
regarding temperature (0–100 m) with r values 0.75, 0.81,
and 0.48, respectively, and salinity (0–100 m) with r values
0.67, 0.86, and 0.41, respectively. Neogloboquadrina pachyderma
shows a negative correlation with temperature (r = −0.76) and
salinity (r =−0.73). Neogloboquadrina incompta shows a negative
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FIGURE 2 | (A) Variation in Total Planktic Foraminiferal (TPF) abundance in numbers per gram sediment (ind. g−1) (in green) and calcium carbonate (CaCO3)% (in
orange) at different stations, and (B) the blue curve depicts the sampling depth (m) of the stations in the subpolar North Atlantic Ocean.

correlation with water depth. Other species have no significant
correlation with any of the environmental parameters.

Cluster Analysis
A hierarchical cluster analysis was performed on the planktic
foraminifera dataset to delineate different groups of stations
having specific assemblages using the Bray Curtis similarity index
(Figure 7). Based on the similarity index, stations along the
transect can be divided into three distinct cluster groups I, II, and
III. The species percentage discussed in this section refers to the
individual species contribution (%) to different clusters, further
analyzed from SIMPER analysis.

Cluster Group I
Cluster group I includes three stations, 2, 3, and 4, from
the central and northeastern Labrador Sea (Figure 7). The
planktic foraminifera assemblages associated with this group
are dominated by N. pachyderma. Other planktic foraminifera
species N. incompta, G. bulloides, T. quinqueloba, and G. scitula,
though present in station 4, do not contribute to the similarity
percentage of this cluster group. Only N. pachyderma contributes
100% to Cluster I. The average similarity between these samples
was 76.63% in the Bray Curtis similarity analysis.

Cluster Group II
Cluster group II includes 13 stations from two separate areas
within the transect: (1) western half of transect from Reykjanes
Ridge to Irminger Sea and central SPG (stations 1, 5, 6, 7, 8, 9,
10, and 12), (2) eastern/northeastern end of transect including
the stations from northernmost Rockall Plateau and Iceland-
Faroe-Shetland sill (stations 18, 19, 23, 24, and 25) (Figure 7).
Compared to monospecific planktic foraminifera associations
of Cluster group I, assemblages from Cluster group II are
mixed, consisting of almost all the species found in the study
area. The most abundant species are N. pachyderma (30%), N.
incompta (21%), G. glutinata (18%), T. quinqueloba (16%), and
G. bulloides (9%). The average similarity of the Cluster group II
was 78.81% in the samples.

Cluster Group III
Cluster III groups nine stations (11, 13, 14, 15, 16, 17, 20, 21, and
22) on the eastern side of the transect from the Reykjanes Ridge
to Rockall Plateau and off Scotland (Figure 7). However, few
stations from the eastern part of the transect (stations 12, 18, and
19) are included in Cluster group II. The planktic foraminiferal
assemblages in this region consist mainly of G. glutinata (30%),
N. incompta (27%), T. quinqueloba (22%), G. bulloides (7%), and
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FIGURE 3 | Scanning Electron Micrograph (SEM) images of planktic foraminifera species observed in the present study. (1a,b) Globigerina bulloides (G. bulloides),
(2a,b) Globigerinita glutinata (G. glutinata), (3a,b) Neogloboquadrina pachyderma (N. pachyderma), (4a,b) Neogloboquadrina incompta (N. incompta), (5a,b)
Turborotalita quinqueloba (T. quinqueloba), (6) Globorotalia scitula (G. scitula), (7) Orbulina sp. (8a,b) Globorotalia inflata (G. inflata), (9a,b) Globigerinita uvula (G.
uvula); Scale bars 100 µm.

G. uvula (6%). The average similarity between the samples in this
group is 80.71%.

DISCUSSION

Distribution and Abundance of Planktic
Foraminifera in the Subpolar North
Atlantic
Planktic foraminifera distribution is majorly governed by the
contrasting water mass characteristics in the SPNA ocean. Total
planktic foraminifera co-varied with the calcium carbonate

content in the surface sediments along the sampled transect
from the Labrador Sea to Faroe-Shetland Ridge (Figure 2A).
A positive correlation r = 0.72 between the two suggests planktic
foraminifera as the main contributor to the biogenic carbonate
in the SPNA. A similar observation representing planktic
foraminifera as a key component of bottom ocean carbonate
was also reported by Honjo and Manganini (1993); Ziveri et al.
(1995), and Retailleau et al. (2012). The distribution of planktic
foraminifera is primarily based on sea-surface temperature and
salinity of the region (Thunell, 1978). However, particularly in
the North Atlantic Ocean, SST plays a dominant role (Stangeew,
2001). Along the transect in this study, the lowest planktic
foraminifera abundances in the Labrador Sea can be attributed
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FIGURE 4 | Spatial variation in relative abundance (%) of planktic foraminiferal species (A) Neogloboquadrina pachyderma (N. pachyderma), (B) Neogloboquadrina
incompta (N. incompta), (C) Globorotalia inflata (G. inflata), (D) Globigerinita glutinata (G. glutinata), (E) Globigerina bulloides (G. bulloides), (F) Turborotalita
quinqueloba (T. quinqueloba) from Labrador Sea to Faroe-Shetland channel. Please note the percentage range for each species is different.

to persistent low annual average (0–100 m) temperature of 3–
4◦C and salinity of 34.86 PSU. Such low temperature causes a
low saturation state for CaCO3 and accounts for a low pH in
the Labrador Sea (Azetsu-Scott et al., 2010). These characteristic
physical parameters (low temperature, salinity, and pH) of the
Labrador Sea are due to the influx of cold and fresh polar water

by EGC, fresh Arctic water coming through the Canadian Arctic
Archipelago (Melling et al., 2008) and the modified Atlantic
water (relatively cooler than North Atlantic Water) coming
through IC (Pollard et al., 2004). Furthermore, some parts of
the Labrador Sea are influenced by relatively much lower pH
water mass coming through the Canadian Arctic Archipelago
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FIGURE 5 | (A) Variation in relative abundance (%) of Neogloboquadrina pachyderma (N. pachyderma) and Neogloboquadrina incompta (N. incompta) along the
transect and variation in the ratio of N. pachyderma/N. incompta against the sampled stations is shown in blue; (B) Plot showing a relation between the ratio of N.
pachyderma and N. incompta abundance with sea surface temperature and salinity.

(Azetsu-Scott et al., 2010). The low pH acts as an additional factor
causing low planktic foraminifera abundances as it is detrimental
to the calcitic foraminifera shells and limits planktic foraminiferal
abundance. The decreasing rate of deep water formation, linked
to the current climate change scenario (Rahmstorf et al., 2015;
Thornalley et al., 2018), increases the residence time of the
cold deep water at the formation site. This also might cause
the dissolution of the highly susceptible foraminiferal shells
resulting in low planktic foraminifera abundance. Another area
with low planktic foraminifera abundances is the shallow water
region of Faroe-Shetland Ridge. Planktic foraminifera is more
abundant in the open ocean than in neritic zones with shallow

water depths (Schmuker, 2000; Retailleau et al., 2009). The water
mass near Faroe-Shetland is entrained by a tongue of cold
and fresh nutrient-poor Arctic water brought by East Iceland
Current (EIC), which can additionally cause a decline in the
productivity in the region.

Planktic foraminifera was most abundant in the middle of
the transect covering the eastern Iceland Basin to the central
Irminger Sea, which is influenced by the modified nutrient-
rich Atlantic water. The presence of Subpolar Front (SPF)
in this area near Reykjanes Ridge aids in enhanced planktic
foraminiferal abundances in the SPNA as frontal regions are
characterized by the uplifting of nutrient-rich waters, which
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FIGURE 6 | Principal component analysis (PCA) plot of the relative abundance
of the different species (N. pachyderma: Neogloboquadrina pachyderma; N.
incompta: Neogloboquadrina incompta; G. inflata: Globorotalia inflata; G.
glutinata: Globigerinita glutinata; G. bulloides: Globigerina bulloides; T.
quinqueloba: Turborotalita quinqueloba; G. uvula: Globigerinita uvula) with
different environmental parameters [average temperature (Temp., ◦C) and
salinity (PSU) of the first 100 m of the water column, Chlorophyll-a
concentration (Chl-a, mg m-3) and water depth (m)].

allows a greater abundance of phytoplankton and leads to
higher primary productivity (Lutjeharms et al., 1985; Kimura
et al., 2000). Further, eddy activity in the Irminger Sea and
Iceland Basin is responsible for strong mixing at the surface,
enriching the surface water with nutrients (Knutsen et al., 2005)
which increases primary productivity and hence, the planktic
foraminifera abundances in the region.

The planktic foraminiferal number is comparable with the
sediment trap and plankton tow datasets previously reported
in the SPNA ocean (Schiebel and Hemleben, 2000; Schiebel,
2002). The planktic foraminiferal shells vary from 1.20 × 103

to 1.80 × 105 g−1 (present study) with varying sampling depth.
Samples from the open ocean at a depth of 2,000 m exhibit
comparable numbers with Lundgreen (1996), which represents
1.60 × 105 planktic foraminifera tests year−1 [extrapolated tests
day−1 in September from 47◦50’N, >100 µm (Table 3 in Schiebel,
2002)]. However, a decrease in flux with depth is associated due
to the biologically mediated dissolution of planktic foraminifera
through the water column while settling (Schiebel and Hemleben,
2000). Further, the relative abundances found in the multi net
samples from the BIOTRANS area and at 57◦N, 20–22◦W of
Schiebel and Hemleben (2000) is comparable to the planktic
foraminifera species composition in our study. Hence, the species
assemblage in the surface sediment in this area represents the
upper water mass assemblages. Pados and Spielhagen (2014) also
reported a similar observation from Fram Strait. Moreover, the
mean lateral transportation for the smaller species T. quinqueloba

and N. pachyderma is 50–100 and 25–50 km in the Fram
Strait, respectively (Gyldenfeldt et al., 2000). From this, we can
suggest no significant effect of lateral transportation on planktic
foraminifera assemblages in the SPNA ocean.

Species Ecological Preferences
The polar to subpolar species N. pachyderma was found to be
a single dominant species in the Labrador Sea in the present
study. A significant increasing trend was observed in the relative
abundance of N. pachyderma toward the western part of the
transect in the study area (Figure 4A). Our data show a strong
negative correlation of N. pachyderma relative abundance with
both temperature (r = −0.76) and salinity (r = −0.73), marking
its dominance in the cold fresh Polar water of Labrador and
Irminger Seas (Table 1). Previous studies (Kohfeld et al., 1996;
Greco et al., 2019) exhibited a number of environmental factors
controlling the abundance and distribution of N. pachyderma.
This species is observed abundantly in low temperature and
low saline regions (Bé and Tolderlund, 1971), which is also
evident in our study. Moreover, abundances of N. pachyderma
of ≥95 and <50% correspond to a summer temperature
of <4 and ≥9◦C, respectively (Bé and Tolderlund, 1971). The
occurrence of N. pachyderma has been reported to vary as
a function of salinity, presence/absence of sea ice, and deep
chlorophyll maximum (Stangeew, 2001; Jonkers et al., 2010;
Greco et al., 2019). Usually, N. pachyderma abundances show a
two-way pulse in its flux in North Atlantic; one in summer at
maximum stratification and another in spring (Tolderlund and
Bé, 1971; Jonkers et al., 2010). Some studies reported that food
availability (Chl-a concentration, as a proxy of phytoplankton
biomass) also affects the distribution of N. pachyderma like
other planktic foraminifera (Fairbanks and Wiebe, 1980; Kohfeld
et al., 1996; Schiebel and Hemleben, 2005). However, our results
for SPNA suggest a statistically validated relationship of N.
pachyderma abundances with water temperature and salinity but
weak dependence on Chl-a concentrations (r = 0.17 in Table 1).
Although, it should be noted that the weak correlation of N.
pachyderma with Chl-a may be a result of considering only the
most superficial layer in this statistical analysis.

In the present study, T. quinqueloba shows a patchy
distribution. It is observed maximum in the Irminger Sea
and the eastern Iceland Basin in our study. Its occurrence
has no significant statistical correlation with temperature and
salinity along the sampled transect. Although T. quinqueloba
has been previously reported to vary with primary productivity
(Volkmann, 2000), its abundance did not correlate with Chl-a
concentration in the present study. Meilland et al. (2020) have
also documented the same in the Barents Sea opening. This
could be due to the specific habitat and food preference of the
species, which cannot be represented by Chl-a data alone. T.
quinqueloba has been described to be associated with water mass
fronts (Hemleben et al., 1989; Husum and Hald, 2012) and are
most abundant at regions of mixing of different water masses and
enrichment in the nutrients (Johannessen et al., 1994; Husum and
Hald, 2012).

Along the sampled transect, N. incompta follows the
opposite trend compared to N. pachyderma exhibiting decreasing
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TABLE 1 | Correlation factors for the relative abundance of planktic foraminifera (Neogloboquadrina pachyderma, Neogloboquadrina incompta, Globigerina bulloides,
Turborotalita quinqueloba, Globorotalia inflata, Globigerinita glutinata, and Globigerinita uvula) with different environmental parameters [average temperature (Temp., ◦C)
and salinity (PSU) of the first 100 m of the water column, Chlorophyll-a (Chl-a, mg m−3) and water depth (m)].

Neogloboquadrina
pachyderma

Neogloboquadrina
incompta

Globigerina
bulloides

Turborotalita
quinqueloba

Globorotalia
inflata

Globigerinita
glutinata

Globorotalia
uvula

Water depth 0.44 −0.62 0.08 −0.07 −0.07 −0.30 −0.37

Salinity −0.73 0.86 −0.04 0.14 0.41 0.67 0.17

Temp. −0.76 0.81 0.00 0.14 0.48 0.75 0.23

Chl-a 0.18 0.05 −0.43 −0.19 −0.05 −0.14 0.22

Numbers in red show significant correlations (p < 0.05).

FIGURE 7 | Hierarchical cluster analysis of stations based on foraminiferal assemblages (Bray Curtis similarity). The pie charts show the contribution of different
species to different clusters (by SIMPER analysis).

abundance in the subpolar waters of the Irminger and the
Labrador Seas. Its abundance has strong positive correlation with
temperature (r = 0.81) and salinity (r = 0.86; Table 1). Also,
the negative correlation of N. incompta percentages with water
depth (bathymetry) (r = −0.61) supports its higher abundance
in shallow waters of the Iceland-Faroe-Shetland Channel. This
observation is coherent with other studies wherein N. incompta
was abundant in <100 m water depth in eastern North Atlantic
(Schiebel et al., 2001; Husum and Hald, 2012). It prefers shallow
stratified warm water (>8◦C) (Ortiz et al., 1995; Schiebel et al.,
2001). Neogloboquadrina incompta is also related to high nutrient
and Chl-a concentration (Ortiz et al., 1995; Kuroyanagi and
Kawahata, 2004; Kretschmer et al., 2018). However, in the present
study, no significant correlation of N. incompta abundances
with Chl-a concentration (r = 0.05) was found. This might be
due to the changing food habits of the species with respect to

the availability of food in this region. Also, we have taken the
superficial Chl-a data for the analysis, which could cause a no-
correlation with species abundance as N. incompta thrives in
50–150 m depth of the water column.

In the present study, G. glutinata was most abundant
in the central part of the Iceland Basin and decreased
toward the western and eastern sides of the sampled transect.
Globigerinita glutinata is a cosmopolitan species with no specific
environmental limits (Schiebel et al., 2017). This species has
been shown to dominate planktic foraminifera assemblages in the
high latitude areas only recently (Schiebel et al., 2017; Spooner
et al., 2020). In the subpolar ocean, the species abundance can
increase in summer with shallow thermocline depth depending
upon food availability (Stangeew, 2001). Some authors have
suggested, it increases with the onset of spring bloom (Ottens,
1992), and few link it with a change in the possible food habitat
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(Meilland et al., 2020; Spooner et al., 2020). We found that the
species occurrence has a positive correlation with temperature
(r = 0.75) and salinity (r = 0.67) along the transect showing
the species’ affinity toward warmer and more saline water mass,
but no correlation with Chl-a. Globigerinita glutinata was also
reported to have a strong relationship with seasonality and
food availability, especially associated with diatoms (Schiebel and
Hemleben, 2000). Our data in this region shows the distribution
of G. glutinata is related to the temperature and salinity variation
rather than Chl-a concentration.

In the present study, temperate to subpolar species G.
bulloides relative abundance shows a weak negative correlation
(r = −0.42) with Chl-a concentration and also does not depend
on temperature and salinity (Figure 6). Here, G. bulloides is
maximum over Reykjanes Ridge and central Iceland Basin.
Generally, this species is most abundant in highly productive
subpolar and tropical regions and is specifically marked as an
upwelling indicator species in the tropics (Bé and Tolderlund,
1971; Schiebel et al., 2001; Salgueiro et al., 2010). However, a
negative correlation possibly can be due to a change in the nature
of food habitat in the area. Meilland et al. (2020) suggested Chl-
a may not always represent a good indicator for foraminiferal
distribution, showing no link between Chl-a and the productivity
indicator species T. quinqueloba and G. uvula in the Barents Sea.
Thus, G. bulloides can also be summed as a ubiquitous subpolar
species and does not follow any specific trend in the SPNA ocean.

Globigerinita uvula is a temperate to polar species, constituting
0.50–2% of the assemblages (Schiebel and Hemleben, 2017),
which is consistent with our data. Recently, increased abundances
of this species in surface water assemblages from subpolar to
polar regions (Stangeew, 2001; Retailleau et al., 2011; Meilland
et al., 2020) have been noticed, but it was not reflected in the
surface sediment assemblages (Meilland et al., 2020) as also seen
in our data. As the plankton tow study provides information,
particularly during the sampling period, G. uvula abundance
in the water column at that particular period can increase
depending on the favorable conditions and can be different
from surface sediment assemblage. The small-sized-less resistant
species may have low preservation potential while settling in
sediment, causing an enhancement of the same in the water
column and not in sediment. Moreover, the lower settling velocity
of this species gives rise to a higher concentration of its tests
in the water column. Globigerinita uvula mainly concentrated
in <100 µm fraction (Schiebel et al., 2017), might also be a reason
for the low abundance of the same in >100 µm in our study.
There is no correlation of G. uvula percentages in our data with
temperature or salinity. The occurrence of G. uvula presumably
co-varies with primary productivity (Volkmann, 2000; Schiebel
and Hemleben, 2017) and generally have a seasonal production
in spring and early summer (Schiebel et al., 1995). However, it
exhibits an insignificant correlation with Chl-a concentrations
along the transect. In a recent finding, Meilland et al. (2020) have
also shown no significant correlation between Chl-a content and
G. uvula occurrence as they showed a more dependency on food
composition rather than concentration.

Globorotalia inflata has a low abundance and is present only
on the eastern side of the transect. Generally, its occurrence

ranges from subpolar to subtropical waters (Schiebel et al., 2017).
In the subpolar ocean, its intrusion represents the influence
of warmer water coming through the North Atlantic Current
(NAC). It thrives at the base of the seasonal thermocline (100–
200 m) (Ganssen and Kroon, 2000; Cléroux et al., 2007). G. inflata
abundance depends on the surface, and subsurface nutrient
enrichment (Schiebel et al., 2017), i.e., eddies and frontal mixing
supports its distribution. However, we found only weak positive
correlation of G. inflata abundances with temperature (r = 0.47)
and salinity (r = 0.41) but no relation to Chl-a concentrations
(r =−0.05).

Abundances of the subtropical species G. scitula and Orbulina
sp. are rare and very low in SPNA. However, G. scitula and
Orbulina sp. have been described as subtropical species and are
associated with NAC (Ottens, 1991). Hence, their presence can
indicate the entrainment of warm NAC water in the study area.
Moreover, the absence of correlation of planktic foraminifera
with Chl-a in the study area is probably due to the fact that
the chlorophyll data represent only the superficial layer and
not the 0–100 m.

Faunal Assemblages
Along the sampled transect in the SPNA Ocean, the stations are
grouped into three distinct faunal groups based on hierarchical
cluster analysis.

Labrador Sea - Polar Group (Cluster Group I)
The Labrador Sea has the coldest water mass along the transect.
It is influenced by the cold surface currents EGC, WGC, LC, and
relatively warmer surface current IC. Also, it receives fresh Arctic
water through the Canadian Arctic Archipelago. Cluster group I,
associated with the Labrador Sea, comprises a single species N.
pachyderma (100%) (Figure 7). Neogloboquadrina pachyderma is
dominant in subpolar and polar conditions (Bé and Tolderlund,
1971; Volkmann, 2000). A decrease in species diversity and
richness often occurs in regions of high environmental stress
(Keller and Abramovich, 2009) which is the case in the Labrador
Sea. The elevated abundance of N. pachyderma in the region can
also be explained by the good preservation of these thick-shelled
species as that is more resistant to dissolution than T. quinqueloba
and G. uvula (Berger, 1973; Boltovskoy and Wright, 2013).

Study on modern-day planktic foraminifera assemblages in
the Labrador Sea is rare. A previous study by Stehman (1972)
documented two species, N. pachyderma and G. bulloides,
in >200 µm mesh size from the Labrador Sea. Besides, the
dominance of single species in this study can be due to
an underestimation of the foraminiferal species with smaller
size fractions. The size range considered in the present study
is >100 µm with relative abundances of N. pachyderma 100%.
Conversely, Stangeew (2001) had reported high abundances of
small-sized (>63 µm fraction) T. quinqueloba (46.80%), G.
uvula (3.50%), along with G. glutinata (20.80%), N. pachyderma
(19.60%), N. incompta (2.60%), G. bulloides (6.40%),G. scitula
(<1%), and G. inflata (<1%) in the convection region of
the Labrador Sea in 0–200 m water column. We compared
our surface sediment data of station 3 with the plankton
tow results of Stangeew (2001). To ascertain whether the
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FIGURE 8 | Relative abundance (%) of planktic foraminiferal species in 63–100 µm size fraction from the stations of Labrador Sea, shown in bar plots.

species abundances are size-dependent, we examined the 63–
100 µm size fraction in the samples of the Labrador Sea.
In this fraction, compared to >100 µm fraction, the smaller-
sized species G. uvula were more dominant with 37–80%
abundance (Figure 8). The dominance of N. pachyderma
in >100 µm fraction and of G. uvula in 63–100 µm fraction
infers that size plays a significant role in the analysis of
planktic foraminifera assemblages, which was also observed
in previous studies (Carstens et al., 1997; Husum and Hald,
2012).

In polar regions, Bé and Tolderlund (1971) reported N.
pachyderma to be the most abundant in >200 µm fraction.
Whereas, Carstens et al. (1997) and Volkmann (2000) found
the species abundance to be reduced to 60% in the fraction
of >63 µm and 70% in the fraction of >125 µm, respectively.
Also, test sizes of T. quinqueloba in Nordic Seas have been found
to differ in the past under varying climatic conditions with shell
sizes becoming larger under the Atlantic water influence (Bauch,
1994). As both the size fractions in the Labrador Sea samples
from our study are dominant in the cold and fresh water species
N. pachyderma and G. uvula, we suggest a stronger influence of
fresh melt water and EGC influenced water than the warmer IC
water in the Labrador Sea. This can be evident as the recent fresh

water/melt water flux increased in the eastern Labrador Sea (Yang
et al., 2016; Zhang et al., 2021).

Irminger Sea and Iceland-Faroe-Shetland Subpolar
Group (Cluster Group II)
This group includes two areas: (1) the western side of the transect
within central and northern subpolar gyre (east of Greenland,
Irminger Sea, and Reykjanes Ridge), (2) the eastern side of
transect in the Iceland-Faroe-Shetland Channel (IFSC), and on
the northernmost Rockall Plateau between the two pathways of
NAC. Cluster group II is comprised of mixed assemblages of
temperate to subpolar species N. incompta, G. glutinata, and
T. quinqueloba, and cold-water species N. pachyderma. On the
western part of the transect, the cold fresh water of EGC comes
in contact with relatively warm and more saline water of IC
(Dickson et al., 2007). Thus, a mixed assemblage is expected in the
region. The dominance of N. pachyderma explains this, followed
by a significant abundance of T. quinqueloba and N. incompta.
While, in the eastern side of the transect, assemblages consist
primarily of N. incompta together with T. quinqueloba and N.
pachyderma, mainly in the IFSC region. In the IFSC, the Arctic
water (lobe of cold water north of Iceland coming in the southern
Norwegian Sea) interacts with the warm Atlantic water coming
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with NAC. Modified North Atlantic Water (MNAW), a cooler
water mass than Eastern North Atlantic Water (ENAW), is found
in the upper water masses at IFSC and in some parts of the
Rockall Plateau (Read, 2000). A mixed assemblage of both cold
and warm species represents a mixing of cold and warm water.
Planktic foraminifera assemblages of Group II reflect the greater
influence of the polar water in the western SPNA.

Central North Atlantic (Iceland Basin, Northwestern
Rockall Plateau, Off Scotland) Temperate Group
(Cluster Group III)
The region toward the east of the transect, Iceland basin, Rockall
Plateau, receives warm water from NAC (Pollard et al., 2004).
This group is associated with predominantly temperate and
subpolar species assemblages in the central North Atlantic, which
exhibit the warmer-water affinity. The most abundant species of
this group are G. glutinata, N. incompta, and T. quinqueloba,
while G. bulloides and G. uvula are less abundant. In the
central Iceland basin, more of N. incompta and G. glutinata
represents a warmer water influence. Also, the presence of G.
inflata and Orbulina sp. in this group shows the influence of
warm subtropical water (Ottens, 1992). Globigerinita uvula’s
contribution to the assemblage (6%) shows the presence of
fresher melt water at the surface in summer.

Turborotalita quinqueloba percentages are higher at the sites
near the NAC pathways in Iceland Basin, near Scotland, and
the Reykjanes Ridge. NAC, in this region, acts as a frontal
zone, separating the cold fresh subpolar water mass and warm
saline subtropical water mass (Read, 2000; Daniault et al.,
2016). Turborotalita quinqueloba is a front indicator species;
hence, its higher abundance at the eastern Iceland basin and
Reykjanes Ridge reflects the proximity of the frontal zone in the
studied transect.

Neogloboquadrina pachyderma Versus
Neogloboquadrina incompta Ratio as an
Indicator for Change in Water Mass
Property
Neogloboquadrina pachyderma is a subpolar to polar species with
an increase in abundance poleward (Bé and Tolderlund, 1971).
While N. incompta, reported earlier as a dextral variety of N.
pachyderma, is preferably found in relatively warmer and more
saline waters. In the present study, N. incompta represented its
association with temperate/subtropical characteristics of NAC
in the region, as the PCA plot demonstrated (Figure 6).
The abundance of both species depends on physicochemical
factors, such as the temperature and salinity of the water mass,
presence/absence of sea ice, stratification, and food availability
(Jonkers et al., 2010; Greco et al., 2019; Meilland et al.,
2020). The highest abundances of N. pachyderma match with
an optimum temperature range of −0.50 to 17◦C, whereas
maximum percentages of N. incompta occur at 8.50–21.40◦C
(Žarić et al., 2005, based on sediment traps study; Hilbrecht, 1996,
based on surface sediments study). The critical temperature for
the shift from the dominance of N. pachyderma to N. incompta is
at≥9◦C (Žarić et al., 2005). In our study, the highest abundances

of N. pachyderma are concentrated in the Irminger and Labrador
Seas at an average temperature of 5.54◦C and average salinity of
34.96 PSU. Contrary to this, N. incompta is most abundant in the
eastern side of the North Atlantic, with maximum abundances
at an average temperature of 6.82◦C and salinity of 35.05 PSU.
The turnover in prevailing abundances of N. pachyderma/N.
incompta takes place near Reykjanes Ridge (Figure 5). We
suggest a change in water mass properties from the change in
assemblages at the western side of Reykjanes Ridge, previously
documented by authors from earlier studies (McCartney and
Talley, 1982; Read, 2000). This can be illustrated by the ratio
between the abundances of N. pachyderma and N. incompta along
transect plotted against the temperature and salinity (average
of upper 100 m water column) (Figure 5B). The ratio of N.
pachyderma and N. incompta was found to be >1 in the western
side with the highest values at the temperature of <4.60◦C and
salinity of <34.80–35 PSU in the present study. Our results on
differences in the abundances of N. pachyderma and N. incompta
on the transect across SPNA are in agreement with previous
data on this species ratio as an indicator of the changes in
water mass distribution in Nordic Seas and SPNA (Eynaud,
2011). Updating data on the N. pachyderma/N. incompta ratio
improves the use of this tool for paleoceanographic studies,
as demonstrated by Eynaud et al. (2009). This is evident with
the hydrographic change across the Reykjanes Ridge in the
upper water masses.

A Shift in Planktic Foraminiferal
Assemblages in the North Atlantic
The recent trends in warming and its associated processes
have led to the change in ecology and distribution of planktic
foraminifera in the North Atlantic (Jonkers et al., 2019; Meilland
et al., 2020). Schiebel et al. (2017) and Meilland et al. (2020) have
reported a marked change in planktic foraminifera assemblages
and their diversity, with an influx of temperate species increasing
their dominance in the region.

We have compared our planktic foraminifera assemblage
data with previously published data presenting samples collected
in the North Atlantic from Matul et al. (2018), which also
includes Pflaumann et al. (2003) dataset, to see if there
is any change in planktic foraminiferal assemblages. Their
dataset consists of the surface sediment assemblages from the
SPNA ocean. We analyzed the average species composition for
each region, i.e., I. Irminger Sea II. Iceland Basin and III.
Rockall Plateau and IFSC in both datasets. The assemblages
observed in the dataset mentioned above and our samples
are generally similar in species composition except for the
absence of Globorotalia hirsuta and Globorotalia truncatulinoids
in the present data.

We compared the planktic foraminifera relative abundance
data for each region in both datasets (Figure 9) to illustrate
a possible effect of the oceanographic shift on the planktic
foraminifera assemblages. The most significant faunal change
within the groups was found in the Irminger Sea and Iceland
basin. Irminger Sea assemblage is comprised of N. pachyderma,
N. incompta, G. glutinata, G. bulloides, and T. quinqueloba
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FIGURE 9 | (A) Map showing locations of the samples from Matul et al. (2018) (red diamond) and from our study (blue triangle). (B) Comparison of the relative
abundance (%) of planktic species from this study (a) with Matul et al. (2018) (b), shown in the bar chart; Ir, Irminger Sea; Ic, Iceland Basin; IFSC, Rockall Plateau and
Iceland-Faroe-Shetland Channel.

in our study. Whereas, Iceland basin and Rockall Plateau-
IFSC assemblage consist of all the species of the Irminger Sea
assemblage along with G. inflata in the present study. Compared
to Matul et al.’s (2018) data, T. quinqueloba percentage has
increased, and percentages of G. bulloides and G. glutinata has
decreased in our study area in the Irminger Sea. Likewise,
in the Iceland basin, T. quinqueloba percentage has increased,
and G. glutinata and G. bulloides percentage have decreased
in this study in comparison to Matul et al.’s (2018) data. The

present study also observed an increased relative abundance of
G. glutinata and decreased G. bulloides in Rockall Plateau-IFSC
region. Thus, an increase in subpolar species T. quinqueloba in
the Irminger Sea and Iceland Basin from our data could indicate
an increase in surface productivity and a relative increase in the
cold subpolar water influx in the region. Also, a decrease in G.
inflata percentage in both the Iceland basin and Rockall-IFSC
could indicate a decrease in the influx of warm NAC water to the
region (Staines-Urías et al., 2013).
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The abundance of G. inflata at the eastern side of the transect
has been used as a potential indicator of the NAC water influx
(Staines-Urías et al., 2013). A lower NAC influx is linked with
a strengthened and expanded SPG (more eastward) and vice-
versa (Hátún et al., 2005; Staines-Urías et al., 2013). Hence, a
decreased influx of G. inflata at the eastern side of the transect,
i.e., near Faroes, can be due to strengthened and expanded
SPG. Moreover, an ongoing increase in the Greenland Ice sheet
melt affects the Irminger Sea and the Labrador Sea the most,
increasing fresh water influx (Bamber et al., 2012; Yang et al.,
2016). The Labrador Sea assemblage in our study also shows an
increase in cold water species N. pachyderma (>100 µm), G.
uvula, and T. quinqueloba (>63 µm), indicating a possible drop
in temperature and salinity of the upper water column with an
increased influence of SPG activity and an increase in freshwater
flux. Thus, a slight shift in planktic foraminiferal assemblage in
the SPNA ocean was observed in the present dataset. A further
study on the present planktic foraminiferal distribution in the
water column (plankton tow) in the SPNA ocean will be an
important addition to this study.

CONCLUSION

The present study documents the planktic foraminiferal
distribution and species composition in the SPNA Ocean.

(1) In the SPNA Ocean, the recent planktic foraminifera
in surface sediments shows a close correlation with the
surface-subsurface water mass structure.

(2) Based on cluster analysis, three planktonic foraminifera
groups could be identified across the transect in the SPNA
Ocean. The polar group is marked by the dominance
of N. pachyderma in the Labrador Sea. The mixed
group is represented by both warm and cold assemblage
(N. pachyderma, N. incompta, G. glutinata, and T.
quinqueloba) from the different locations on the western
and eastern sides of the transect. Lastly, a warm temperate
group included stations from Reykjanes Ridge to Iceland
Basin and Rockall Plateau with warm-water assemblage
composed of G. glutinata, N. incompta, T. quinqueloba, G.
bulloides, and G. uvula.

(3) The ratio N. pachyderma and N. incompta can be used
as a proxy to identify the difference between cold
Irminger water and relatively warmer Atlantic water in the
studied transect.

(4) The distribution of N. pachyderma in the Labrador Sea
indicates the presence of cold and fresh water mass. In the
Labrador Sea, N. pachyderma was dominant in >100 µm
fraction while G. uvula dominated in 63–100 µm fraction.
It can be concluded that size is an important factor
in studying the planktic foraminiferal abundances and
distribution of species.

(5) A comparison of our planktic foraminifera data with
the previous dataset reveals a slight shift in planktic
foraminiferal assemblage in the SPNA ocean.
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