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Abstract. Sub-Antarctic fjords are among the environments
most affected by the recent climate change. In our dynam-
ically changing world, it is essential to monitor changes in
these vulnerable settings. Here, we present a baseline study
of “living” (rose-bengal-stained) benthic foraminifera from
fjords of South Georgia, including fjords with and without
tidewater glaciers. Their distribution is analyzed in the light
of new fjord water and sediment property data, including
grain size and sorting, total organic carbon, total sulfur, and
813C of bulk organic matter. Four well-defined foraminiferal
assemblages are recognized. Miliammina earlandi domi-
nates in the most restricted, near-shore and glacier-proximal
habitats, Cassidulinoides aff. parkerianus in mid-fjord areas,
and Globocassidulina aff. rossensis and an assemblage dom-
inated by Ammobaculites rostratus, Reophax subfusiformis,
and Astrononion echolsi are in the outer parts of the fjords.
Miliammina earlandi can tolerate strong glacial influence,
including high sedimentation rates in fjord heads and sedi-
ment anoxia, as inferred from sediment color and total or-
ganic carbon /sulfur ratios. This versatile species thrives
both in the food-poor inner reaches of fjords that receive
mainly refractory petrogenic organic matter from glacial
meltwater and in shallow-water coves, where it benefits from
an abundant supply of fresh, terrestrial, and marine organic
matter. A smooth-walled variant of C. aff. parkerianus, ap-
parently endemic to South Georgia, is the calcareous rotaliid
best adapted to inner-fjord conditions characterized by mod-
erate glacial influence and sedimentation rates and showing
no preference for particular sedimentary redox conditions.

The outer parts of fjords with clear, well-oxygenated bot-
tom water are inhabited by G. aff. rossensis. Ammobaculites
rostratus, R. subfusiformis, and A. echolsi dominate in the
deepest-water settings, with water salinities > 33.9 PSU and
temperatures 0.2—1.4 °C, characteristic of winter water and
Upper Circumpolar Deep Water. The inner- and mid-fjord
foraminiferal assemblages seem specific to South Georgia,
although with continued warming and deglaciation, they may
become more widespread in the Southern Ocean.

1 Introduction

South Georgia (SG) is uniquely positioned between the
northern and southern streams of the Antarctic Circumpo-
lar Current (ACC; Orsi et al., 1995). Since 1925, it has ex-
perienced significant warming of the surrounding shallow
oceanic waters (Whitehouse et al., 2008) and widespread
glacier retreat (Gordon et al., 2008; Cook et al., 2010),
changes that coincide with the climatic reorganization of the
Southern Ocean caused by the southward shift in the ACC
(Gille, 2014) and intensification and southward migration of
the southern westerly wind belt (Perren et al., 2020). These
major environmental changes will likely continue into the
future, strongly affecting marine and terrestrial ecosystems
(Constable et al., 2014). They will be particularly evident in
fjords (Bianchi et al., 2020) and especially in the highly sen-
sitive sub-Antarctic island of SG, where biological invasions
due to increasing vessel traffic are also likely to occur (Frenot
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et al., 2005). Now is therefore a timely moment to widen our
understanding of fjord biota and their links with the local en-
vironmental conditions.

This study focuses on foraminifera, a major component of
benthic assemblages in marine ecosystems. They are abun-
dant, highly diverse, and many species are preserved in the
fossil record. The short life cycle of foraminifera means
that they are highly responsive to ecological changes (Joris-
sen et al., 2009) and therefore particularly valuable for re-
constructing paleoenvironments and for monitoring the cur-
rent state of marine environments (Murray, 1991). Moreover,
elemental and isotopic composition of tests of calcareous
foraminiferal may be calibrated to reflect composition of am-
bient seawater, which makes them useful for reconstructing
past environmental conditions, including water temperatures
and salinities (de Nooijer et al., 2014). All these factors make
foraminifera an important subject of study.

The primary goal of this research is to document the dis-
tribution of different foraminiferal communities inhabiting
fjords of SG. Based on new hydrological (water salinity
and temperature) and sedimentological data, including grain
size and sorting, total organic carbon (TOC), total sulfur
(TS), and 813C of bulk organic matter, we aim to link these
communities with their typical habitats. This will provide a
present-day baseline for interpreting fossil records and mon-
itoring future faunal change. Finally, we compare the com-
position of foraminiferal assemblages inhabiting the fjords
of SG with those in similar habitats north and south of the
ACC. These results may provide insights into likely faunal
and ecosystem changes in the Southern Ocean linked to an-
ticipated climate warming.

1.1 Study area

South Georgia is approximately 170km long and up to
40km wide, making it one of the largest sub-Antarctic is-
lands, in addition to being one of the most remote. It is lo-
cated within the influence of the ACC (Fig. 1). The south-
ern ACC front wraps anticyclonically around SG before con-
tinuing westwards to the north of the island (Thorpe et al.,
2002). The island is surrounded by a wide shelf composed
of continental crust, with a long geological history (Curtis
et al., 2010), and water depths rarely exceeding ~ 300 m
(Graham et al., 2008). The closest large land areas are the
Falklands (Malvinas) and southern Patagonia, with ~ 1400
and ~ 1700 km, respectively, to the west, and the Antarc-
tic Peninsula, ~ 1500km, to the southwest. The smaller
archipelagos of the South Sandwich Islands and the South
Orkney Islands, lie about 700 km southeast and about 850 km
southwest of SG, respectively (Fig. 1).

SG is under the influence of a maritime climate, with mean
annual temperatures of ~2 °C at Grytviken and annual pre-
cipitation of ~ 1400 mm (Smith, 1960). Weather conditions
can be quite variable from year to year, depending on the be-
havior of the ACC (Cook et al., 2010). SG is strongly affected
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Figure 1. Study area. The upper map (after https://freevectormaps.
com, last access: 8 October 2021) shows the position of South Geor-
gia in the southwestern Atlantic and the southern Antarctic Cir-
cumpolar Current front (SACCF), the polar front (PF), and the sub-
antarctic front (SAF), after Orsi et al. (1995). The lower map (after
the “South Georgia and The Shackleton Crossing” map 1 : 200 000,
published by the British Antarctic Survey in 2017, and “Admi-
ralty Chart 3588: Approaches to Stromness and Cumberland Bays”,
1:50000, second edition, 23 January 2003) shows locations of sam-
pling stations and those conductivity, temperature, and depth (CTD)
stations, for which the data profiles are shown in Fig. 2.

by westerly winds that make its SW shores quite exposed and
NE shores more sheltered. Due to structural upwelling on
the leeward side of the archipelago, the close proximity of
oceanic fronts, and local lithogenic sources, waters are rich
in nutrients and productive (Davenport, 1995). Coastal water
is very cold throughout the year, and in winter and spring it
approaches freezing point. In Cumberland Bay, late summer
fjord water temperatures decrease from ~2.5 to ~1.5°C,
and salinity increases from 33-34 to > 34.2 PSU near the sea
floor at ~ 250 m water depth (Romer et al., 2014; Geprigs
et al., 2016). The water column is stratified, with lower salin-
ity local water at the surface (< 33.6 PSU), underlain by a
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water mass resembling Antarctic Surface Water, and usu-
ally with the deepest water mass approaching the density of
winter water and Upper Circumpolar Deep Water (Meredith
et al., 2003).

SG is a heavily glaciated island, with ice caps and snow-
fields covering over 50 % of the surface. Many fjords are ter-
minated by tidewater glaciers. Out of 103 coastal glaciers,
97 % have retreated since the 1950s (Cook et al., 2010). The
areas of this study include most of the Cumberland East and
West bays. These are fed at their heads by the Nordensk;jold
and Neumayer glaciers, which rank among the largest on
the island but show strikingly different retreat rates. While
the Nordenskjold Glacier is almost stable (Gordon et al.,
2008), the retreat rate of the Neumayer Glacier accelerated
to nearly 400 myr~! during 2005-2008 (Cook et al., 2010).
The other main sampling area was Stromness Bay. Its catch-
ment is mainly ice free, and only small cirque glaciers are
present. All these bays are located in the center of the NE
coast of SG. Additional material was collected in Fortuna
Bay and Antarctic Bay, located to the northwest (Fig. 1).

Detailed multibeam swath bathymetry of the studied fjords
indicated diverse geomorphology, with underwater glacial
moraine ridges and distinct basins overprinting large-scale
geomorphological features, including troughs that continue
out to the shelf edge (Hodgson et al., 2014). The age of
these submarine features, in both the larger and smaller scale,
remains controversial because marine geological data are
sparse (Barnes et al., 2016). The extent of the Last Glacial
Maximum (LGM) glaciation is also debated, although an ex-
tensive LGM glaciation overriding at least much of the conti-
nental shelf (Graham et al., 2008, 2017; Barlow et al., 2016;
White et al., 2018) seems more likely than the restriction of
LGM glaciers to the fjords (Bentley et al., 2007; Hodgson
et al., 2014). The millennial-scale sediment accumulation
rates are known only from a few sediment cores recovered
from the outer parts of Cumberland Bay and vary from 0.1 to
0.2 crnyr_l (Berg et al., 2019, 2020; Graham et al., 2017).

1.2 Previous research

Terrestrial ecosystems of sub-Antarctic islands, includ-
ing SG, have attracted considerable scientific attention, fo-
cusing on the impacts of climate change and the dispersal
of invasive species (Bergstrom and Chown, 1999). However,
because of its remoteness, marine ecosystems of SG remain
largely understudied (Barnes, 2005), despite their important
contribution to global and regional biodiversity (Hogg et al.,
2011).

Nevertheless, thanks to financing from the whaling indus-
try, SG was the location of one of the classic foraminiferal
studies in the Southern Ocean (Earland, 1933, with prelimi-
nary papers by Heron-Allen and Earland, 1930, 1932). This
work was based mainly on surface sediments collected dur-
ing expeditions of the Royal Research Ship (RRS) Discov-
ery (1925) and RRS William Scoresby (1926—1930), mainly
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at shelf sites but including also some shallower stations in
Stromness Bay and Cumberland East and West bays. These
publications established 49 new taxa, making SG one of
the taxonomically best-known areas for foraminifera in the
Southern Ocean. Apart from a recent paper based on sam-
ples from the outer shelf and upper slope (238-354 m wa-
ter depth) north of SG (Dejardin et al., 2018), and an ear-
lier study that included several sites at similar upper bathyal
depths to the south of SG (Echols, 1971), nothing further has
been published on the foraminiferal distribution and taxon-
omy in this region. However, a number of foraminiferal stud-
ies have focused on surrounding shelf areas, including the
Falkland Islands and their adjacent shelf (Heron-Allen and
Earland, 1932), fjords and channels of Patagonia (Violanti
et al., 2000; Hromic et al., 2006), the South Shetland Islands
(Finger and Lipps, 1981; Gray et al., 2003; Majewski, 2005,
2010; Majewski et al., 2007; Rodrigues et al., 2010), and the
Antarctic Peninsula (Ishman and Domack, 1994; Ishman and
Szymcek, 2003; Murray and Pudsey, 2004; Majewski et al.,
2016). Research was also conducted in deepwater regions,
highlighting foraminiferal gradients across the Drake Pas-
sage (Herb, 1971) and the frontal system of the ACC (Mack-
ensen et al., 1993). Together, these works provide a firm re-
gional background for this study.

2 Material and methods
2.1 Fieldwork

The fieldwork was conducted in fjords located in the cen-
tral part of the northern coast of SG (Fig. 1 and Table 1)
from the sailing research vessel (SRV) Saoirse in Novem-
ber and December of 2019. Hydrologic parameters, namely
water density, temperature, and salinity (conductivity), were
measured using a CTD48M memory probe (Sea & Sun Tech-
nology GmbH) at 20 stations (Table 1). Bottom-water mea-
surements for particular stations were based either on direct
conductivity, temperature, and depth (CTD) measurements
or extrapolated from the nearest CTD profile at a similar
water depth, since the water properties indicated a uniform
water column stratification throughout each particular fjord
(Fig. 2). The salinity is expressed in PSUs (practical salin-
ity units). The classification of local water masses mainly
followed a scheme proposed by Orsi et al. (1995), Meredith
et al. (2003), Carter et al. (2008), and Geprigs et al. (2016).

2.2 Sampling

All sediment samples were collected using a Van Veen grab
sampler with a sample area of 1000 cm?, manufactured by
KC Denmark (model 12.211, matching Norwegian ISO stan-
dards). The grab was equipped with inspection windows and
rubber plates that opened during descent. After the grab was
recovered and secured on board, the inspection windows
were opened and excess seawater carefully removed. In the
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Table 1. List of stations investigated for this study. Sedimentary indices include grain size, total carbon, total organic carbon, total sulfur, and
813C of bulk organic matter (indicated in Table S1 in the Supplement). Note that CTD is for conductivity, temperature, and depth.

Sample ID  Latitude Longitude Water depth Date of 2019 CTD  Van Veen Sedimentary
(54°S) (36°W) (m) grab indices
SG-01 06.2000  58.800/ 111 26 Nov v v v
SG-03 04250  56.812 250 27 Nov v v v
SG-04 07.658  47.598' 135 27 Nov v % v
SG-06 17.299"  28.247 121 27 Nov v v v
SG-07 16.052"  26.227 250 29 Nov v v v
SG-08 12.038"  34.267 23 29 Nov v % v
SG-09 12.044°  34.253 60 29 Nov v v
SG-10 12.759"  33.677 114 29 Nov v v v
SG-11 13.593"  33.525 240 29 Nov v v v
SG-12 16.980°  29.977 21 30 Nov v v v
SG-13 21.936"  22.486/ 28 30 Nov v v v
SG-14 20.851"  22.749 155 30 Nov v v %
SG-15 Sandbugten 51 30 Nov v v
SG-16 21.181"  22.948 136 1 Dec v v
SG-17 09.533  41.583/ 914 2Dec v v v
SG-18 10.783"  39.979 102 2 Dec v v v
SG-19 08.418  40.862 48 2 Dec v
SG-20A 13.536'  24.792 144 3 Dec v v
SG-20B 13.586"  25.234’ 106 4 Dec v
SG-21 12900  26.963 252 4 Dec v v v
SG-22 14744 30.395 45 4 Dec v v
SG-23 14.3217  47.206' 202 4 Dec v
SG-24 14.653  42.150/ 190 4 Dec v v v
SG-25 15.181"  39.446/ 170 4 Dec v
SG-26A 08.542"  36.592/ 155 5Dec v v v
SG-26B 08.467  36.550/ 123 5 Dec v
SG-27 09.372"  38.426/ 136 5 Dec % v
SG-28 09.861"  40.175 37 5Dec v v
SG-29 10.148"  37.022 46 5 Dec v v
SG-30 08.3377  37.935 60 5 Dec v
SG-31 14.702"  41.702 188 6 Dec v v
SG-32 15.041"  38.716/ 194 6 Dec v v

case of over penetration, or if the sediment surface was dis-
turbed (e.g., due to failure in sealing the grab during the as-
cent), the operation was repeated until a good sample was
recovered.

For quantitative foraminiferal analyses, the upper 2 cm of
sediment was sampled from an area of 63.5cm?, defined
by a ring 9 cm in diameter pressed to the sediment surface
through one of the inspection windows. Samples for grain
size and geochemical analyses were taken from the remain-
ing surface sediment if available. Additional material was
also taken for studies of delicate gromids (Gooday et al.,
2022) and monothalamous foraminifera (Holzmann et al.,
2022). At most stations, two replicate samples were obtained
from two separate deployments of the grab. At stations SG-
20 and SG-26, the boat’s position could not be maintained
due to difficult conditions, resulting in the recovery of repli-
cates from significantly different water depths. In these two
cases, both samples were analyzed. Replicates from the re-
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maining stations were archived. In total, 29 samples were
fully processed for stained foraminifera, with seven from
Cumberland East Bay, eight from Cumberland West Bay,
three from outer Cumberland Bay, eight from Stromness Bay,
two from Antarctic Bay, and one from Fortuna Bay (Fig. 1
and Table 1). They were obtained at water depths down to
250 m, i.e., including the deepest parts of the fjords. To study
the depth distribution of “live” (stained) foraminifera in the
sediment profile, grab samples taken at stations SG-21 and
SG-27 were subsampled with tubes of 7cm diameter, pro-
viding cores 6 cm long. These were sliced into 1cm thick
intervals directly after recovery.

2.3 Sediment types and grain size analysis
All surface sediment samples were described on board in

terms of sediment type, color, presence of ice-rafted clasts,
and macro-biota. Subsamples were taken from 25 grab sam-
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Figure 2. Selected salinity and temperature profiles from Antarctic, Fortuna, Cumberland, and Stromness bays in South Georgia. The loca-

tions of the CTD profiles are indicated in Fig. 1 and in Table 1.

ples for volumetric grain size analysis using laser beam
diffraction. Prior to the analysis, grains > 2 mm in size and
organic matter were removed by passing the sample through
a sieve, and the remaining sediment was treated with sodium
hexametaphosphate and ultrasound to avoid grain aggrega-
tion. The analyses were performed in a Mastersizer 2000 par-
ticle size analyzer, and the resulting grain size statistics were
calculated with GRADISTAT (Blott and Pye, 2001), using
the logarithmic method of moments.

2.4 Geochemistry

Total carbon, TOC, and TS analyses were performed using an
Eltra CS-500 IR analyzer at the Faculty of Natural Sciences,
Institute of Earth Sciences, University of Silesia, following
the standard procedure (Racka et al., 2010). The TOC/TS
ratio was used as an approximate indicator of sediment re-
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dox, where ratios < 1.5 indicate anoxic, 1.5-5 periodically
anoxic, and > 5 oxic conditions (Berner, 1983). The stable
carbon isotopes of bulk organic matter in the sediments were
analyzed using a Thermo Electron DeltaV Advantage iso-
tope ratio mass spectrometer (IRMS) with ConFlo II and a
Carlo Erba NA-1500 elemental analyzer at the University
of Florida. The data were related to the USGS40 (United
States Geological Survey) standard (n = 28; standard devia-
tion, SD, =0.081). All carbon isotopic results are expressed
in standard delta notation relative to Vienna Peedee Belem-
nite (VPDB).

2.5 Micropaleontology

Directly after collection, samples were gently washed on a
63 um mesh sieve with cold seawater and stained with rose
bengal (2gL~") and 70 % ethanol diluted in seawater. Sam-
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ples were left to stain for at least 2d, washed, and left to
dry for easier transport. The 63—125 and > 125 um grain size
fractions were dry-picked. Wherever possible, at least 300
stained individuals were picked from each fraction. If sam-
ples yielded < 300 stained individuals, then specimens from
replicates were also picked in the same way as the regular
samples. Consequently, for stations SG-12, SG-13, SG-14,
SG-16, and SG-28, specimens from both replicates were fur-
ther analyzed. Samples rich in foraminifera were divided us-
ing a dry microsplitter, and all stained tests were picked from
the splits. Diversity indices, i.e., Shannon diversity index and
dominance were calculated using PAST 4.03 software (Ham-
mer et al., 2001).

Transparent calcareous foraminifera were classified as
“living” if at least the final chamber was occupied by bright
red- or violet-stained cytoplasm (Silva et al., 1996), and
opaque agglutinated tests were conducted if the cement was
intensely stained, especially when wet, or if stained material
filled chambers that had been broken open. Porcellaneous
foraminifera (miliolids) were regarded as living if material
exposed in the aperture was stained or if the test acquired a
distinct coloration after re-wetting (Schonfeld et al., 2012).

All foraminiferal specimens were arranged by taxon on
micropaleontological slides and counted. Photographic doc-
umentation of specimens typical of each species (Figs. S1—
S6 in the Supplement) was performed with a Phillips XL20
scanning electron microscope. The classification scheme
used here is that of Loeblich and Tappan (1988) and the
WoRMS database (World Register of Marine Species; Hay-
ward et al., 2021). For species of Cassidulinidae, we adopted
the latest species-level taxonomy of Majewski et al. (2021),
which is based on molecular data. Specimens are housed at
the Institute of Paleobiology, Polish Academy of Sciences
(Warsaw), under the catalogue number ZPAL F.65.

2.6 Statistics

As a first step, we selected species that were most char-
acteristic of different environmental settings. The frequen-
cies of foraminiferal specimens collected from the > 125 um
fraction and the entire assemblage (> 63 um; i.e., the > 125
plus 63—125 um fractions) were analyzed individually with
Q-mode orthogonal rotated (Varimax) principal component
(PC) analysis, following Malmgren and Haq (1982) and
Mackensen et al. (1990) and using a commercially dis-
tributed statistics package (SYSTAT 12). Fragile monotha-
lamous foraminifera, such as Cribrothalammina, Pelosina,
and Vanhoefenella, which are not preserved in subfossil sam-
ples, in addition to species never surpassing 1 % of the entire
fauna and those present only at a single station, were ex-
cluded from the statistical analyses, as was sample SG-28
for the > 125 um dataset, which yielded only 28 specimens
in that size fraction. This procedure left 36 and 43 taxa in
the > 125 and > 63 um datasets, respectively.
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In the second step, a P-mode PC analysis, with the num-
ber of factors set at two, was conducted, and PC loadings
were plotted to identify species with similar distributions.
Species within distinct groupings were assumed to have sim-
ilar environmental requirements, thus belonging to distinct
foraminiferal assemblages (Caulle et al., 2014). Combined
abundance, expressed as a percentage of the entire assem-
blage, was then used for further analysis. Canonical corre-
spondence analysis (CCA) was conducted using PAST 4.03
software (Hammer et al., 2001) in order to investigate the re-
lationship between cumulative percentages of foraminiferal
assemblages (FAs) and environmental parameters and sed-
iment properties, including water depth, distance to ma-
jor sediment source, distance to fjord mouth, bottom-water
salinity and temperature, TOC, TS, 813C, mean grain size,
and sorting.

3 Results
3.1 Fjord hydrology and sediments
3.1.1 Water temperature and salinity

The hydrology of the fjords was surveyed during the spring—
summer onset of 2019 and revealed a similar pattern of wa-
ter mass distribution in all the studied fjords (Fig. 2). The
surface local water layer was characterized by relatively low
salinity (28.4 to 33.6 PSU) and variable temperatures (0.5
to 7.6 °C). This water mass ranged in thickness from ~ 30 m
in the inner part of Cumberland Bay (SG-24) and 26 m in
the inner Stromness Bay (SG-18) to 2.4-3.2 m at the outer-
fjord/shelf stations (e.g., SG-01, SG-03, and SG-21). The
lowest salinity (< 32PSU) was found in the surface water
of the inner Cumberland West Bay (SG-23, SG-24, and SG-
25), which was influenced by meltwater from the tidewa-
ter Neumayer Glacier, and in bays supplied with freshwater
snowmelt by streams and small rivers (e.g., stations SG-17
and SG-19 in Stromness and shallow coves in Cumberland
Bay at SG-08, SG-12 and SG-22). The lowest temperatures
for local water (< 1 °C) were noted in the inner parts of Cum-
berland Bay affected by tidewater glaciers and the highest
(> 5°C) in the inner part of Stromness Bay.

The major fjord water mass was found below local wa-
ter, down to ca. 190-200 m of water depth (m w.d.) (Fig. 2).
It was characterized by temperatures that decreased down-
wards from approximately 2.5 to 0.2 °C and salinities of be-
tween 33.6 and 34 PSU. This water mass was generally sim-
ilar to Antarctic Surface Water and to winter water in the
deepest parts. The deepest water mass (>200mw.d.) was
encountered in two parts of Cumberland Bay (Fig. 1), near
the fjord mouth and in the innermost western arm of the
fjord, which is bounded by a shallow sill, <30mw.d., ac-
cording to “Admiralty Chart 3588 (Fig. 1), and supplied
with meltwater by the rapidly retreating Neumayer Glacier.
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In the outer part of Cumberland Bay (SG-11 and SG-21),
the salinity of this deepest water mass increased with depth,
reaching almost 34.4 PSU, while its temperature slightly in-
creased downward from 0.2 to 1.3°C, thus corresponding
to Upper Circumpolar Deep Water. However, in the inner-
most part of the fjord (SG-22), the water mass below 200 m
was colder (< 0.2 °C) and with maximum salinities reaching
only 33.86 PSU. The temperature and salinity of the near-
bottom water, which directly influences the benthic biota,
ranged from 0.1 to 2.3°C and 33.5 to 34.35PSU and var-
ied with water depth (Fig. 2 and Table S1). The highest tem-
peratures (> 1.5°C) were not only found at stations shal-
lower than 60m, located mainly in small bays far away
from glacier fronts in Cumberland Bay (SG-22) and Strom-
ness Bay (SG-28, SG-29, and SG-30), but also at SG-13 lo-
cated close to the front of the Nordenskjold Glacier. Mod-
erate near-bottom temperatures of 0.75 to 1.5°C were also
found at shallow stations (<60mw.d.) and at the deep-
est stations of outer Cumberland Bay (SG-11 and SG-21;
both > 240 m deep). The lowest near-bottom water tempera-
tures (0.1-0.6 °C) were encountered at water depths of 90—
250 m. Near-bottom waters with a salinity of < 33.8PSU
were found at water depths < 45 m and those with values be-
tween 33.8 and 34 PSU at depths between 37 and 210 m. In
the deepest stations (SG-07, SG-11, and SG-21), water salin-
ity was slightly > 34 PSU.

3.1.2 Sedimentology and grain size

Sediments in Antarctic Bay (SG-01 and SG-03) were com-
posed of light gray, poorly sorted glacimarine mud (medium
to coarse silt). Sediments in Fortuna Bay (SG-04) were also
composed of gray, poorly sorted, sandy mud inhabited by
Ophiuroidea. In Stromness Bay, sediments mainly comprised
poorly sorted olive brown to light brown sandy mud. The
mean grain size displayed a coarsening offshore trend, from
medium silt in inner fjords to very coarse silt/fine sand at the
fjord mouth (Fig. 3). Sediment in the central part of Strom-
ness Bay (SG-27) was covered with an algal mat. There was
some kelp and abundant plant detritus at station SG-28, lo-
cated next to Grass Island at the entrance to the Stromness
Harbor, the middle branch of Stromness Bay. Here, the sed-
iments below the thin oxidized layer were dark (blackish).
At station SG-29 (46 mw.d.), a near-shore location located
at the fjord mouth and exposed to ocean swell, sediment was
composed of dark, moderately sorted, fine sand.

Samples retrieved from the small coves of Cumberland
Bay, i.e., Jason Harbor, King Edward Cove, Sandbugten, and
Maiviken, contained olive gray, poorly sorted muds. In Jason
Harbor (stations SG-08 to SG-10), they displayed a subtle,
offshore fining trend. Sediments from the restricted, shallow-
water settings of Jason Harbor (SG-08) and King Edward
Cove (SG-12) were characterized by a ca. 1 cm thick light
layer with dark (blackish) sediment below. At other stations,
the color difference between surface and underlying sedi-
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ment was much less striking. Fragmented kelp, algal mats,
and biogenic sediment granules covered the surfaces of sed-
iments retrieved at stations SG-08, SG-09, and SG-12. Sed-
iment collected from deeper water (SG-10) contained more
ice-rafted debris (IRD), with gravels up to 6 cm in diameter,
and tubes of Polychaeta.
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Sediments in the inner part of Cumberland West Bay (SG-
23 and SG-24) were light gray, very loose, and very poorly
sorted sandy muds with IRD gravel. In the outer part (SG-
32, SG-11, SG-20, and SG-21), they were composed of
IRD-rich, poorly sorted sandy muds and muds colonized by
macroscopic benthic organisms (e.g., sponges, Polychaeta).
At station SG-31, located west of the shallow sill in the mid-
dle part of the fjord, gray and well-sorted coarse sand pre-
dominated.

Cumberland East Bay was characterized by gray (SG-13
and SG-16 in the inner part) to olive gray (SG-06 and SG-
07 in the outer part of the bay), poorly sorted, mud to sandy
mud (SG-13 next to the glacier). These sediments displayed
an offshore grain size fining trend (Fig. 3). In front of the
tidewater glacier (SG-13), the sediment was loose, rich in
IRD, and inhabited by Ophiuroidea, while in the central part
of the fjord, Polychaeta tubes were present more frequently
than at other locations.

The majority of the analyzed sediment samples were clas-
sified as poorly sorted fine to coarse silt. The sorting was
generally correlated with mean grain size, with the finer sed-
iments being generally better sorted (Fig. 3). The two outliers
were moderately to well-sorted sand samples from the swell-
affected, shallow-water station SG-29 in Stromness Bay and
from SG-31 located on the slope of a sill/moraine in the cen-
tral part of Cumberland West Bay, a station apparently swept
by currents. When related to the distance along the fjord,
samples collected between 7 and 15 km from the fjord mouth
(all from Cumberland Bay) included the finest sediments and
were slightly better sorted than those from other stations, ex-
cept for the two outliers (Fig. 3b and c). Subtle trends of
coarsening towards both the mouth and head of the fjord
(Fig. 3b) may reflect a reduced influence of meltwater dis-
charge with distance from the tidewater glaciers, combined
with an increasing winnowing effect of the oceanic currents
and swell, and/or increasing relative contribution of IRD in
bulk sediments towards the fjord mouth.

3.1.3 TOCand TS

The total carbon concentrations in the analyzed sediment
samples were almost the same as TOC, reflecting the very
low total inorganic carbon values (< 0.04 %). The TOC val-
ues varied between 0.23 % and 1.1 %, except for sample SG-
28 located next to Grass Island in Stromness Bay, which had
a TOC content of 2.92 % (Fig. 4). The lowest value (< 0.5 %)
was recorded at all stations located in the inner part of Cum-
berland Bay, > 13 km away from the fjord mouth (Fig. 4a).
TOC was elevated (~ 1 %) in the shallow-water settings of
King Edward Cove (SG-12), Jason Harbor (SG-08), and sta-
tions inside Stromness Bay (SG-17, SG-18, and SG-27). Sed-
iments from stations near the fjord mouth and in the middle
of Cumberland Bay yielded intermediate TOC contents.

TS varied between 0.07 % and 0.38 % (Fig. 4). The highest
values (> 0.2 %) were limited to the four shallowest stations
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Figure 4. Total organic carbon (TOC) and total sulfur (TS) in rela-
tion to distance from the fjord mouth.

(SG-08, SG-12, SG-13, and SG-28), all <40 mw.d. Interme-
diate values between 0.15 % and 0.2 % were only recorded in
the innermost part of Cumberland West Bay (SG-24, SG-31,
and SG-32), while the remaining samples yielded the lowest
values (< 0.15 %; Fig. 4b).

The variations in TOC and TS were not consistent, and
their ratio was used as a rough indicator of redox conditions
(Fig. 5). The highest ratios, typical of mainly oxic sediments,
were found in Stromness Bay sediments (all except of SG-
29) and in the outer parts of the Cumberland and Antarctic
bays. The lowest values, typical of anoxic sediments, were
found in the inner parts of the two main branches of Cum-
berland Bay, next to terminating tidewater glaciers (Fig. 5a).
Two general trends in TOC/TS were observed. Ratios in-
creasing from the fjord mouth towards the fjord head in
Stromness Bay and decreased from the fjord mouth towards
tidewater glaciers occupying fjord heads in Cumberland Bay
(Fig. 5a).

3.1.4 §13C of bulk organic matter

The §'3C in bulk organic matter ranged from —26.06 %o to
—22.42 %o (Fig. 5) and correlated with TOC. The most neg-
ative 8'3C values were in samples poorest in TOC, close to
the tidewater glacier fronts in the innermost parts of Cumber-
land Bay. The least negative values were found in samples
richest in TOC in the restricted, shallow-water settings of
Jason Harbor (SG-08) and King Edward Cove (SG-12) and
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in Stromness Bay (SG-17, SG-18, SG-27, and SG-28). Two
major trends were observed in relation to the distance from
the fjord mouth (Fig. 5). In fjords with tidewater glaciers,
813C became more negative towards the glaciers at the fjord
heads. However, in the case of the coves and Stromness
Bay, which are not directly affected by glaciers, values in-
creased in the opposite direction. Station SG-15, located in
a semi-restricted cove of Sandbugten at a modest distance of
~ 12 km from the Nordenskjold Glacier, showed § 13C values
between these two trends.

3.2 Foraminiferal data
3.2.1 General indices

In the 29 surface samples, a total of 15191 living (i.e.,
stained) benthic foraminiferal specimens were isolated, in-
cluding 8136 specimens in the > 125 um fraction (Tables S2—
S4 in the Supplement). They represented > 55 species
(Figs. S1-S6). The assemblages show significant faunal vari-
ability, with numbers of taxa in a single sample (> 125 um
fraction) ranging from 5 to 32 (average 16.6) and the Shan-
non diversity index from 0.84 to 2.61 (average 1.70; n =29),
with standard deviations (SDs) of 6.92 and 0.50, respec-
tively. The Shannon diversity index is the highest in outer
fjords at depths of ~ 100 m or more, and the lowest near the
heads of fjords with terminating tidewater glaciers (Fig. 6).
Dominance reaches 0.12-0.64 (average 0.30). The numbers
of stained specimens per sample (63.5cm? in area) range
from 14 to 1979 (average 551; SD =501). The highest abun-
dances are found between 150 and 100 mw.d. in outer parts
of fjords and in the deepest parts of Stromness Bay. The low-
est abundances are in the shallow parts of Stromness Bay and
at locations near fjord heads (Fig. 6). For the > 63 pm frac-
tion, the values of all indices, except dominance, are higher
(Fig. 6). The Shannon diversity index ranged from 1.18
to 2.85 (average 1.99).

The two short cores taken at stations SG-21 and SG-27
yielded a total of 2810 stained specimens, including 1062
from the > 125 pm fraction, representing 47 species. The
richest assemblages (> 63 um), in terms of abundances and
number of species per sample, were in the upper layers (0—
1 cm), totaling 952 and 1724 individuals in cores SG-21 and
SG-27, respectively (Fig. 7). The lowest numbers of speci-
mens (36 and 34, respectively) were in the bottom layers (5—
6 cm). In the SG-21 sample, the decline in abundances down-
core was not uniform, due to a sharp increase in Stainforthia
fusiformis between 2 and 3 cm below sediment surface.

3.2.2 Identification of foraminiferal assemblages
Based on the Q-mode PC analyses, four PC models were
selected as best reflecting the actual assemblages for both

the > 125 and > 63 um datasets. They explain 83.1 % and
82.0 % of the total variance in the two datasets, respectively.
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The calculated PCs are defined by foraminiferal species with
large score values (Tables S5 and S6 in the Supplement;
Fig. 8). They are hereafter referred to as foraminiferal as-
semblages (FAs) using the names of the dominant taxa,
namely the calcareous rotaliids Globocassidulina aff. rossen-
sis (Fig. S6; see 12—-13) and Cassidulinoides aff. parkerianus
(Fig. S6: 6-11), and the agglutinated Ammobaculites rostra-
tus (Fig. S2: 1-2) and Miliammina earlandii (Fig. S1: 17).
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Figure 7. Abundances in numbers per sample of stained
foraminifera in two short cores taken at stations SG-21 and SG-27.
Note the different scales for the specific and total abundances.

The species with the highest PC scores are the same in both
datasets and are therefore not affected by the size—fraction
bias.

The P-mode PC analysis was also run on the two datasets
separately. The four faunal groups identified in the Q-mode
PC analysis could be better distinguished in the PC loadings
plot for the > 125 pm fraction (Fig. 8b). They seem to include
different numbers of species, ranging from 3 in the case of
the G. aff. rossensis FA to 16 in the case of the A. rostra-
tus FA. Importantly, all FAs combine agglutinated and cal-
careous species. The plot for the > 63 um fraction is less re-
solved, showing only two groups of taxa (Fig. 8a), indicating
that assemblages may be better resolved in the coarser frac-
tion (Jennings and Helgadottir, 1994; Schonfeld et al., 2012;
Caulle et al., 2014). Consequently, only the > 125 pm results
are discussed further.

3.2.3 Spatial distribution patterns of the FAs and their
nominative species

Trends in the relative combined abundances of the four FAs
and in the nominative species alone along the fjord axes
are shown in Fig. 9. The M. earlandi FA dominated near
the fronts of tidewater glaciers and at the most restricted
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shallow-water stations. The nominative species, M. earlandi,
exceeded 35 % of the entire assemblage in samples from
King Edward Cove near Grytviken and from Jason Harbor
(Fig. 6), both small coves with water depths of ~ 20 m. Mil-
iammina earlandi accounts also for > 30 % of the entire as-
semblage at four stations located closest to the fjord heads
and tidewater glaciers of Cumberland West and East bays,
with water depths of 190 and 28 m, respectively (Fig. 6). In
Cumberland West Bay, this species is commonly accompa-
nied by the agglutinated species Psammosphaera fusca and
Hippocrepinella hirudinea, and in Cumberland East Bay this
species is commonly accompanied by the calcareous species
Gordiospira fragilis and Pyrgo patagonica, all of which con-
tribute to the M. earlandi FA (Fig. 8b).

The C. aff. parkerianus FA dominates in the largest num-
ber of samples (Fig. 9). It is common in transitional locations
between stations dominated by the three remaining FAs. The
nominative C. aff. parkerianus is the most widespread and
abundant species in our dataset. It is represented by two
forms (Majewski et al., 2021), namely a dominant, smooth-
walled conical morphotype, assigned by Heron-Allen and
Earland (1929) and Earland (1933) to Ehrenbergina crassa,
and a subordinate porous form resembling C. parkerianus,
sensu Brady (1881), the presence of which is marked in
Fig. 9 by red circles. The dominant morphotype reaches the
highest percentages, usually well over 50 %, far inside Cum-
berland East and West bays, at water depths > 150 m, and
at stations SG-08 to SG-10 between 114 and 23 mw.d. in
the middle Cumberland West Bay (Fig. 9). At stations in the
outer Stromness (SG-26A, SG-26B and SG-27) and outer
Cumberland bays (SG-20A and SG-20B), between 100 and
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~ 150 mw.d., the subordinate porous morphotype of C. aff.
parkerianus is also present.

The G. aff. rossensis FA dominates near fjord mouths,
where foraminifera are relatively abundant and rather rich
in calcareous forms (Figs. 6 and 9). Globocassidulina aff.
rossensis strongly dominates its FA, reaching up to 51 % in
the sample from station SG-26A in the outer Stromness Bay
and exceeding 40 % SG-20A in the outer Cumberland Bay. It
contributes not only to the highest proportion between ~ 50
and ~ 150 mw.d. in the outer reaches of fjords but also at two
stations, SG-15 and SG-06 (51 and 121 mw.d., respectively),
in central Cumberland East Bay (Fig. 5). Globocassidulina
aff. rossensis is also present at water depths > 150 m, well in-
side Cumberland West Bay, at stations dominated by M. ear-
landi and C. aff. parkerianus, albeit in low and definitely sub-
ordinate numbers.

The A. rostratus FA shows a strong presence in the middle
and outer Cumberland Bay and throughout Stromness Bay,
although not at stations < 100 mw.d. It is especially impor-
tant in the deepest fjord settings but not proximal to glacier
fronts (Fig. 9). This FA dominates at stations with the high-
est species diversity (Fig. 6) and comprises the largest num-
ber of species, including agglutinated and calcareous forms
(Fig. 5a). Its nominative species, the agglutinated A. rostra-
tus, is less dominant than those of other FAs, and according to
the Q-mode PC analysis (Table S5), Reophax subfusiformis
and Astrononion echolsi, and to a lesser degree Cribrosto-
moides jeffreysii and Pullenia subcarinata, are also important
for defining this FA.

Biogeosciences, 20, 523-544, 2023
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3.2.4 Relation between FAs and environmental and
sediment properties

CCA was performed in order to explore the relationship
between location (water depth, distance to major sediment
source, and distance to fjord mouth), environmental param-
eters (water salinity and temperature), and sediment prop-
erties (mean grain size and sorting, TOC, TS, and §'3C of
bulk organic matter), all listed in Table S1, and the cumu-
lative percentages of the four FAs (Table S1 and Fig. 8b).
CCA axis 1 explains 73.71 % of the variance, and axis 2 ex-
plains 19.05 % (together 92.76 %). Most of the variables plot
along axis 1, with the M. earlandi FA, positive distance to
open sea, TS, and negative 8'3C strongly on the positive side
and most of the remaining parameters and the three remain-
ing FAs on the negative side (Fig. 10). The A. rostratus and
C. aff. parkerianus FAs, in addition to water depth, bottom-
water salinity, and temperature, showed significant variabil-
ity along axis 2. The A. rostratus FA appears to be correlated
with elevated salinity, and the G. aff. rossensis FA appears to
be correlated with elevated TOC, distance from major sedi-
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ment source, and less negative 813C. No clear correlation can
be noted for the C. aff. parkerianus FA, which also shows the
weakest relation with axis 1 of the CCA plot.

4 Discussion
4.1 Data quality

Members of the FOraminiferal Blo-MOnitoring initia-
tive (FOBIMO) have proposed several recommendations
for monitoring soft-bottom environments using benthic
foraminifera (Schonfeld et al., 2012). We aimed to follow
their recommendations, such as collecting replicates, rose
bengal staining, and analyzing the > 125 um, as well as the
63—125 um, fractions. In some cases, however, we had to
adapt the protocol to our field conditions.

First, because sampling time was limited, staining had
to be reduced from the recommended 14d to only a few
days. In order to ease the penetration of the stain, we gen-
tly washed the samples on a 63 um sieve with cold seawa-
ter, as is routinely done for studying fragile monothalamid
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Figure 10. CCA plot of the faunal assemblages (FAs) defined by PC analysis (in green) with various parameters (in black), including
location (water depth, distance from major sediment source, and distance to open sea), environmental parameters (salinity and temperature),
and sediment properties (total organic carbon (TOC) and its isotopic composition, total sulfur (TS), mean grain size, and sorting).

foraminifera, before adding rose bengal in ethanol. We be-
lieve it was a reasonable precaution, especially since 24—48 h
of staining can already provide satisfactory results (Bernhard
et al., 2006). Second, we sampled the upper 0-2 cm instead
of the 0—1 cm interval as recommended by FOBIMO. Due to
a frequent presence of a semi-liquid, flocculent top layer, rich
in suspended organic fragments, it was difficult to recognize
the sediment—water interface precisely (Fossile et al., 2020).
Our motivation was that, for studying robust calcareous and
agglutinated species, it is better to sample a thicker rather
than a thinner upper sediment layer, especially considering
the sharp decline in living individuals with depth in similar
fjord settings (Majewski, 2013; Fossile et al., 2020). The fi-
nal and potentially the most critical modification was our use
of a Van Veen grab sampler, a device not recommended by
Schonfeld et al. (2012). However, our model, equipped with
rubber plates that opened during descent and reduced the bow
wave, proved to be highly efficient and reliable during former
sampling for soft-testate foraminifera (Majewski et al., 2007;
Gschwend et al., 2016). A Kajak sampler was also available
during our sampling campaign, but it was inefficient.

To provide additional confidence in our procedures, we
collected and analyzed two short cores from two of the
Van Veen grab samples (SG-21 and SG-27; Fig. 7). In
both sediment profiles, we observed abundant and diverse
stained assemblages (> 125 um fraction) that were concen-
trated mainly in the surface layer (Fig. 7). Although the lower
distribution limits appeared significantly shallower than on
the shelf north of SG (Dejardin et al., 2018), they were
comparable to those from similar fjord settings in the South
Shetland Islands (Majewski, 2010) and Spitsbergen (Fossile
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et al., 2020). Moreover, the 63—125 um fraction of the SG-
21 subcore revealed a strong subsurface peak in the abun-
dance of Stainforthia fusiformis (Fig. 7). The clear distribu-
tion pattern of this minute, predominantly infaunal species
agrees with its known occupancy of infaunal microhabitats,
as reported, for example, by Alve (1994), and confirms that
the Van Veen grab samples were relatively undisturbed. The
Shannon diversity index calculated for > 63 um data was in
the range from 1.18 to 2.85, encompassing the values of 2.29
and 2.36 recorded more offshore by Dejardin et al. (2018).
Nevertheless, it is important to note that our surface sam-
pling targeted mainly epibenthic species and that the follow-
ing discussion is based on the > 125 um data, thereby under-
estimating the presence of minute, infaunal species such as
S. fusiformis.

A final point is that two of the four nominative species for
the FAs, G. aff. rossensis and C. aff. parkerianus, are phylo-
genetically closely related (Majewski et al., 2021) and their
immature individuals can be difficult to distinguish (Nomura,
1983). However, the color of the cytoplasm when stained was
clearly different, with the color being more violet in the case
of G. aff. rossensis and more pinkish in C. aff. parkerianus
case, making it easy to discriminate between living individu-
als.

4.2 Environmental zones characterized by FAs

We identified four FAs by PC analysis (Fig. 8b). They are
very distinctive in terms of species composition and distribu-
tion. Figure 9 emphasizes the gradation between FAs dom-
inating proximal to fjord head stations and those showing
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a stronger presence near the open sea or at greater water
depths. According to the CCA (Fig. 10), these four FAs are
related to different environmental conditions and sediment
properties. In the following sections, we discuss the environ-
mental setting of each.

4.2.1 Inner parts of Cumberland Bay and
shallow-water coves: strong glacial influence and
sediment anoxia

Restricted areas near tidewater glacier fronts at fjord heads
(8G-13, SG-16, SG-24, and SG-31) and shallow-water coves
(SG-08 and SG-12) are dominated by the M. earlandi FA
(Fig. 9). In these locations, foraminiferal assemblages are im-
poverished, showing generally low numbers of stained speci-
mens, low to moderate species diversities, and, except at SG-
08, a clear dominance of agglutinated forms (Fig. 6). The
CCA (Fig. 10) indicates that this FA correlates with (1) a
large distance from the open sea and, although less clearly,
proximity to major sediment sources, (2) strongly negative
813C values, and (3) a high TS.

The first two correlations are somehow ambiguous as the
two types of settings characteristic of the M. earlandi FA,
i.e., near the fjord heads and in the coves (Figs. 1 and 6), al-
though both quite restricted, have rather different characteris-
tics. The environments near tidewater glacier fronts are char-
acterized by variable water depth, relatively coarse glacially
derived sediments that display a fining trend with distance
from the sediment source (Fig. 3), and a thick layer of brack-
ish, turbid surface water (Fig. 2). In these glacial fjords, sed-
iment TOC values are low (< 0.5 %, Fig. 4a) and organic
matter §'3C values strongly negative (Fig. 5b), likely due to
the mainly petrogenic source of organic carbon (Berg et al.,
2021). Given the climate (high precipitation), mountainous
relief, and the susceptibility of rock types to erosion (mud-
stones and sandstones), it can be expected that sedimentation
rates in front of tidewater glaciers are high and of the order
of several centimeters per year, as in the case of similar sub-
polar fjord systems (e.g., Majewski et al., 2012; Boldt et al.,
2013; Streuff et al., 2015). Indeed, preliminary >'°Pb dating
of a sediment core from station SG-16 (ca. 2.5 km away from
the front of the Nordenskjold Glacier) revealed a sediment
accumulation rate of ~ 1.4 c:myr_1 (Witold Szczucinski, un-
published data). In similar depositional environments, the
sediment accumulation rate usually exhibits a rapid expo-
nential decrease within the first several kilometers from the
glacier front (e.g., Syvitski, 1989; Jaeger and Nittrouer, 1999;
Szczucinski and Zajaczkowski, 2012). Close to the tidewater
glacier fronts, the rates may be of the order of several tens
of centimeters per year. The sediments in glacial fjords are
also loose and not compacted, which is also typical of high
sedimentation rate conditions. In contrast, sediments in the
shallow-water settings of King Edward Cove and Jason Har-
bor are among the finest in terms of mean grain size (Fig. 3)
and have a thin surficial oxidized lighter mud layer under-
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lain by dark (blackish), probably anoxic, sediments. Their
sediment accumulation rates were found to be still relatively
high, of the order of 0.4-0.7 cmyr™!, as revealed by 2!Pb
dating (Witold Szczucinski, unpublished data). These sedi-
ments also yielded high TOC concentrations (> 1 %; Fig. 4a)
and 8'3C ratios that were the least negative in this study
(Fig. 5b). These differences seem to reflect different organic
matter sources (Caulle et al., 2014; Jernas et al., 2018),
with petrogenic organic carbon dominating near the tidewa-
ter glacier fronts and fresher organic matter of mixed origin
(both terrigenous and marine) dominating in the coves (Berg
et al., 2021).

These fairly substantial differences raise the question of
whether M. earlandi might comprise several cryptic species,
as suggested by molecular data for a related species, Mil-
iammina fusca (Jan Pawtowski and Maria Holzmann, unpub-
lished data). All stations dominated by the M. earlandi FA,
however, do have one factor in common, namely elevated
TS at roughly ~0.2 % (Fig. 4b). The environmental impli-
cations of TS alone are difficult to interpret unequivocally,
but the proportion TOC/TS has been used to evaluate the re-
dox conditions in sediments (Berner, 1983). Thus, although
we do not have direct measurements of bottom-water oxy-
genation or oxygen penetration depths (Caulle et al., 2014),
the low TOC/TS ratios suggest oxygen deficiency at all sta-
tions dominated by M. earlandi FA (Fig. 5a). It is also in ac-
cordance with macroscopic sediment observations in shallow
cove sediment samples. This interpretation is consistent with
the occurrence of other representatives of Miliammina in
dysoxic settings (Hayward and Hollis, 1994; Tyszka, 1997,
Habura et al., 2006).

Earlier studies have shown that Miliammina earlandi is
not confined to near-shore habitats in the Southern Ocean.
This species has a rather complicated taxonomic history, with
the name having been established by Loeblich and Tappan
(1955) to replace the earlier name M. oblonga, which was
applied incorrectly by Heron-Allen and Earland (1930) and
Earland (1933, 1934; see also p. 53 in Loeblich and Tap-
pan, 1988). The lectotype designated by Loeblich and Tap-
pan (1955) is from 200 m depth, near the shelf edge well
to the south of SG. According to Earland (1933), M. ob-
longa (= M. earlandi) is “universally distributed” and “prob-
ably the commonest and most widely distributed rhizopod of
the South Georgia area”. The sites in which it is common
range from 100 to 200 m, consistent with our new data, but
it is also found down to 1752 m. In his subsequent Discov-
ery report on the foraminifera of the Falklands area, Earland
(1934) concludes that M. oblonga (= M. earlandi) is “gen-
erally distributed in all areas within the Antarctic conver-
gence and sometimes very common”. The stations he men-
tioned are at depths of between 244 and 1838 m. Miliammina
earlandi also occurs in the Patagonian fjords, although it
is not common (Hromic et al., 2006). Assuming that these
records refer to a single species, M. earlandi is clearly widely
distributed both geographically and bathymetrically in the
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Southern Ocean and adjacent areas, suggesting that it can tol-
erate a wide range of conditions.

Adaptability to different habitats seems to be a charac-
teristic of the Miliammina species more generally. Together
with other members of the Rzehakinidae, they inhabit a wide
spectrum of both open- and marginal-marine environments
(Habura et al., 2006). They are common in salt marshes,
mangrove swamps, and oligohaline estuaries (Sen Gupta,
1999), persist longer than other foraminifera in marine basins
isolated from the sea (Lloyd and Evans, 2002), and domi-
nate in a volcanic caldera less than a decade after significant
eruptions (Finger and Lipps, 1981). Miliammina species have
been also reported from mesohaline habitats (Hayward and
Hollis, 1994; Lloyd and Evans, 2002; Habura et al., 2006).
In Antarctic waters, M. arenacea is associated with corro-
sive high-salinity shelf water (Kennett, 1968; Milam and An-
derson, 1981; Ishman and Sperling, 2002) and thrives in ar-
eas affected by Antarctic polynya (Capotondi et al., 2018).
In SG, highly saline bottom waters were not detected dur-
ing the present study (Fig. 2) or previous SG surveys (Romer
et al., 2014; Geprigs et al., 2016). Instead, the M. earlandi
FA tends to be associated with rather low salinity (Fig. 10),
and its distribution is not restricted to deeper stations (Fig. 9).

This adaptability could confer advantages for M. earlandi
over other foraminifera at our stations in SG fjords. This may
be the last species with a robust test to withstand elevated
sediment accumulation rates in fjord heads. It seems to sur-
vive anoxia, be able to exploit different food sources, and
at the shallow-water stations (SG-08, SG-12, and SG-13),
which are at the lower limit of local water influence (Fig. 2),
it might experience changes in water salinity and tempera-
ture.

It is also worth noting that the M. earlandi FA includes
different auxiliary species in different areas. In Cumberland
West Bay, these are mainly the agglutinated Psammosphaera
fusca and Hippocrepinella hirudinea, and in Cumberland
East these are the calcareous Gordiospira fragilis and Pyrgo
patagonica (Fig. 8b). This difference may be related to dif-
ferent glacial regimes in these two branches of Cumberland
Bay (Gordon et al., 2008).

4.2.2 Mid-fjord settings: transitional conditions

Stations bordering those dominated by the M. earlandi FA
in the inner reaches of Cumberland Bay (SG-14 and SG-32)
show low to intermediate foraminiferal abundance and di-
versity (Fig. 6) and a dominance of the C. aff. parkerianus
FA. This is the most widespread FA in our dataset (Fig. 9)
and also the most enigmatic. It shows the weakest relation
with the main axis 1 on the CCA plot and does not reveal a
straightforward correlation with any of the environmental pa-
rameters measured in our study (Fig. 10). The C. aff. parke-
rianus FA possibly shows some association with limited wa-
ter depths and water properties corresponding with Antarc-
tic Surface Water. However, it is less important near fjord
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mouths, where this water mass predominates (Figs. 1 and 2);
therefore an explicit correlation of this FA with Antarctic
Surface Water is unlikely. The subordinate, porous morpho-
type of C. aff. parkerianus (Majewski et al., 2021) is rare or
absent far inside Cumberland Bay and in the central part of
its western branch (Fig. 9), suggesting a preference towards
more open marine conditions.

Cassidulinoides aff. parkerianus is exceptionally well rep-
resented throughout Cumberland Bay but not in the inner-
most part, where the M. earlandii FA dominates, or at the
deepest stations dominated by the A. rostratus FA or around
fjord mouths, where the G. aff. rossensis FA predominates.
Its strongest presence is in transitional locations between
those characterized by these three FAs, so it seems to flourish
where conditions are not optimal for other taxa. The abun-
dance of the smoothly walled conical morphotype (Majew-
ski et al., 2021) at stations SG-14 and SG-32, adjacent to
the most glacier-proximal stations dominated by the M. ear-
landi FA, suggests that C. aff. parkerianus FA and its associ-
ated species (Fig. 8b) are well adapted to inner-/middle-fjord
conditions characterized by moderate sedimentation rates.
This would be unique among Cassidulinoides species, which
are generally rare or absent in similar settings in the Arctic
(Alve et al., 2016), Antarctic (Majewski, 2005), and Patago-
nia (Hromic et al., 2006). The strong presence of this FA in
Jason Harbor, within Cumberland West Bay (SG-08, SG-09,
and SG-10), suggests an association with the finest-grained
sediments (Fig. 3b). The TOC/TS ratios at stations domi-
nated by the C. aff. parkerianus FA cover a wide range (1.8—
6.9), consistent with hypoxic to fully oxic conditions (Berner,
1983) and no strong preference for any particular redox con-
ditions.

4.2.3 Outer-fjord settings: weak glacial influence, low
accumulation rate, relation to bathymetry and
water masses

The outer-fjord areas are usually characterized by the low-
est water turbidity and sedimentation rates (Syvitski, 1989),
which, in the outer Cumberland Bay, are of the order of 0.1
t0 0.2cm yr’] (Berg et al., 2019, 2020; Graham et al., 2017).
Our data show variable foraminiferal abundances, with the
highest between 100 and 150 mw.d. and some of the low-
est around 250 mw.d., with high Shannon diversity at the
deepest stations (Fig. 6). The G. aff. rossensis and A. ro-
stratus FAs dominating in outer fjords are located on the
side of axis 1 opposite to the M. earlandi FA in the CCA
plot (Fig. 10). They correlate with (1) decreased distance
to the open sea and increased distance from a major sedi-
ment source, (2) less negative s13C, and (3) high TOC and
low TS; thus, high TOC/TS ratios indicate oxic conditions
(Berner, 1983). The A. rostratus FA seems to be associ-
ated with greater water depths and particularly with elevated
salinity (Fig. 10).
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The A. rostratus FA is the most species-rich of the four
FAs (Fig. 8b). It is abundant throughout Stromness Bay
at > 100mw.d. and at the deepest stations in the middle
and outer Cumberland Bay (Fig. 9). Its nominative species
was described in SG from water depth considerably > 200 m
(Heron-Allen and Earland, 1929) and seems endemic to this
area (Dejardin et al., 2018). It is less dominant than the
nominative species of other FAs, and R. subfusiformis and
A. echolsi are almost equally important for defining this FA
(Table S5). According to our CCA, this FA is strongly cor-
related with elevated salinity (Fig. 10), pointing to a pos-
sible association with winter water and Upper Circumpo-
lar Deep Water. This would be consistent with observa-
tions from the Northern Hemisphere, where R. subfusiformis
was recorded from locations with high and stable salinities
(Hoglund, 1947; Thiede et al., 1981; Jernas et al., 2018) and
seemed to be more tolerant of a lower quality or quantity of
food (Jernas et al., 2018). Moreover, the calcareous species
A. echolsi and Bulimina aculeata, also important for this FA
(Fig. 8b), are typical of open-marine assemblages in western
Antarctica and show an affinity with highly saline Circumpo-
lar Deep Water (Ishman and Domack, 1994; Majewski et al.,
2016) that are the least cold (Mackensen, 2001) and one of
the oldest (Catala et al., 2015) water masses in that area.

In contrast with the apparent association of A. rostratus FA
with winter water and Upper Circumpolar Deep Water, the
distribution of the G. aff. rossensis FA (Fig. 9) may coincide
with the upper and warmer Antarctic Surface Water, which
dominates down to 100150 mw.d. in Cumberland Bay and
throughout the outer Stromness Bay (Fig. 2). Correlation
with high TOC/TS ratios indicates oxic conditions (Berner,
1983). However, it is important to note that the G. aff. rossen-
sis FA is abundant only in the central part of Cumberland
East Bay and not in Cumberland West Bay (Fig. 9). The front
of the Nordenskjold Glacier is grounded at a relatively shal-
low water depth of 20-30 m (Hodgson et al., 2014), and its
position is relatively stable (Gordon et al., 2008). It is there-
fore likely delivering less turbid meltwater to Cumberland
East Bay than the rapidly retreating Neumayer Glacier and
several land-terminating glaciers in the Cumberland West
Bay. As a result, the central part of the eastern branch of
Cumberland Bay is less glacially affected, promoting a FA
dominated by G. aff. rossensis rather than by C. aff. parke-
rianus. Thus, the G. aff. rossensis FA appears to flourish in
the presence of well-oxygenated, clearer water and possibly
lower sediment accumulation rates.

The presence of G. aff. rossensis near fjord mouths at loca-
tions distant to glacial and fluvial sediment sources (Fig. 9) is
consistent with the distribution of this species in the Chilean
fjords, where it is an important component of the oceanic and
intermediate biofacies but is insignificant in the inner-fjord
biofacies (Hromic et al., 2006). Its Antarctic sister species
Globocassidulina biora (Finger and Lipps, 1981; Majda
et al., 2018), on the other hand, seems to be well adopted
to habitats proximal to glacier fronts (Majewski, 2005) and
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beneath ice shelves (Majewski et al., 2019). However, west-
ern Antarctic glaciers deliver significantly less turbid water
than rapidly retreating glaciers in SG (Gordon et al., 2008;
Cook et al., 2010), which may be one reason for the different
distribution patterns near glacier fronts of these two phylo-
genetically related species.

4.3 Regional comparisons

Foraminifera have been widely studied in fjords, especially
in the Arctic (Alve et al., 2016), where there is evidence
for strong faunal differences between outer- and inner-fjord
locations (e.g., Hald and Korsun, 1997; Korsun and Hald,
1998; Zajaczkowski et al., 2010; Fossile et al., 2020) and
links with different water masses (Jennings and Helgadot-
tir, 1994; Jennings et al., 2004). The taxonomic composi-
tion of foraminiferal assemblages in Arctic fjords, however,
is very different from that in the Southern Hemisphere. For
example, in Svalbard and Novaya Zemlya, Cribroelphid-
ium/Elphidium excavatum f. clavata thrives close to glacier
fronts (Hald and Korsun, 1997; Korsun and Hald, 1998),
while in SG we encountered only a few empty tests as-
signed to this genus, and it is also very rare in Antarctica
(Majewski and Tatur, 2009). Cassidulinoides, so widespread
in SG, seems absent in Arctic fjords (Alve et al., 2016), as
are species important for other FAs, with the exception of the
cosmopolitan R. subfusiformis and Trifarina earlandi/angu-
losa (Alve et al., 2016). These strong taxonomic differences
between the Northern and Southern hemispheres make direct
faunal comparisons impossible.

Previous studies of foraminiferal distributions in fjords lo-
cated in the same sector of the Southern Hemisphere as SG
are limited to Patagonia (Hromic et al., 2006; Sergei Kor-
sun et al., unpublished data) and Admiralty Bay in South
Shetland Islands (Majewski, 2005, 2010; Majewski et al.,
2007). These have revealed clear taxonomic disparities be-
tween foraminifera inhabiting different sides of the Drake
Passage (Majda et al., 2018; Majewski et al., 2021).

The taxonomic succession observed in the fjords of SG
corresponds only in part with observations from Patag-
onia. Hromic et al. (2006) distinguished three benthic
foraminiferal biofacies in the fjords and channels of southern
Chile. The oceanic sandy biofacies, characterized by elevated
organic matter concentrations and strongly influenced by Pa-
cific water, showed high species richness and high abun-
dances of G. rossensis and Trifarina angulosa. The interme-
diate fine-grained biofacies with low organic matter content
and influenced by mixed Pacific and freshwater was not only
dominated by two calcareous species, Cassidulina laevigata
and G. rossensis, but also included an increased number of
agglutinated taxa. The inner-fjord silty biofacies, influenced
by cold, low-salinity water, was characterized by low species
diversity and dominated by Bulimina notovata and C. lae-
vigata (calcareous), together with Alveophragmium orbic-
ulatum, Labrospira kosterensis, Recurvoides scitulum, and

https://doi.org/10.5194/bg-20-523-2023



W. Majewski et al.: Unique benthic foraminiferal communities in South Georgian sub-Antarctic fjords 539

Labrospira jeffreysii (agglutinated), with the last two corre-
sponding to Veleroninoides scitulus and Cribrostomoides jef-
freysii, which are members of the A. rostratus FA in SG.

It appears, therefore, that the dataset of Hromic et al.
(2006) only includes representatives of the two outer-fjord
associations from SG, the G. aff. rossensis and A. rostra-
tus FAs. Although M. earlandi, the nominative taxon of
the inner-fjord FA, and C. parkerianus were encountered
in Patagonia, they were not significant species in defining
foraminiferal biofacies. The dataset of Hromic et al. (2006),
however, did not include the most southerly glaciated fjords
in Chilean Patagonia. These were analyzed by Sergei Ko-
rsun et al. (unpublished data), who sampled seafloor sed-
iments in the Beagle Channel and its tributary fjords, in-
cluding glaciomarine muds deposited in direct proximity to
glacial fronts (Gschwend et al., 2016). They noted C. park-
erianus as an important species, but it seems morphologi-
cally and genetically different from C. aff. parkerianus in SG
(Majewski et al., 2021). The innermost fjord samples in the
Beagle Channel region contained only a few foraminifera
(~1/10 cm3), which alternated randomly between stations.
There was no distinct glacier-proximal assemblage, and Mil-
iammina, which is so prominent in the most restricted set-
tings in SG, was absent (Sergei Korsun et al., unpublished
data).

In conclusion, it appears that the faunal change is more
pronounced along the axes of sub-Antarctic SG fjords, where
the M. earlandi and C. aff. parkerianus FAs are well es-
tablished, than elsewhere around the Scotia Sea. Moreover,
there is a disparity between FAs dominant in inner-fjord set-
tings, which are found only in SG, and the more biogeo-
graphically widespread assemblages inhabiting outer fjords
and shelf sites (Earland, 1933). This is consistent with the
contrast between shallow-water SG macrofaunal communi-
ties, which show clear Antarctic characteristics, and the more
geographically widespread macrofauna in surrounding deep
waters which do not (Barnes et al., 2006), further emphasiz-
ing the exceptional character of the SG biota (Hogg et al.,
2011).

5 Concluding remarks

As already indicated, benthic foraminifera can serve as valu-
able proxies for marine environmental conditions recorded
in the geological record. It is therefore somewhat surpris-
ingly that no attempts have been made to use them in order
to reconstruct coastal environments around sub-Antarctic is-
lands during past climatic oscillations, such as those associ-
ated with Quaternary glacial/interglacial cycles. Our results
demonstrate that these microfossils have considerable poten-
tial in this regard. They seem especially suitable for studying
paleoenvironmental changes in the most restricted settings
proximal to tidewater glacial fronts and in shallow-water set-
tings that are strongly affected by processes taking place on
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land. These may be rich in organic matter, which is believed
to exert a strong control on foraminiferal assemblage compo-
sition and diversity.

The sensitivity of foraminifera to environmental changes
linked to current and likely future climatic changes is of
more immediate interest. Since the 1920s, there has been a
0.9-2.3°C warming in the top 100 m of the water column
around SG (Whitehouse et al., 2008), in addition to air tem-
perature increases since the 1950s that have coincided with
dynamic glacial retreats (Gordon et al., 2008; Cook et al.,
2010). The warming around SG and in the Southern Ocean
(Meredith and King, 2005) is also associated with the south-
ward migration of the ACC (Gille, 2014) and shifts in the po-
sition and intensity of the southern westerly wind belt (Lamy
et al., 2010; Perren et al., 2020). These changes, and their
environmental consequences, raise questions regarding the
stability of present FA distributions in SG fjords and the pos-
sible wider-scale reorganization of biogeographic patterns in
the Atlantic sector of the Southern Ocean. There is already a
broad overlap between foraminiferal species occurring in the
fjords of SG and those located to the north and south of the
ACC. Among the 60 species recognized in our study, 27 are
shared with Chilean fjords (Hromic et al., 2006; Sergei Ko-
rsun et al., unpublished data) and 31 with Admiralty Bay in
the South Shetland Islands (Majewski, 2005, 2010; Majewski
et al., 2007). However, as discussed above, differences cur-
rently exist both at species and assemblage levels between
foraminiferal faunas in these regions.

Although the data of Earland (1933) cannot be quanti-
tatively compared with the present study due to different
methodologies, they do show that all major taxa defining
the FAs were present in SG during the 1920s (see also De-
jardin et al., 2018). Hence, there seems to be no evidence
of recent species invasions. Elsewhere, however, the biogeo-
graphic barrier of the Drake Passage and the ACC (Orsi et al.,
1995) has not prevented pulses of faunal migration in and out
of Antarctica, especially during past warm periods (Clarke
etal., 1992; Majewski et al., 2021). The current warming will
likely have major ecological consequences south of the ACC,
especially around the Antarctic Peninsula, exposing this re-
gion to alien species (Fraser et al., 2018; Convey and Peck,
2019; Avila et al., 2020). This process has already begun
(Fillinger et al., 2013; Griffiths et al., 2013) and may be exac-
erbated by human activity (Frenot et al., 2005; Hughes et al.,
2020). With a warming climate and accelerating glacial re-
treats, conditions in South Shetland Islands and the Antarctic
Peninsula will become increasingly temperate, making them
more suitable for the development of foraminiferal assem-
blages currently typical of SG. Warming is also likely to pro-
mote natural faunal dispersal between these areas and SG,
with intensified ship traffic (McCarthy et al., 2022) possibly
providing an additional vector for the rapid introduction of
species. Given the potential for major ecological and biogeo-
graphic readjustments in this crucial region of the globe, it
is clearly important to continue monitoring for evidence of
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increasing faunal connectivity across the ACC and between
both sides of the Drake Passage and the unique fjord envi-
ronments of SG.
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