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Abstract. TR17-08, a marine sedimentary core (14.6 m), was collected during 2017 from the Edisto Inlet (Ross
Sea, Antarctica), a small fjord near Cape Hallett. The core is characterized by expanded laminated sedimentary
sequences making it suitable for studying submillennial processes during the Early Holocene. By studying dif-
ferent well-known foraminifera species (Globocassidulina biora, G. subglobosa, Trifarina angulosa, Nonionella
iridea, Epistominella exigua, Stainforthia feylingi, Miliammina arenacea, Paratrochammina bartrami and Porta-
trochammina antarctica), we were able to identify five different foraminiferal assemblages over the last ∼ 2000
years BP. Comparison with diatom assemblages and other geochemical proxies retrieved from nearby sediment
cores in the Edisto Inlet (BAY05-20 and HLF17-1) made it possible to distinguish three different phases char-
acterized by different environmental settings: (1) a seasonal phase (from 2012 to 1486 years BP) characterized
by the dominance of calcareous species, indicating a seasonal opening of the inlet by more frequent events of
melting of the sea-ice cover during the austral summer and, in general, a higher-productivity, more open and
energetic environment; (2) a transitional phase (from 1486 to 696 years BP) during which the fjord experienced
less extensive sea-ice melting, enhanced oxygen-poor conditions and carbonate dissolution conditions, indicated
by the shifts from calcareous-dominated association to agglutinated-dominated association probably due to a
freshwater input from the retreat of three local glaciers at the start of this period; and (3) a cooler phase (from
696 years BP to present) during which the sedimentation rate decreased and few to no foraminiferal specimens
were present, indicating ephemeral openings or a more prolonged cover of the sea ice during the austral summer,
affecting the nutrient supply and the sedimentation regime.

Published by Copernicus Publications on behalf of The Micropalaeontological Society.



96 G. Galli et al.: Paleoenvironmental changes related to the variations of the sea-ice cover

1 Introduction

The Antarctic region is currently characterized by a sea-ice
cover with a high degree of variability, both temporally and
spatially (Eayrs et al., 2019). Over the last 4 decades, various
trends have been observed throughout different Antarctic re-
gions: the Ross Sea region has experienced an increase in
the sea-ice cover of 2.4 %, in contrast to the Bellingshausen–
Amundsen Sea region, where the cover experienced a de-
crease of about 3.1 % (Maksym, 2019). Overall, the Antarc-
tic sea ice is experiencing a positive trend, which is not re-
produced by climate models (Turner et al., 2013, 2015). In
addition to this, the observed trend might not be linear. In
2016, the interplay between El Niño and the Southern An-
nular Mode produced a decrease of the sea-ice coverage of
∼ 28 %, leading to the recorded year with the lowest sea-ice
extent and the earliest onset of the melting (August) (Turner
et al., 2017; Schlosser et al., 2018) . This type of variability
leads to difficulties in modelling and interpretation of the cli-
matic oscillations that this region experienced, especially in
regional climate models, where the sea-ice cover is a param-
eter that yields the highest uncertainties (Meehl et al., 2014;
Rosenblum and Eisenman, 2017). In addition, sea-ice vari-
ability affects marine communities, being the main factor that
controls primary producer associations (van Leeuwe et al.,
2018). Therefore, studying how the sea-ice cover has evolved
could shed light on the process that governs this variability, in
addition to offering a more comprehensive and detailed view
of the Antarctica climate evolution. To fill this gap on climate
sea-ice interactions, several projects focused on the last 2000
years (i.e. Past Global Changes-PAGE 2K), trying to connect
field observations with climate models to obtain a more pre-
cise view of the process that regulates the Antarctic climate
system. Within this framework, in this study, we focus on
the environmental changes over the last 2000 years in Edisto
Inlet (Ross Sea, Antarctica), a little fjord situated along Vic-
toria Land, in the western Ross Sea. We decided to focus
mainly on the transition between two highly studied climatic
periods: the Medieval Climate Anomaly and the Little Ice
Age (Stenni et al., 2017; Lüning et al., 2019). This fjord was
previously investigated by Finocchiaro et al. (2005), Mezgec
et al. (2017) and Tesi et al. (2020), focusing on the difference
in laminae composition of cores collected in the bay, showing
the potential for high-resolution studies. Specifically, Tesi et
al. (2020) suggested that the lamination along the cores re-
flects different sea-ice cover scenarios, where a dark lam-
ina indicates a first break-up of the sea ice during the early
summer, followed by a light lamina indicating a protracted
ice-free condition. From a paleoclimatic point of view, Tesi
et al. (2020) were able to identify a period of marked sea-
sonality of the sea-ice cover (from ∼ 2100 to ∼ 700 years
BP), followed by a period with a multi-year sea-ice cover
(∼ 700 years BP to recent), possibly linked to atmospheric

cooling (Stenni et al., 2017). Di Roberto et al. (2019) and Di
Roberto et al. (2023) focused on cryptotephra layers in the
sediment cores, used to build more robust age–depth mod-
els. In this work, we analyse the shifts in composition of
the foraminifera assemblages along core TR17-08 to recon-
struct the past environmental, climatic and oceanographic
conditions that affected the Edisto Inlet during the last 2000
years. The overreaching goal was to show the potential of
foraminiferal studies in high-resolution settings in Antarc-
tica.

2 Regional setting

2.1 Ross Sea oceanographic setting

The Ross Sea is an Antarctic marine region defined by the
Ross Ice Shelf to the south and by the 700 m isobath to the
north, with an average depth of ca. 530 m and a maximum
depth of about 1000 m, located in the Drygalski Trough re-
gion (Orsi and Wiederwohl, 2009; W. Smith et al., 2012).
The Ross Sea is currently characterized by the presence of
a sea-ice cover, which is related to the behaviour of the
two main polynyas: the Terra Nova Bay polynya and the
Ross Sea polynya. The sea-ice grows, in both concentration
and thickness, during austral winter and melts during austral
summer (Fraser et al., 2012; Parkinson and Cavalieri, 2012;
W. O. Smith et al., 2012; R. W. Smith et al., 2015). The input
of water masses in this region is dominated by the Ross Gyre
activity, a cyclonic current system located north of the Ross
Sea, and by the Antarctic Slope Current, which flows west-
ward along the 700 m steep slope. The input of the Antarctic
Surface Water (AASW), a cold and rather fresh water mass,
is found near Cape Colbeck, where it flows westward along
the Ross Ice Shelf (Orsi and Wiederwohl, 2009; W. Smith
et al., 2012; W. O. Smith et al., 2014; Dotto et al., 2018).
A layer of a warm water mass, named Circumpolar Deep
Water (CDW), flows westward along the slope and cannot
easily enter the Ross Sea due to poleward-diving isopycnals
located at the 700 m slope (Ainley and Jacobs, 1981). The
mixing of Circumpolar Deep Water with the Antarctic Cir-
cumpolar Current and the shelf water masses forms the Mod-
ified Circumpolar Deep Water (mCDW), which flows from
the shelf break to the coastline (Castagno et al., 2017; Gales
et al., 2023). Atmospheric cooling promotes sea-ice forma-
tion, which increases surface salinity and enhances the pro-
duction of sinking high-salinity shelf water (HSSW), which
covers most of the Ross Sea and Ross Ice Shelf bottom lay-
ers (W. Smith et al., 2012). This water mass flows north-
ward, facilitating the entrance of the mCDW, especially in the
western and central part of the Ross Sea (Ainley and Jacobs,
1981; Orsi and Wiederwohl, 2009; W. Smith et al., 2012). In
the Drygalski, JOIDES and Glomar Challenger basins, the
formation and outflow of the HSSW, and the subsequential
mixing with the layer of mCDW at the shelf break, form the
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Figure 1. Study area. (a) Ross Sea and study area (red triangle)
and (b) location of the marine cores from this study, TR17-08 (red
triangle) and the two other marine cores collected in this area:
HLF17-1 (Tesi et al., 2020) and BAY05-20 (Mezgec et al., 2017)
(black dots). Map compiled with Quantarctica (Matsuoka et al.,
2021).

modified shelf water (a warmer, more salty water mass than
HSSW), which continues to sink once passed the slope break,
forming the Antarctic Bottom Water (AABW), which is one
of the most important water masses exported by the Ross Sea,
providing nutrients at lowers latitudes (Whitworth and Orsi,
2006; W. Smith et al., 2012; W. O. Smith et al., 2014).

2.2 Edisto inlet setting

The Edisto Inlet is a fjord situated near Cape Hallett, in the
north-western part of the Ross Sea, characterized by the pres-
ence of a seasonal sea-ice cover and expanded Holocene sed-
imentary sequence mainly composed of soft biogenic lam-
ination (Finocchiaro et al., 2005; Mezgec et al., 2017; Di
Roberto et al., 2019; Tesi et al., 2020). The fjord is 4 km
wide and 15 km long, elongated in the NNE–SSW direc-
tion, with a maximum depth of about 500 m, where three
main glaciers converge (Manhaul Glacier, Arneb Glacier and
Edisto Glacier; Fig. 1).

2.3 Foraminifera from the western Ross Sea

The Antarctic foraminiferal assemblages are mainly depen-
dent on sea-ice cover, type of substrate, bottom currents,
primary productivity, and physical and chemical properties
of the water column and the carbonate compensation depth
(CCD) (Anderson, 1975; Ward et al., 1987; Mackensen et al.,
1990; Ishman and Sperling, 2002; Majewski, 2010; Capo-
tondi et al., 2020). In modern Antarctica marginal settings,
the average depth of the CCD is ∼ 550 m, although this varies
depending on the physio-chemical characteristics of the area.
A modification of the environmental parameters could lead to
a change in the composition of the benthic foraminifera as-
semblage, highlighting the key role that this group has in pa-
leoceanographic and paleoclimatic reconstruction. The west-
ern Ross Sea benthic assemblages are composed of agglu-
tinated and calcareous forms (Ward et al., 1987; Violanti,
2000; Melis and Salvi, 2009; Capotondi et al., 2020; Melis
and Salvi, 2020). Studies on living and dead benthic assem-
blages along the coast of the western Ross Sea show the
presence of two main associations: one dominated by the
genus Globocassidulina, a calcareous taxon found in high-
energy environment above the CCD often found in settings
with coarser substrate (Li et al., 2000; Majewski et al., 2018),
and the other dominated by agglutinated forms, mainly by
the Trochammina group and Miliammina arenacea, associ-
ated with mud-type substrate. This latter assemblage is found
below the CCD, and it is indicative of a low-energy, high-
productivity environment (Ward et al., 1987; Brambati et al.,
2000; Violanti, 2000; Majewski and Anderson, 2009; Capo-
tondi et al., 2020). Regarding the planktic foraminifera as-
semblages, one species dominates the western part of the
Ross Sea: Neogloboquadrina pachyderma (Bergami et al.,
2009), which is able to thrive into the sea ice, in the ice–water
boundary and in the granular ice of the brine (Hilbrecht,
1997). Mostly feeding on diatoms, this species thrives in
high-productivity settings, especially below the deep chloro-
phyll maximum, between 50 and 100 m (Asioli and Langone,
1997; Bergami et al., 2009; Schiebel and Hemleben, 2017).

3 Methods

3.1 Core description

The piston core (TR17-08) was retrieved in January 2017,
in the frame of the TRACERS project funded by the Ital-
ian National Programme for Antarctic Research (PNRA), at
a depth of 462 m, with a length of 14.5 m, in the proximity
of the entrance of the fjord (−72◦18.2778 N, 170◦04.1784 E;
Fig. 1). The core is mainly composed of diatomaceous ooze
with the presence of light and dark laminae from the bottom
to the top. In Edisto, the colour of the lamina represents dif-
ferent diatom assemblages: light laminae are dominated by
Corethron pennatum, whereas dark laminae are constituted
by C. pennatum, Fragilariopsis curta and F. obliquecostata

https://doi.org/10.5194/jm-42-95-2023 J. Micropalaeontology, 42, 95–115, 2023



98 G. Galli et al.: Paleoenvironmental changes related to the variations of the sea-ice cover

(Tesi et al., 2020; Di Roberto et al., 2023). The lamination
is not homogeneous in both the colour and thickness of the
laminae, with the light-colour laminae becoming less evident
in the upper portion (Fig. 2). The core was divided on board
into 15 main sections: 14 sections with a length of 1 m and
1 shorter section with a length of 63 cm (Fig. 2). Every sec-
tion was stored on the vessel at 4 ◦C after its collection. For
the present study, we performed micropaleontological anal-
yses on sections XV–IX (0–650.5 cm) corresponding to the
last ∼ 2000 years (Di Roberto et al., 2023).

3.2 Radiocarbon chronology

Within core TR17-08, 10 intervals of high-concentration
carbonate material (i.e. echinoids, ophiuroid ossicles and
foraminifera tests) were chosen for radiocarbon dating (Ta-
ble 1). The selected carbonate material (> 1 mg) came from
samples 1 cm thick (except for the 61–63 cm interval),
washed with distilled water using a sieve mesh of 63 µm and
then stored at 40 ◦C for 12 h to dry. The radiocarbon analyses
were performed at the MICADAS laboratory (Alfred Wag-
ner Institute, Germany). In this study we use the age–depth
model developed by Di Roberto et al. (2023) (Fig. 3).

3.3 Sample processing

A total of 71 samples (1 cm thickness) were retrieved from
TR17-08 every 5 cm in the interval between 0–40 cm and ev-
ery 10 cm in the 40–650 cm interval. Samples were weighed
with a precision scale (0.001 g), washed with a 63 µm mesh,
and the upper fraction was collected in filter paper. The
samples were stored in a oven at 40 ◦C overnight to dry.
We weighed the fraction greater than 63 µm. A column of
sieves (with a mesh size of 1 mm and 150 µm) was used
to separate the dry fraction > 150 µm from the finer frac-
tion (63–150 µm). The fraction 63 µm was collected and
will be investigated in future studies. The foraminifera study
was performed using a stereomicroscope (Leica MZ 12.5)
on the fraction > 150 µm. The samples were stored in
foraminiferal microslides, identified and counted following
the taxonomy of Anderson (1975), Mackensen et al. (1990),
Violanti (2000), Igarashi et al. (2001) and Majewski et
al. (2018). Some foraminifera were analysed at the scanning
electron microscope (Hitachi TM3030plus Scanning Elec-
tronic Microscope) to evidence details of superficial micro-
texture and structure. Abundances of benthic foraminifera
are relative to the total of the benthic specimens; plank-
tic abundances were calculated relative to the total of the
foraminifera specimens. The benthic foraminifera accumula-
tion rate (BFAR) was calculated for benthic species using the
equation from Herguera and Berger (1991). We conducted
a principal component analysis (PCA). PCA is a frequently
used technique in micropaleontology, being able to transform
a large set of ecological variables into a smaller set of orthog-
onal components (Abdi and Williams, 2010). PCA scores

represent how a variable contributes to a particular compo-
nent and can be useful to define significant species, assuming
the relationship between high score and ecological character-
istics of the species (Kyrmanidou et al., 2018; Majewski et
al., 2018). Loading coefficients represent the correlation be-
tween the sample and the component. Following Malmgren
and Haq (1982) loading values above 0.4 were considered
significant. The PCA in this study was performed using the
benthic species that appears more than once and has an abun-
dance above or equal to 2 % of the total assemblages. We use
Past 4.11 to perform the analysis (Hammer et al., 2001).

4 Results

4.1 Foraminiferal content

Along the studied section, 45 species were identified, divided
into 25 genera, among which only 1 species (Neoglobo-
quadrina pachyderma) is planktic (Table 2). The number of
benthic and planktic foraminifera specimens decreases from
the bottom to the top, with the highest values (∼ 553 spec-
imens g−1) reached at 1960 ± 297 years BP, and the low-
est value (0 specimens) is reached at 861 ± 191 years BP
and at the top of the core (Fig. 4). Perforate calcareous
species continuously dominate the assemblages, from the
bottom of the studied sections (2012 ± 298 years BP) to
1394 ± 237 years BP (Fig. 4). Agglutinated benthic species,
such as Labrospira jeffreysii, Portatrochammina bartrami,
Paratrochammina antarctica and Miliammina arenacea, are
present throughout the core, from 1394 ± 237 years BP to the
top of the core (Fig. 4).

4.2 Principal component analysis (PCA)

Results of PCA show that the first two principal components
(PCs) account for 86.2 % of the total variance, with the first
one explaining 63.4 % and the second one explaining 22.8 %
of the total variance (Table 3). The name of the PC was
given by the species with the highest scores and described
as foraminiferal assemblages (FAs). The first PC (G. biora,
FA) shows a high score with Globocassidulina biora (4.48);
the second PC (P. antarctica and P. bartrami FA) shows a
high score for both Paratrochammina bartrami (3.67) and
Portatrochammina antarctica (2.41) (Table 4). The loading
distribution of these two FAs throughout the studied section
permitted us to identify a period with the G. biora FA well
above the significance threshold (2012 ± 298–1186 ± 243
years BP; Fig. 5a) and a period where the P. antarctica/P.
bartrami FA was well above the threshold (953 ± 214.5–
696 ± 23.5 years BP; Fig. 5b). The interval between these
two periods (1186 ± 243–956 ± 214.5 years BP) shows a
complicated relationship between the G. biora FA and P.
antarctica/P. bartrami FA, with isolated peaks of both FA
above the significance threshold. In addition, the period that
goes from 687 ± 16 years BP to the present is difficult to
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Figure 2. TR17-08 core, with enumerated sections, from top (XV) to bottom (I). The sections used in this study are highlighted by the
horizontal black line.

Table 1. Dates used to build the age–depth model (Di Roberto et al., 2023). Data include both radiocarbon dates and tephra (∗). Along with
the age, the sample name, the absolute depth, the source, the relative error and the offset (1R) are displayed. The ages are reported with the
application of the 1R in the investigated area (Di Roberto et al., 2023).

Sample Depth (cm) Material Age (years BP) Error (± years)

XV 55–56∗ 55.5 tephra 687 14
XV 61–63 62 echinoid 801 247.5
XIII 78–79 234.5 echinoid 1075 260
X 13–14 463.5 ophiuroid 1416 256.5
X 61–63 512 foraminifera 1374 342.5
X 66–69 517.5 foraminifera 1743 350
X 74–75 524.5 foraminifera 1770 351
X 75–76 525.5 foraminifera 1782 354,5
VIII 77–78 729.5 ophiuroid 2242 359
VI 12–13 863.5 echinoid 2621 304
I 17–18 1369.5 scaphopod 3376 328

interpret due to the low number of foraminiferal specimens
found. To disentangle the relationship between these two
FAs, in addition to the PCA results, we selected other well-
studied foraminifera species to describe a more detailed and
comprehensive view of the environmental evolution of this
site (Table 4, Appendix A). These species were selected due
to their ecological characteristics and relative abundances.

4.3 Foraminiferal association

To distinguish between the FA derived from the results of the
PCA and the foraminiferal assemblages recognized using the
species in Table 4, the latter are regarded as foraminiferal as-
sociation (FoA). Over the last 2012 years BP we recognized
the presence of five FAs (Figs. 6 and 7). Each of the five FoAs

was constrained based on the accumulation fluxes (Fig. 6)
and the relative abundances (Fig. 7) of planktic and benthic
foraminifera species indicated in Table 4. The foraminiferal
associations are described in stratigraphical order.

4.3.1 Foraminiferal association E:
2012 ± 298–1486 ± 200 years BP

This FoA is defined by the presence of Epistominella ex-
igua, Nonionella iridea, Trifarina angulosa and Neoglobo-
quadrina pachyderma and by the highest fluxes of Globo-
cassidulina biora together with G. subglobosa, the latter in-
creasing from the bottom to the upper limit of this interval
(Fig. 6). In addition, the relative abundance of the Globocas-
sidulina group (G. biora and G. subglobosa) is constantly
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Table 2. Identified benthic foraminifera species from the core TR17-08. The species are divided by their test characteristics: agglutinated,
calcareous imperforate and calcareous perforate.

Test Species

Agglutinated

Labrospira jeffreysii Paratrochammina bartrami
Miliammina arenacea P. bipolaris∗

M. oblunga Pseudotrochammina arenacea∗

Paratrochammina tricamerata Trochammina multiloculata∗

P. nana Rhumblerella sp.
Portatrochammina antarctica

Calcareous imperforate

Pyrgo depressa Q. weaveri
P. williamsoni∗ Quinqueloculina spp.∗

Quinqueloculina seminula∗

Q. venusta∗

Calcareous perforate

Astrononion echolsi Melonis barleeanum∗

Astrononion antarcticus Nonionella iridea
Cassidulinoides porrectus N. bradii
Cibicides lobatulus∗ N. magnalingua
C. refulgens Nonionella sp.∗

Epistominella exigua Oolina exagona∗

Fissurina semimarginata∗ Procelarogena multilatera∗

Fissurina spp.∗ Pullenia quinqueloba*
Globocassidulina biora Rosalina globularis
G. crassa R. villaderboana∗

G. subglobosa Stainforthia feylingi
Globocassidulina spp. Stainforthia sp.∗

Heronallenia kempii∗ Trifarina angulosa
Hyalinonetrion sahulense∗ Neogloboquadrina pachyderma

∗ Rare species that appear once and/or have a relative abundance < 2 %.

above 50 % of the benthonic association (Fig. 7). E. exigua,
N. iridea and N. pachyderma abundances and fluxes reach
their highest values during this interval (Figs. 6 and 7).

4.3.2 Foraminiferal association D:
1486 ± 200–1317 ± 248.5 years BP

This FoA is characterized by the sharp increase of the ac-
cumulation fluxes of both Stainforthia feylingi and the ag-
glutinated species Miliammina arenacea (Fig. 7). The upper
limit of this interval is defined by the almost complete dis-
appearance of G. subglobosa and T. angulosa. With respect
to the previous association, this FoA shows an abrupt de-
crease in fluxes and abundances of G. subglobosa and the
disappearance of E. exigua (Fig. 6). During this interval,
agglutinant species, such as Portatrochammina antarctica
and Paratrochammina bartrami, show an increase in relative
abundance and a higher accumulation flux (Figs. 6 and 7).
Lastly, N. pachyderma accumulation fluxes and abundances
are lower than the previous FoA.

4.3.3 Foraminiferal association C:
1317 ± 248.5–953 ± 214.5 years BP

This FoA is defined by the presence of G. biora, P. bartrami,
P. antarctica, S. feylingi, M. arenacea and N. pachyderma.
The upper limit is defined by the disappearance of G. biora,
S. feylingi and of the only planktic species, N. pachyderma
(Figs. 6 and 7). During this interval, G. biora fluxes show
a different behaviour than in the previous ecozones, with a
more variable presence, exacerbated by the presence of two
isolated peaks. P. antarctica and P. bartrami show a gradual
increase in relative abundances, and the accumulation flux
values are comparable with the FoA D (Fig. 6). T. angulosa,
E. exigua and N. iridea appear once during this interval. N.
pachyderma fluxes and abundance values are like the previ-
ous ecozone.

4.3.4 Foraminiferal association B:
953 ± 214.5–696 ± 75.5 years BP

This FoA is defined by the presence of the agglutinated taxa,
P. antarctica and P. bartrami. The upper limit of this FoA is
defined by the disappearance of these two species. M. are-
nacea appears sporadically during this period. During this
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Table 3. Principal component analysis (PCA) score results and variance explained: G. biora FA (PC 1), with a score of 4.4825, explaining
63.42 % of the variance, and P. antarctica and P. bartrami FA (PC 2), with a score of 2.4112 and 3.6695 respectively, explaining 22.8 %
of the variance. These two PCs combined explain 86.22 % of the total variance. Boldface is used to highlight the higher correlation values
between the PC and the species.

Species G. biora FA P. antarctica/
P. bartrami FA

Astrononion echolsi −0.32105 −0.33251
Astrononion antarcticus −0.31377 −0.33024
Cassidulinoides porrectus −0.32555 −0.33426
Cibicides refulgens −0.30989 −0.34269
Epistominella exigua −0.31052 −0.34095
Globocassidulina biora 4.4825 −0.69931
Globocassidulina crassa −0.30673 −0.34239
Globocassidulina sp. −0.26571 −0.35697
Globocassidulina subglobosa 0.36126 −0.46237
Nonionella bradii −0.3103 −0.34029
Nonionella iridea −0.30167 −0.33575
Rosalina globularis −0.31457 −0.32492
Stainforthia feylingi −0.22524 −0.34034
Trifarina angulosa −0.24501 −0.31294
Pyrgo depressa −0.3278 −0.33573
Labrospira jeffreysii 0.030279 0.51134
Miliammina arenacea −0.24641 −0.08418
Paratrochammina bartrami 0.30761 3.6695
Paratrochammina tricamerata −0.32386 −0.27074
Portatrochammina antarctica 0.21473 2.4112
Portatrochammina bipolaris −0.32124 −0.3231
Paratrochammina nana −0.29692 −0.07115
Rhumblerella sp. −0.33013 −0.31116
Variance explained 63.42 22.8

FoA, the fluxes of P. antarctica and P. bartrami are com-
parable with the previous ones, since the abundances of the
two agglutinant species increase towards the end of this FoA
(Fig. 6), where they abruptly decrease. N. pachyderma is ab-
sent throughout the interval.

4.3.5 Foraminiferal association A: 696 ± 75.5 years BP
to present

This FoA is characterized by the lowest value of accumula-
tion fluxes of every species analysed, with values near zero.
The bottom of this FoA coincides with the change in the
sedimentation rate (∼ 0.5 to ∼ 0.07 cm yr−1). This interval
is characterized by a very low concentration of specimens
(Fig. 4a), making it difficult to interpret relative to microfau-
nal shift.

5 Discussion

5.1 Edisto Inlet during the Late Holocene

During the austral winter, the Edisto Inlet is generally com-
pletely covered by the sea ice. On the other hand, during the
austral summer, the fjord is characterized by complete or par-

tial melting of the ice cover. This seasonality leads to a dom-
ination of the sedimentation signal from the warmer season
compared to the colder one (Tesi et al., 2020). To reconstruct
the paleoenvironment evolution of this inlet, we compared
our results with those of the previous studied cores in the
same region (e.g. core HLF17-1, Tesi et al., 2020; core BAY-
50c, Mezgec et al., 2017). The analyses on the HLF17-1 lam-
inae (Tesi et al., 2020) revealed the presence of two clusters,
based on the biomarker IPSO25 (Ice Proxy for the Southern
Ocean with 25 carbon atoms, Belt et al., 2016) and the δ13C,
that reflect two different periods over summer, indicative of
early fast-ice thawing and protracted opening of the fjord.
The threshold that separates the two clusters is used in this
study for comparison with the foraminiferal data. In addi-
tion, by comparing the results from the foraminiferal assem-
blage of the TR17-08, from the geochemical proxies of the
HLF17-1, and from the diatoms assemblages derived from
the BAY05-20 (Megzec et al., 2017), we were able to iden-
tify three distinct environmental phases, each characterized
by different local sea-ice coverage, environmental conditions
and dominant FoA in the Edisto Inlet (Fig. 8).
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Table 4. Benthic and planktic foraminiferal species used to define the faunal associations along the studied section of the TR17-08. Here,
the name of the species and their ecological features are reported.

Species Ecology References

Epistominella exigua Opportunistic; phytodetritivorous; seasonal
fluxes of organic matter; CDW indicator

Mackensen et al. (1990), Gooday (1993),
Sabbatini et al. (2004), Ishman and
Szymcek (2013), Majewski et al. (2016)

Globocassidulina biora High hydrodynamism; high bottom current
velocity; high sedimentation rate;
sub-ice shelf environment

Bernhard (1993), Li et al. (2000), Sabbatini et
al. (2004), Ishman and Szymcek (2013),
Majewski et al. (2016), Melis and Salvi (2020)

Globocassidulina subglobosa Opportunistic in response to elevated fluxes of
organic carbon; grounding zone wedge foreset

Harloff and Mackensen (1997), Kyrmanidou et
al. (2018), Majewski et al. (2020)

Nonionella iridea Opportunistic; thrives after algal bloom;
sensitivity to physical stress

Mackensen et al. (1990), Murray (1991),
Gooday (1993), Duffield et al. (2015)

Stainforthia feylingi Opportunistic; thrives after sea-ice breaks up;
low-oxygen environment

Knudsen et al. (2008), Seidenkrantz (2013),
Seidenstein et al. (2018)

Trifarina angulosa High hydrodynamism; high bottom current
velocity

Melis and Salvi (2009),
Ishman and Szymcek (2013)

Miliammina arenacea Agglutinated; cold species; high salinity;
dissolution condition indicator

Murray (1991), Li et al. (2000), Ishman and
Sperling (2002), Ishman and Szymcek (2013),
Majewski et al. (2018)

Paratrochammina bartrami Agglutinated; cold species; sea-ice indicator;
low-energy environment

Anderson (1975), Violanti (2000), Majewski
and Anderson (2009), Kyrmanidou et al. (2018)

Portatrochammina antarctica Agglutinated; cold species; low-energy
environment; dissolution condition indicator

Anderson (1975), Bernhard (1993),
Violanti (2000), Majewski and
Anderson (2009), Rodrigues et al. (2010),
Majewski et al. (2016),
Kyrmanidou et al. (2018)

Neogloboquadrina pachyderma Planktic species; polar species Bergami et al. (2009), Schiebel and
Hemleben (2017), Mikis et al. (2019),
Melis et al. (2021)

5.1.1 Seasonal phase: 2012–1486 years BP

This interval corresponds to the FoA E in the core TR17-
08 (Fig. 8). During this period, Globocassidulina biora and
G. subglobosa are the two dominant species and, together
with the presence of Trifarina angulosa, suggest a well-
oxygenated environment with a high bottom current veloc-
ity (Mackensen et al., 1990; Li et al., 2000; Melis and Salvi,
2009; Ishman and Szymcek, 2013; Majewski et al., 2018;
Capotondi et al., 2020). The dominance of G. biora is also
represented by the presence of the G.biora FA throughout
this interval (Fig. 5). Opportunistic species, such as Non-
ionella iridea and Epistominella exigua, indicate a high flux
of fresh organic matter to the bottom, resulting from algal
blooms during the austral summer in response to the break-
up of the sea-ice cover (Mackensen et al., 1990; Gooday,
1993; Sabbatini et al., 2004; Majewski et al., 2016; Kyr-
manidou et al., 2018). In addition to that, even if in very
low concentration, E. exigua might suggest the influence of

the mCDW in the fjord and the presence of meltwater fluxes
(Majewski and Anderson, 2009; Majewski, 2010). The val-
ues of the fluxes of Neogloboquadrina pachyderma and the
BFAR index corroborate the high primary productivity of
this period (Peck et al., 2015). During this time interval, in
core HLF17-1, the values of IPSO25 and δ13C are frequently
lower than the threshold values, indicating ice-free condi-
tions during the austral summers (Fig. 8a, b). The diatom
assemblages from core BAY05-20 gives further support of
these events. Fragilariopsis curta, which is one of the most
used sea-ice indicator species (Levanter, 1998), shows rel-
atively low abundances during this period (Mezgec et al.,
2017). On the contrary, Thalassiosira antarctica, which in-
dicates ice-free conditions (Levanter, 1998), has an average
relative abundance that is higher than the other two phases
(Mezgec et al., 2017). We suggest that this period corre-
sponds to the presence of a seasonal sea-ice cover, perhaps
associated with an intrusion of mCDW along with high pri-
mary productivity.
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Figure 3. Age–depth model of the TR17-08, calibrated with the
Marine 13 curve (adapted from Di Roberto et al., 2023). The stud-
ied section is highlighted by the dashed line, as well as the bottom
limit of this study (650.5 cm). Dark blue corresponds to the 65 %
confidence interval and light blue the 95 % confidence interval.

5.1.2 Transitional phase: 1486–696 years BP

This phase comprehends the FoA D, C and B of the TR17-08
(Fig. 8). The onset of this phase, corresponding to the FoA
D, is marked by a sharp increase in accumulation fluxes of
the calcareous Stainforthia feylingi and the agglutinated Mil-
iammina arenacea (Fig. 8f). Stainforthia feylingi is a species
that thrives in environments with high primary productivity
and low oxygen concentrations, indicating a more stratified
water column, with lower bottom current velocity, but still
affected by the seasonality of the sea-ice cover (Knudsen et
al., 2008; Seidenkrantz, 2013; Seidenstein et al., 2018). The
presence of M. arenacea indicates a high dissolution con-
dition of the carbonate that could have been caused by an
increase in residence time of the water masses, by an intru-
sion of cold and saltier water masses, or by an increase in the
organic matter fluxes (Murray, 1991; Li et al., 2000; Ishman
and Szymcek, 2013; Majewski et al., 2018). This enhanced
dissolution condition is also indicated by the gradual increase

Figure 4. (a) Concentration of tests (specimens g−1) along the
depth of the studied section (black line). (b) Abundance (% of the
total specimens; dark area) of planktic species (only Neogloboquad-
rina pachyderma) against depth. (c) Relative abundances (% of the
total benthic specimens) divided by their test characteristic: calcare-
ous perforate (purple), agglutinated (blue area) against depth.

in relative abundances of Paratrochammina bartrami and
Portatrochammina antarctica (Fig. 8e). This shift in domi-
nance is also documented by the PCA results, where loadings
of the P. antarctica/P. bartrami FA are significant (Fig. 5).
These two agglutinant species with fragile tests indicate a
lower-energy environment, with low bottom current velocity,
which agrees with longer residence time of the water masses
(Anderson, 1975; Majewski and Anderson, 2009; Majewski
and Pawlowski, 2010; Rodrigues et al., 2010; Capotondi et
al., 2020). Further support of the enhanced dissolution con-
ditions is the abrupt reduction of the accumulation fluxes of
Globocassidulina subglobosa (Fig. 6). This species is char-
acterized by smaller and thinner tests than G. biora, making it
more susceptible to dissolution conditions (Bernhard, 1993;
Harloff and Mackensen, 1997; Sabbatini et al., 2004). Dur-
ing the FoA D, the BFAR has comparable values with the
previous phase, and the loss of opportunistic, phytodetritivo-
rous species (N. iridea and E. exigua) also suggests an anoxic
environment with bottom dissolution conditions (Fig. 8d, g).

https://doi.org/10.5194/jm-42-95-2023 J. Micropalaeontology, 42, 95–115, 2023



104 G. Galli et al.: Paleoenvironmental changes related to the variations of the sea-ice cover

Figure 5. Distribution of the loadings of the two principal axes along the studied section: G. biora FA (red-shaded area) and P. antarctica/P.
bartrami FA (blue-shaded area). Only the significant loading values (> 0.4) are displayed. The squares a and b represent almost continuous
periods of above-significance values. Notice that the period from 700 years BP to present has very low resolution with respect to the previous
interval (2012–700 years BP).

Figure 6. Graphic of the accumulation fluxes of the benthic and planktic species of foraminifera specified in Table 4 over the last 2000 years
BP. Graphs are scaled differently from species to species. The FoAs discussed in Sect. 4.3 are highlighted in different colour bands.
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Figure 7. Graphic of relative abundances benthic and planktic species of foraminifera specified in Table 4 over the last 2000 years BP.
Graphs are scaled differently from species to species. The FoAs discussed in Sect. 4.3 are highlighted in different colour bands.

During the first period of the transitional phase, the IPSO25
and δ13C, from the nearby core HLF17-1, show that the fjord
still experiences seasonality of the sea-ice cover, and the
diatom assemblages from the core BAY05-20 support that
view, with the lowest abundances of F. curta and the highest
abundances of the T. antarctica (Mezgec et al., 2017; Tesi
et al., 2020). We speculate that this environment, character-
ized by oxygen-poor bottom water, high primary productiv-
ity and increase of carbonate dissolution, is a consequence
of an input of fresh water, probably derived from the retreat
of in situ glaciers. Increased freshwater fluxes provide nu-
trients and enhance thermohaline circulation in fjords, but if
the flux values are too high, the water column could become
stratified. This could lead to a shutdown of the current local
circulation, eventually isolating the fjords from the general
circulation, enhancing the stratification of the water column,
the development of anoxic conditions and the dissolution of
carbonate (Howe et al., 2010; Pan et al., 2020). Since we
have no information about the behaviour of the local glaciers

in this area during this period, our inference should be re-
garded as a hypothesis, and local glaciological studies must
be addressed to disentangle the complexity of this period.

After the hypothesized glacial discharge event, the second
period of this transitional phase (FoA C and FoA B; Fig. 8)
shows a gradual transformation of the fjord. The sharp in-
crease in the accumulation fluxes of S. feylingi and M. are-
nacea of the FoA D is followed by lower accumulation fluxes
and discontinued presence (Fig. 8f). The BFAR gradually
goes to near-zero values, along with the N. pachyderma ac-
cumulation fluxes, which is indicative of a gradual reduction
of the primary productivity (Peck et al., 2015). Prolonged
periods of water column stratification and lower salinity re-
duce the vertical mixing of the water masses, reducing the in-
put of nutrients and, consequently, affecting the phytoplank-
ton community (Carvalho et al., 2016) . This can explain
the gradual loss of primary productivity after the freshwa-
ter pulse, indicated by the BFAR and the N. pachyderma
fluxes (Hernando et al., 2015; Rozema et al., 2017; Pan et al.,
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Figure 8. Reconstruction over the last 2000 years of Edisto Inlet. (a) IPSO25 (ng g−1 opal) values (in black) and threshold value (0.42 ng g−1,
grey dotted line; orange squares indicate the values below the threshold). Values below the threshold indicate an ice-free inlet during the sum-
mer (HLF17-01; Tesi et al., 2020). (b) δ13C values (in black) and the threshold value (−27.56 ‰, grey dotted line; orange squares indicate
the value below the threshold). Values below the threshold indicate an ice-free inlet during the summer (HLF17-01; Tesi et al., 2020). (c)
Relative abundances (%) of the diatoms Fragilariopsis curta (dark blue) and Thalassiosira antarctica (dark brown) from the WRS_CH core
(Mezgec et al., 2017). (d) Relative abundances (% of the total benthic specimens) of the benthic assemblage “high-energy species” (Globo-
cassidulina biora, G. subglobosa and Trifarina angulosa; orange line) and the “opportunistic species” (Nonionella iridea and Epistominella
exigua; green line) from this study. (e) Relative abundance (% of the total benthonic specimens) of the low-energy species (Portatrochammina
antarctica and Paratrochammina bartrami; blue line). (f) Accumulation fluxes (individuals (#) cm−2 yr−1) of Stainforthia feylingi (pink) and
Miliammina arenacea (grey). (g) Accumulation fluxes (individuals (#) cm−2 yr−1) of the total benthic foraminifera (BFAR, orange line) and
of Neogloboquadrina pachyderma (dark-brown line). The three phases and the relative foraminiferal association (Sect. 4.3) are also reported:
seasonal phase (2014–1472 years BP; light-orange band), transitional phase (1472–700 years BP; grey band) and cold phase (700 years BP
to recent; light-blue band).
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2020). In addition to that, the presence of freshwater could
affect the sea-ice extent positively, as displayed by Pauling et
al. (2017). During this period, the foraminiferal assemblage
gradually shifts from a G. biora-dominated environment,
with the presence of calcareous species, to a P. antarctica-
and P. bartrami-dominated environment, at ∼ 900 years BP,
suggesting a complete transition from a high-energy envi-
ronment to a lower-energy environment with higher carbon-
ate dissolution (Fig. 8d, e). The IPSO25 and δ13C from this
period display a similar pattern to the previous period but
with a frequently lower value below the threshold for the
IPSO25 index and a positive trend going to the top of the core
(Tesi et al., 2020). This positive trend can be explained by
the increase in the relative abundance of F. curta registered
by Megzec et al. (2017), indicating more persistent sea-ice
conditions during the second half of this phase (1100–700
years BP). The abrupt increase in the F. curta at ∼ 1100 years
BP is followed by the shift of the foraminiferal assemblage,
from a high-energy environment to a low-energy one (∼ 900
years BP), confirming the view of a sea-ice cover that stays
for longer than the cold season, and eventually breaking-up
later in the warmer season, or a partial thaw of it during the
warmer season (Fig. 8c).

5.1.3 Cold phase: 696 years BP to recent

This last phase corresponds to the FoA A from the core
TR17-08 record (Fig. 8). Along this section, there is an al-
most complete absence of foraminiferal tests, with very low
concentration and low accumulation fluxes. The sedimenta-
tion rate during this period is almost 1 order of magnitude
lower than the previous phase, from an average of 0.49 to
0.07 cm yr−1 (Fig. 3). The low sedimentation rate could also
explain the low fluxes of tests found during this period, since
the accumulation flux is a function of the sedimentation rate
(Herguera and Berger, 1991). The values of the IPSO25 and
of the δ13C are constantly higher than the threshold value, in-
dicating persisting sea-ice conditions during the year (Tesi et
al., 2020). The same type of interpretation could be reached
by looking at the relative abundances of F. curta from the
core BAY05-20, which has the highest relative abundances,
compared to the two previous phases (Mezgec et al., 2017).
In summary, the fjord has experienced a nearly complete loss
of seasonality, during this cold phase, with a sea-ice cover
formed during the winters but without significant melting or
very incipient ones during the warmer seasons, leading to a
general very low sedimentation rate and low primary produc-
tivity.

5.2 Comparison with other Holocene studies in
Antarctica

During the last decade, a series of studies and reviews con-
cerning the last 2000 years of Antarctica regions have been
conducted, from ice core data to marine and lacustrine sedi-

ment cores, using different proxies, from micropaleontolog-
ical analyses to geochemical ones. In the last 2000 years, in
Antarctica, a major cooling trend has been identified (Stenni
et al., 2017) with two major climate phases observed: the
Medieval Climate Anomaly (MCA), a warm period spanning
from 1700 to 950 years BP (Bertler et al., 2018; Lüning et al.,
2019), and the Little Ice Age (LIA), a cold interval from 1100
to 450 years BP (Stenni et al., 2017; Bertler et al., 2018).
Both climatic phases are well studied in the Northern Hemi-
sphere, where they were first defined (Matthews and Briffa,
2005; Diaz et al., 2011). The Ross Sea during the MCA
seems to have experienced a different climate. Specifically,
the climate was relatively warmer than present, although the
onset of this warmer condition varies from site to site, as
a result of local factors (Mezgec et al., 2017; Bertler et al.,
2018; Lüning et al., 2019; Tesi et al., 2020). Throughout the
Victoria Land coast, abandoned penguin colonies show the
presence of a warmer period during the MCA, along with
ice and marine cores (Lüning et al., 2019; Emslie, 2020).
At Edmonson Point, Baroni and Orombelli (1994) showed
the presence of glacial retreat at 1030–900 years BP, sug-
gesting a warm phase. Jin et al. (2021) analysed the grain
size of lacustrine sediments from Inexpressible Island and
identify a period of warmer conditions that started at ∼ 1400
years BP. The presence of a warmer period during the MCA
was also found in Bunger Hills lacustrine sediments and
other lake sediments, with the onset of warmer conditions
between 2000 and 1500 years BP (Giralt et al., 2020). Al-
though there is a lack of studies in the Edisto Inlet, we can
put forward the hypothesis that a glacial retreat occurred dur-
ing the MCA in agreement with other studies conducted on
the Victoria Land coast around 1400 years BP. The release
of large amount of glacier meltwater in the water column can
be explained by the presence of three main glaciers, which
can release large amounts of freshwater in a very short time
and could potentially influence the input and output of the
water masses in the Edisto Inlet. The other major climate
change event is the LIA, which is well documented through-
out Victoria Land by abandoned penguin colonies. Baroni
and Orombelli (1994) had already noticed an advance of the
Edmonson point glacier during 550–450 years BP, which
agrees with the LIA, defined by Hall and Denton (2002), who
reported a glacial advance of the Wilson Piedmont Glacier
(Scott Coast). Rhodes et al. (2012), studying the glaciochem-
ical proxies from the Ross Sea, concluded that the tempera-
ture was lower by 1.6 ± 0.4 ◦C compared to the average tem-
perature prior to 100 years BP. This overall cooling of the
Ross Sea region during the LIA enhanced the glacial con-
ditions, with larger-than-present sea-ice extent and duration
(Bertler et al., 2018). This general cooling during the LIA
could explain the drop of the sedimentation rate at ∼ 700
years BP with the increase of the sea-ice cover duration, also
observed in the core studied by Tesi et al. (2020).
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6 Conclusions

Based on benthic foraminiferal content from the marine sedi-
ment core TR17-08 in the Edisto Inlet, we identify five differ-
ent faunal associations during the last 2000 years BP. Com-
parison of our results with those of Tesi et al. (2020) and
Megzec et al. (2017) demonstrates a general loss of cyclic
seasonal behaviour of the sea-ice cover. In summary, three
different phases were identified:

– Seasonal phase (from 2012–1486 years BP). During
this period, Edisto Inlet experienced a seasonal sea-
ice cover as indicated by the presence of high-energy
species (Globocassidulina spp. and Trifarina angulosa)
and phytodetritivorous species, such as Nonionella iri-
dea and Epistominella exigua. The presence of E. ex-
igua may suggest the intrusion of warm water masses
(mCDW) inside the fjord, indicating that it is not iso-
lated from the general oceanic circulation. The low
abundances of the diatom Fragilariopsis curta (indica-
tive of sea-ice conditions) and more-frequent below-
threshold values of IPSO25 and δ13C are in good agree-
ment with this view.

– Transitional phase (from 1486–696 years BP). During
this period, Edisto Inlet experienced a higher freshwater
input, which could be caused by the retreat of the in situ
glaciers. More stratified water columns lead to oxygen-
poor conditions and higher carbonate dissolution, along
with the isolation of the fjord from the general water
circulation. Foraminiferal associations show a gradual
change: from the high-energy environment with high
bottom current velocity to a low-energy environment in-
dicated by the dominance of the agglutinated species
(Portatrochammina antarctica, Paratrochammina bar-
trami and M. arenacea). The increase of F. curta at
1.1 kyr BP and the gradual increase of the IPSO25 sug-
gest the presence of a seasonal sea-ice cover with pro-
longed permanence or partial thaws during the warmer
seasons in the second period of this phase.

– Cold phase (from 696 years BP to present day). Dur-
ing this period, Edisto Inlet experienced a permanent
sea-ice cover that did not thaw during the warmer sea-
sons as evidenced by the almost complete absence of
foraminifera. This also caused an abrupt decrease in
the sedimentation rate by 1 order of magnitude than in
other phases. The high abundance of F. curta, the always
above-threshold values of the IPSO25 and δ13C support
this view.

By comparison with other studies in Victoria Land, we
were able to recognize the presence of two climate change
events: the Medieval Climate Anomaly period, ∼ 1400 years
BP, indicated by the freshwater pulse at the start of the tran-
sitional phase, and the Little Ice Age, a colder period, ∼ 680
years BP, indicated by the absence of foraminifera and the
abrupt drop of the sedimentation rate. The different timings
of these two climate change events, with respect to other Vic-
toria Land Coast studies, suggest the presence of a local in-
fluence of the climate signals.
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Appendix A: SEM photos of foraminifera species
listed in Table 4.

Figure A1. (a) Globocassidulina biora, juvenile; (b) aperture of juvenile Globocassidulina biora; (c) Globocassidulina subglobosa; (d) aper-
ture of Globocassidulina subglobosa; (e) Globocassidulina biora, adult, ventral view; (f) Globocassidulina biora, adult, dorsal view; (g) de-
tail of the aperture of an adult of G. biora; and (h) detail of the aperture of an adult of G. biora.
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Figure A2. (a) Stainforthia feylingi; (b) Stainforthia feylingi; (c) Trifarina angulosa; (d) Nonionella iridea; (e) Epistominella exigua, dorsal
view; (f) Epistominella exigua, ventral view; (g) Miliammina arenacea; (h) Paratrochammina bartrami, dorsal view; (i) Paratrochammina
bartrami, ventral view; (j) Portatrochammina antarctica, dorsal view; and (k) Portatrochammina antarctica, ventral view.
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Figure A3. (a) Neogloboquadrina pachyderma; (b) Neogloboquadrina pachyderma; (c) Neogloboquadrina pachyderma; and (d) Neoglobo-
quadrina pachyderma.
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