
1 

 

Edisto Inlet as a sentinel for the Late Holocene environmental changes 

over the Ross Sea: insights from foraminifera turnover events 

Giacomo Galli1,2, Katrine Elnegaard Hansen3, Caterina Morigi2, Alessio di Roberto4, Federico Giglio5, 

Patrizia Giordano5 and Karen Gariboldi2 

1Department of Environmental Sciences, Informatics and Statistics, Ca’ Foscari University of Venice, Via Torino 155, 30172 5 

Venice, Italy 
2Department of Earth Sciences, University of Pisa, Via Santa Maria 53, 56126, Pisa, Italy 
3Department of Near Surface Land and Marine Geology, The Geological Survey of Denmark and Greenland (GEUS), 8000 

Aarhus C, Aarhus, Denmark 
4National Institute of Geophyisics and Vulcanology (INGV), Section of Pisa, Via Cesare Battisti 53, 56125, Pisa, Italy  10 
5National Institute of Polar Sciences (CNR-ISP), Section of Bologna, Via Piero Gobbetti 101, 40129, Bologna, Italy 

Correspondence to: Giacomo Galli (giacomo.galli@unive.it) 

Abstract. Identifying key environmental changes is important to understand the processes that govern the Earth’s climate 

system and all its interacting components. Micropaleontological proxies are one of the most used proxies, being able to connect 

abundances of species to changes in the physiochemical characteristics of the environment.  In this context, foraminifera have 15 

been extensively used due to their preservation potential. However, little attention has been paid to the properties of the whole 

foraminiferal community that, in turn, can be used to depict a comprehensive view of the environment. In this study we focused 

on the laminated marine sediment core TR17-08 collected in the Edisto Inlet (Ross Sea, Antarctica), and the turnover events 

that characterized the foraminiferal fauna over the last 3.6 kyrs BP. Using the Rate-of-Change analysis, three turnover events 

with long term effects on the fauna were recognised at 2.7-2.5 kyrs BP, at 1.2-1.0 kyrs BP and at 0.7 kyrs BP. Through the 20 

analysis of the most common benthic foraminiferal species, it was possible to connect them to specific changes in the 

environment. In addition, by comparing the TR17-08 records with other proxies from nearby cores we identify a switch from 

a multi-year landfast ice (3.5-2.7 kyrs BP) to a seasonal sea-ice dominated environment (2.5-1.5 kyrs BP). Other Victoria Land 

Coast sites reported this change in the sea-ice type over the Late Holocene, suggesting that the increase in the seasonal sea-ice 

environment is connected to entrance of mCDW. Our study also suggests an increase in the presence of mCDW in the fjord 25 

after 2.7-2.5 kyrs BP. Lastly, the presence of expanded laminated sequence at the bottom of the Inlet makes this site an 

exceptional record for studying the evolution of the Late Holocene environmental conditions over the Ross Sea. 

1 Introduction 

Unveiling past environmental changes is fundamental to understand processes that governs the Earth’s climate system, and it 

helps to pinpoint its behaviour in the future. To investigate the past environment, different proxies have been used to obtain a 30 

holistic view of all the interacting compartments of the climate system (Strugnell et al., 2022; Toyos et al., 2020; Wang et al., 

2023; Wu et al., 2020; Yokoyama et al., 2016). A group that has been extensively used as a tracer for environmental changes 

are the benthic and planktic foraminifera: unicellular marine eukaryotes, with different test material that have a great 

https://doi.org/10.5194/egusphere-2025-309
Preprint. Discussion started: 7 February 2025
c© Author(s) 2025. CC BY 4.0 License.



2 

 

preservation potential (Sen Gupta, 2003; Murray, 1991, 2006). These organisms inhabit both the surface and bottom water, 

and they can be used to infer changes in the paleoenvironmental evolution of an area (Sen Gupta, 2003; Murray, 1991, 2006). 35 

However, most of the studies that have been carried out with foraminifera focus on comparing changes in the relative 

abundances of a single species or a group of species and connect them to specific changes in the environment (i.e., Ishman & 

Sperling, 2002). 

In this context, understanding the Late Holocene period is extremely important due to the succession of different climate phases 

that can be related to present and future climate scenarios. Thus, using more ecological proxies can be fundamental to 40 

disentangle the complex interactions between the physical environment and the biota.  

Community-level (i.e., the whole assemblage considered as one indivisible unit) analysis can help us understand the effects of 

different environmental phases on the local fauna, while also providing key insight into the environmental evolution (Foster 

et al., 1990). Little to no attention has been paid to the properties of the whole community that, potentially, can be used as a 

reliable proxy to identify significant turnover events linked to the succession of different environmental phases (Hansen et al., 45 

2023; Tomašových and Kidwell, 2010) 

The Rate-of-Change (RoC) analysis can be used to infer changes at the community level, hence looking at how the whole 

community is changing through time. This can be used to infer statistically significant changes in the assemblage composition, 

the so-called Turnover Events (TEs) (Foster et al., 1990; Hansen et al., 2023; Jacobson and Grimm, 1986; Mottl et al., 2021b, 

a; Shimadzu et al., 2015). The analysis was used by Hansen et al. (2023) on the ecological traits of the benthic foraminifera to 50 

infer ecological responses over the western coast of Greenland. This was crucial to understand the consequences of the 

deglacial-Holocene and the Mid-Holocene warming on the benthic foraminifera fauna in the area, while simultaneously 

showing that significant TEs can be linked to significant climatic perturbation.  

In this study, we analysed the marine sediment core TR17-08 from Edisto Inlet (Victoria Land, Antarctica, Fig. 1) with the 

purpose of understanding short-term (centennial) and long-term (millennial) environmental changes in the area and how they 55 

connect with faunal turnover events.  

Edisto Inlet is a small basin located on the northern tip of the Victoria Land in the Ross Sea, characterized by a 110-m thick 

laminated sedimentary sequence on the bottom, spanning the entire Holocene (Battaglia et al., 2024; Finocchiaro et al., 2005; 

Di Roberto et al., 2023; Tesi et al., 2020). 

Moreover, the position of the Edisto Inlet (Fig. 1), makes it a suitable area to study the past response of the local glaciers and 60 

the regional oceanographic conditions to climate perturbations, as well as their interactions. This enables a better understanding 

of the types of changes influencing the local benthic foraminiferal fauna. 

The depositional regime of the inlet is governed by the seasonal cycles of landfast sea-ice, a particular type of sea-ice that 

forms through the freezing of the seawater and by remaining attached to the coast (Fraser et al., 2023). This seasonal behaviour 

produces the lamination pattern, relating it to the austral summer depositional setting. The first break up of the fjord sea-ice 65 

cover happens at the beginning of the austral spring season and leads to the deposition of a dark lamina (Tesi et al., 2020). 

This type of lamina is characterised by a diatom assemblage dominated by Fragilariopsis genus. Prolonged periods of ice-free 
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scenarios lead to the deposition of a white laminae, which are dominated by Corethron pennatum, indicating an 

oligotrophisation of the upper water column (Tesi et al., 2020). This is also reflected in the biomarker IPSO25 (Belt et al., 

2016). This geochemical proxy is produced by diatom’s that lives inside the sea-ice (sympagic), which is released upon the 70 

first break up of the sea-ice. Due to the dependency of the sea-ice presence of sympagic diatoms to thrive, lower IPSO25 

concentration have been connected to prolonged period with an absence of a sea-ice cover (Belt et al., 2016; Massé et al., 

2011; Tesi et al., 2020). Hence, dark laminae have a higher concentration of this biomarker than light ones. 

Also, previous studies conducted in the Edisto Inlet have highlighted that several environmental changes occurred over the 

Late Holocene linked to changes in the global climatic system: the Medieval Climate Anomaly (MCA, ca. 1.5 kyrs BP) and 75 

the Little Ice Age (LIA, ca. 0.7 kyrs BP) (Galli et al., 2023, 2024; Lüning et al., 2019; Mezgec et al., 2017; Stenni et al., 2017; 

Tesi et al., 2020).  

Thus, the aim of this study is two-fold: 1) connecting the presence of TEs with the presence of significant environmental shifts 

in the area and, 2) reconstructing the paleoenvironmental evolution over the Late Holocene. 

1.1 Ross Sea oceanography 80 

The Ross Sea oceanographic circulation is density driven (Fig. 1b). The Antarctic Circumpolar Current (ACC) sits on top of 

the warmer Circumpolar current (CDW), and both flows westward along the slope. (Orsi and Wiederwohl, 2009; Smith et al., 

2012; Whitworth and Orsi, 2006). The CDW can enter the continental shelf when it interacts with the saltier water masses that 

are flowing from the continent to the open ocean, by reducing the inclination of the isopycnal (Fig. 1b; Budillon et al., 2011; 

Castagno et al., 2017; Smith et al., 2012). This modified water mass (modified Circumpolar Deep Water, mCDW) enters the 85 

continental shelf where it flows southwards, through bathymetric lows (Fig. 1b) (Dinniman et al., 2011; Wang et al., 2023). 

At the shelf, the inflow of the warmer water masses sustains large persistent ice-free areas, the polynyas (Mathiot et al., 2012; 

Rusciano et al., 2013). At this point the warm water mass lost its heat and subsides due to the increase in density by salt-

rejection processes. As the sea-ice polynya forms over the area, katabatic winds move the newly formed sea-ice away from 

the continent, thus sustaining both the production of the sea-ice, by cooling the sea surface, and the ice-free area (Dale et al., 90 

2017; Drucker et al., 2011). The subsided water mass form the High Salinity Shelf Water (HSSW), which flows along the 

same bathymetric lows as the mCDW and arrives at the shelf margin, where it cascades on the seafloor, forming the Antarctic 

Bottom Water (AABW) (Fig. 1b; Orsi & Wiederwohl, 2009; Wang et al., 2023; Whitworth & Orsi, 2006). Lastly, by studying 

the current activity in the Drygalski area, it has been noted that the mCDW inflow is mostly seasonal and happens during the 

austral summer period (Castagno et al., 2017, Wang et al., 2023, Wang et al., 2023).  95 
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Figure 1.Simplified maps of the study area. a) The location of the study area in Antarctica (red star). b) Main oceanic currents: ACC 

= Antarctic Circumpolar current; CDW = Circumpolar Deep Water; mCDW = modified Circumpolar Deep Water; HSSW = High 

Salinity Shelf Water and AABW = Antarctic Bottom Water. Red colour arrows indicate relatively warm water masses while the 

cold colour ones indicate the relatively cold-water masses. Solid lines indicate surface water masses, while the dashed ones indicate 100 
deeper water masses. The star marks the location of Edisto Inlet. c) Map of Edisto Inlet with analysed marine sediment cores 

mentioned in this study marked with dots: in red the marine sediment core TR17-08 (this study), while in black the HLF17-01 (Tesi 

et al., 2020) and the BAY05-20 (Mezgec et al., 2017). The maps are constructed using Quantarctica (Matsuoka et al., 2021). 

1.2 Study area 

Edisto Inlet is a small fjord (16 km long, 4 km wide) located in the northern part of the Victoria Land Coast in the western 105 

Ross Sea (Fig. 1c). With an average water depth of 500 m, the basin is defined by a sill at 400 m depth located at the mouth 

that divides it from the adjacent Moubray Bay (Fig. 1c). The system is governed by seasonal cycles of landfast sea-ice: it forms 

and covers the inlet over the austral winter. Afterwards, over the spring, the ice melts, and consequently open water conditions 

prevail. Moreover, four local marine terminating glaciers are present: the Arneb Glacier, the Edisto Glacier, the Manhaul 

Glacier and an unnamed glacier located near the mouth (Fig. 1c). 110 
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Oceanographic data and CTD profiles on the inner part of the fjord have shown the presence of a double layer stratification of 

the water column with a pycnocline/thermocline/halocline present at 50-150 m water depth (Battaglia et al., 2024). The surface 

layer is fresher and warmer than the deeper one (< -1.8°C). Spatially, the surface waters are saltier (34.27 PSU) and colder (-

1.6°C) in the inner part of the fjord (Battaglia et al., 2024). 

In addition, the presence of sediment drifts at the bottom suggests the presence of relatively long-lived regular bottom water 115 

circulation starting at 8 kyrs BP (Battaglia et al., 2024; Finocchiaro et al., 2005). 

However, oceanographical data are scarce and for further and more detailed information about the geological and physical 

settings of the fjord, readers are referred to Battaglia et al., (2024). 

2 Methods 

2.1 Core collection and dating 120 

To investigate the paleoenvironmental evolution of the Edisto Inlet, the piston marine sediment core TR17-08 (72° 18.2778′ 

S; 170° 04.1784′ E; 462 m water depth) was retrieved during the XXXII PNRA scientific expedition (2016-2017) in the 

framework of the PNRA project TRACERS (PNRA16_00055). The core, with a length of about 14.6 m, is composed of 

diatomaceous ooze, with clear distinction between light and dark lamina (Galli et al., 2023, Fig. S1).  

The age-depth model was constructed with a Bayesian approach (OxCal. v4.4.4) and the Marine 13 calibration curve using 1 125 

tephra layer, related to the Mount Rittman explosion (687 ± 7 years BP), and 10 other radiocarbon dated samples (Fig. 2, Di 

Roberto et al., 2023). A marine reservoir correction (ΔR) of 791 ± 121 yrs BP was applied according to previous studies in the 

area (Di Roberto et al., 2023; Tesi et al., 2020). 

The bottom of the core was dated to around 3.6 kyrs BP, with an average sedimentation rate of 0.47 cm/yr from 3.6 kyrs BP 

until 0.7 kyrs BP.  130 
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From 0.7 kyrs BP to present days, the sedimentation rate diminishes of an order of magnitude, with an average of 0.07 cm/yrs, 

in accordance with other studies in the region (Fig. 2, Tesi et al., 2020; Di Roberto et al., 2023). For more information related 

to the age model, readers are referred to the work of Di Roberto et al. (2023). 

 

Figure 2. Bayesan age-depth model of the marine sediment core TR17-08. In dark blue is reported the 68.5% confidence interval. 135 
In light blue the 95%. Notice the almost linear sedimentation rate until 700 yrs BP (ca. 50 cm). From 700 yrs BP to present day the 

sedimentation rate is one order of magnitude less than the previous interval (From di Roberto et al., 2023). 

2.2 Micropaleontological samples 

One cm thick samples were collected at a sampling step of 10 cm through the core until the shift of the sedimentation rate at 

0.7 kyrs BP. From 0.7 kyrs BP to the top, the sample resolution was increased down to every 5 cm to account for the change 140 

in the sedimentation regime (n=152, Galli et al., 2023). Samples were washed and sieved with a mesh size of 63 µm with 

distilled water and the larger fraction was collected and dried overnight at 40°C. A further round of sieving was carried out at 

150 µm and 1 mm. Picking was carried out on the > 150 µm fraction for every sample. All specimens were picked and identified 
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at the lowest possible taxonomic level and collected in micropaleontological slides. Identification was done following the 

descriptions in Loeblich & Tappan (1988) and other previous studies conducted in Antarctica (Anderson, 1975; Capotondi et 145 

al., 2018, 2020; Igarashi et al., 2001; Ishman and Sperling, 2002; Ishman and Szymcek, 2003; Majewski et al., 2018; Violanti, 

2000).  

Accumulation Rates of the Benthic (BFAR) and Planktic Foraminifera (PFAR) were calculated using the following equation: 

𝐴𝑅𝑖 = 𝐶𝑖 ∙ 𝜌𝑖 ∙ 𝑆𝑖 , where 𝐶 is the number of individuals per gram of dry sediments (n/g), 𝜌 is the dry sediment density (g/cm3) 

and 𝑆 is the sedimentation rate (cm/yr) of the 𝑖-th considered level (Herguera & Berger, 1991). 150 

2.3 Statistical analysis 

To assess how the evolution of the environment was affecting the benthic foraminiferal community we computed and analysed 

the Rate-of-Change curve (RoC) derived from the relative abundances of the benthic species. 

The RoC analysis is a statistical method that computes the significance of a turnover events (TE) in a palaeoecological temporal 

series in relation to the rate at which the community is changing (Hansen et al., 2023; Jacobson and Grimm, 1986; Mottl et al., 155 

2021b). The analysis is based on the concept of calculating the differences between adjacent stratigraphic levels to identify 

significant changes in time of the shifts in the biological community (Mottl et al., 2021b, a). This significant changes in time 

can be detected with several methods: with a linear trend, a nonlinear trend, with the first derivative of the curve or with signal 

to noise ratio (Mottl et al., 2021). In our study we choose to compare significant peaks detected by using the nonlinear trend 

(recommended for paleoecological temporal series) and the significant departure from 0 of the first derivative of the curve 160 

(Mottl et al., 2021). The first method identifies significant turnover events if a point exceeds a 1.5 standard deviation threshold 

derived from a fitted non-linear trend (TnL). The second method is based on the first derivative of a fitted Generative Additive 

Model (GAM derivative method, Gd).  The Gd detects a cluster of peaks when the first derivative of a fitted GAM of the RoC 

curve is significantly below 0, and it could be used to represent the outcome of a TE (Mottl et al., 2021b, a; Simpson, 2018). 

These detection methods can be used to infer significant TEs in a robust way since TnL and Gd are complementary in respect 165 

of what they detect (Fig. 2). 

The RoC analysis was performed using the R-Ratepool package in R using a randomization factor of 10’000, with the 

recommended setup described in Mottl et al., (2021b). To account for the temporal resolution, we changed the “time 

standardisation” parameter to 100 and the window set to 5 to have a similar resolution between the analysis and the sample 

step of the core (RoC is performed every 20 years). To create the bins used to calculate the differences in the assemblages, we 170 

used the “binning with a moving window” approach as described and recommended in Mottl et al. (2021b). To better display 

the trends of the RoC curve a GAM model (algorithm: REML) was fitted using the mgcv package (Simpson, 2018; Wood 

Simon, 2001). 
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In addition to analysing the whole period, we also performed the analysis on the 0.7 – 3.6 kyrs BP period, due to the presence 

of a substantial change in the sedimentation rate and almost absence of foraminiferal tests from 0.7 kyrs BP to recent days 175 

(Galli et al., 2023; Di Roberto et al., 2019). 

Figure 3. Schematic version of the Rate-of-Change (RoC) analysis used in this study to analyse the environmental impact on the 

foraminiferal community. a) Non-linear trend detection method (TnL) that relies on points > 1.5 std. dev. of a fitted non-linear trend. 

b) GAM derivative method (Gd) that relies on the first derivative being < 0. c) End results of the analysis when combined the TnL 

and the Gd significance points. The red dotted line indicates a hypothetical turnover event. 180 

2.4 Sediment properties and lithology 

To reconstruct the changes in the sedimentary depositional environment of the study area, a third generation AVAATECH 

core scanner was used to acquire high-resolution X-Ray Fluorescence (XRF) data at 1 cm intervals at the Institute of Marine 

Sciences at the Italian National Research Council (CNR-ISMAR) of Bologna. The base-10 logarithm of Zr/Rb, Br/Ti and 

Ca/Ti as used to interpret sedimentary, environmental, and climatic processes suggested by Croudace & Rothwell (2015).  185 

The Zr/Rb ratio have been used to track changes in the mean-grain size of the silt fraction that can be linked to current strength, 

with high values reflecting a high current dynamic (Lamy et al., 2024; Wu et al., 2019, 2020).  
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Br/Ti ratio can be used as proxy for the primary productivity, since Br is related to organic matter of marine origin (Wu et al., 

2019; Ziegler et al., 2008), and Ca/Ti has been used to infer changing in the biogenic vs. lithogenic sedimentation (Piva et al., 

2008; Taylor et al., 2022). 190 

A LOESS smoothing curve with a narrow smoothing window (λ=0.1) was fitted to reduce the noise of the time series using 

the software R (R Core Team, 2023). 

Angular clasts collected from the sieved > 1 mm fraction were regarded as Ice Rafted Debris (IRD) and the accumulation rates 

were calculated using the equation from section 2.2. 

The IRD content can be used to infer changes in the glacial proximity and in the seasonal sea-ice cover (Christ et al., 2015; 195 

Galli et al., 2024; Reeh et al., 1999; Zhou et al., 2021). Higher values of this parameter can be used to infer an increase in the 

glacial proximity, while lower values can be connected to non-glacial activity or the presence a seasonal sea-ice cover. 

3 Results and discussion 

3.1 Turnover events over the last 3.6 kyrs BP in the Edisto Inlet 

A total of 51 foraminifera were recognised, of which only one species was planktic (Neogloboquadrina pachyderma). The 200 

complete taxonomical list is reported in the supplementary material (Table S1). 

Turnover Events (TEs) were defined only over the benthic foraminiferal community due to the presence of only one planktic 

species.  

A TE can be defined as a drastic change in the species composition of a defined area (O’Sullivan et al., 2021; Shimadzu et al., 

2015). Over extended periods, TEs can be linked to significant changes in the environmental conditions, providing insights 205 

into the extent to which environmental shift can impact a given ecological community, in this case the benthic foraminifera 

(Foster et al., 1990; Hansen et al., 2023; Mottl et al., 2021b, a). 

The RoC computed for the species composition shows some significant Gd clusters starting at 3.3 kyrs BP, 2.5 kyrs BP and at 

0.8 kyrs BP (Fig. 4a). Of these three Gd clusters, only the latter (0.8 kyrs BP) has the TnL (from 1.1 kyrs BP to 0.6 kyrs BP, 

Fig. 4a) and the Gd significance points, reflecting a big environmental shift occurring at this time (1.1 kyrs BP – 0.6 kyrs BP), 210 

as can be inferred by the increase in the RoC at its maximum values (> 0.8).  

However, when comparing with the 3.6 - 0.7 kyrs BP, a cluster of TnL peaks is present from 3.2 to 3 kyrs BP, from 2.7 kyrs 

BP to 2.5 kyrs BP, from 1.2 to 1 kyrs BP, and a single point at 0.7 kyrs BP (Fig. 4b). The first one at 3.2-3 kyrs BP is coincident 

with the Gd clusters starting at 3.3 kyrs BP from the previous analysed period (Fig. 4a), while the second one is followed by a 

Gd clusters starting at 2.5 kyrs, that is coherent with the results of the previous analysis (Fig. 4). The 3.3-3 kyrs BP interval 215 

has both the TnL and Gd over the same period. In addition, the RoC curves are flat, showing no distinctive trend and indicating 

no significant increase or decrease in the compositional change of the benthic foraminiferal community (Fig. 4). This suggests 

that the TE at 3.3-3 kyrs BP was probably caused by an environmental change that had no lasting impact on the benthic 

foraminiferal fauna. 
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The second period, from 2.7 to 2.5 kyrs BP, is characterized by TnL peaks followed by the Gd peaks (Fig. 4b), with the latter 220 

appearing in both analysis (Fig. 4). Contrary to the previous TE at 3.3 kyrs BP, the presence of a downward trend of RoC 

curves after 2.5 kyrs BP suggest that this TE was caused by an environmental shift that had a long-term effect on the fauna. 

Another key difference between the two analysed periods is the presence of several TnL from 1.2 kyrs BP to 1 kyrs BP without 

being followed by Gd clusters, and a peak at 0.7 kyrs BP (Fig. 4b). From the previous analysis a cluster of TnL was present 

from 1.1 kyrs BP to 0.6 kyrs BP (Fig. 4a). However, both TnL clusters are present over an upward trend (Fig. 4b) that can be 225 

related to an overall increase in the changes of community. This can be caused by a period that is characterized by a high 

degree of instability, probably reflecting a transitional period (Mottl et al., 2021a). Hence, the period from 1.2 to 1 kyrs BP 

can be connected to a different TE than the one at 0.7 kyrs BP, because of the segregation of the TnL clusters (Fig. 4b). The 

single 0.7 kyrs BP TnL point (Fig. 4b) can be connected to the substantial environmental shifts happening at 0.7 kyrs BP. This 

is highlighted in the RoC computed throughout whole period, reflected by the presence of both TnL and Gd peak, as well as 230 

by reaching the maximum RoC value at that time (Fig. 4a).  

Figure 4. RoC analysis results on the benthic foraminiferal species. a) Results for the whole core; b) results of the analysis evaluated 

on the 3.6-0.7 kyrs BP. Red colors indicates the significance Gd points, while the black indicates the opposite. Filled circles indicates 

the significante TnL points. For further information the reader is referred to Fig. 3. 

By these observations, we can define three distinct environmental shifts that influenced the long-term composition of the 235 

benthic foraminiferal assemblages: around 2.7 to 2.5 kyrs BP, from 1.2 to 1 kyrs BP and around 0.7 kyrs BP (Fig. 4). To better 

elucidate the connections between the TE and their effects on the benthic foraminiferal fauna, we compare the distribution of 

the most common species (relative abundance > 10%) throughout the record (Fig. 5). 
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Figure 5. Benthic foraminifera relative abundances of the common species (> 10%) over the last 3.6 kyrs BP, divided as calcareous 

(blue) and agglutinated species (orange). Black dashed lines and grey area represent temporal locations of the turnover event as 240 
defined by the RoC analysis (see the text for further details). On the last panel on the right, the white areas represent barren samples. 

Shaded areas represent exaggerated silhouettes (x4) to enhance the visibility of the less common species. 

From 3.6 to 1.5 kyrs BP, the fauna is dominated by calcareous species such as Globocassidulina biora and G. subglobosa (> 

50 % of the total assemblage, Fig. 5). These two common Antarctic species have been found in fjords and sub-ice shelf 

environments, and have been used as indicator species for high hydrodynamic activities of the bottom water, as well as high 245 

input of seasonal organic matter to the sea  bottom (Bernhard, 1993; Harloff and Mackensen, 1997; Ishman and Szymcek, 

2003; Kyrmanidou et al., 2018; Li et al., 2000; Majewski, 2023; Majewski et al., 2016, 2018; Melis et al., 2021; Sabbatini et  

al., 2004). In Admiralty Bay (King George Island, Antarctica) specimens belonging to the Globocassidulina group are the 

dominant species of fjord-like environment, even below 400 m water depth, with dead assemblage dominated by G. biora 

specimens (Majewski, 2005, 2010). Hence, the dominance of G. biora from the TR17-08 record implies the presence of a 250 

fjord-like environment. Agglutinated species such as Paratrochammina bartrami and Portatrochammina antarctica are also 

reported as a constituent of fjord-like environments, especially in the > 400 m water depth (Majewski, 2005, 2010).  This is 
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also reflected in the TR17-08 records, with both species having low values of relative abundances (< 20%) with isolated peaks 

from 3.6 to 1.5 kyrs BP, paralleling the interpretation from the G. biora (Fig. 5).  

The RoC analysis highlighted an event at 3.3-3 kyrs BP that did not have a long-term effect on the faunal composition (Fig. 255 

4b). This can be connected to the peak at 3.1 kyrs BP (> 20%) in the relative abundance of the opportunistic species Nonionella 

iridea (Fig. 5). This species is known to prefer environment that are rich in organic matter and with steep oxygen gradients 

inside the sediments (Duffield et al., 2015). Thus, the abrupt increase of N. iridea could be connected to the presence of a 

substantial amount of organic matter arriving at the bottom, probably linked to an algal bloom in the surface layer. However, 

this event had no long-term effect on the benthic assemblage composition (Fig. 4), probably reflecting an anomaly from the 260 

natural environment behaviour rather than a systematic change. 

The TE identified at 2.7-2.5 kyrs BP can be connected to the changes in the distribution of the calcareous species Epistominella 

exigua, Stainforthia feylingi and Trifarina angulosa along with the agglutinated species Miliammina arenacea (Fig. 5).  

The agglutinated miliolid species M. arenacea thrives in environments with high corrosive condition at the bottom and/or 

where cold and saltier water masses are present (Ishman and Szymcek, 2003; Li et al., 2000; Majewski et al., 2018; Murray, 265 

1991). From 3.6 to 2.7 kyrs BP the relative abundance of this species is relatively constant through time (Fig. 5). However, 

the period following the TE (2.5-1.5 kyrs BP) is characterized by the almost completely disappearance of this species (Fig. 5). 

This change cannot be ascribed to an increase in the corrosive condition for the carbonaceous fauna as carbonate remains the 

dominant test material throughout the 3.6-1.5 kyrs BP interval (Fig. 5). Hence, the disappearance of this species at 2.7 kyrs BP 

could be ascribed to a change in the water masses characteristics, probably to a switch from a colder to a warmer bottom water 270 

condition.  

Even in low percentages, the presence of E. exigua in relative higher values during, and after, the TE can be indicative of the 

presence of warmer water masses, as the mCDW, and the presence of phytodetritivourous input from the top (Fig. 5, Harloff 

& Mackensen, 1997; Ishman & Szymcek, 2003; Majewski et al., 2018; Sabbatini et al., 2004). The more continuous presence 

of opportunistic species such as N. iridea and Stainforthia feylingi, also suggest an increase in the phytodetritivourus input 275 

from the top (Duffield et al., 2015; Knudsen et al., 2008; Seidenkrantz, 2013; Seidenstein et al., 2018). 

In addition, this overall increase in the opportunistic species might be attributed to the presence of more frequent and prolonged 

ice-free condition (Bart et al., 2018; Majewski and Anderson, 2009; Murray and Pudsey, 2004; Tesi et al., 2020). 

Moreover, species as Trifarina angulosa has been used as an indicator species of high energy environment at the bottom, 

reflecting the presence of bottom water circulation (Ishman and Szymcek, 2003; Melis and Salvi, 2009). Despite being in low 280 

percentages, the presence is homogeneous throughout the 3.6-1.5 kyrs BP period, except from the 2.7-2.5 kyrs BP interval 

(Fig. 5), probably reflecting a decrease in the strength of the circulation over this time. 

Hence, over the 3.6 – 1.5 kyrs BP interval, the TE at 2.7-2.5 kyrs BP might reflect a period of major environmental shift. From 

3.6 to 2.7 kyrs BP, the fjord is characterized by cold bottom water conditions, a bottom water circulation and less primary 

productivity. At 2.7-2.5 kyrs BP the transition happens and after the TE, from 2.5 to 1.5 kyrs BP, the fjord is characterized by 285 

intrusions of a warm water mass and an increase in primary productivity and organic matter flux at the sea bottom (Fig. 5).  
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The following TE, at 1.2 -1 kyrs BP, can be connected to the abrupt increase of the agglutinated forms respect to the calcareous 

one (Fig. 5). More specifically, significant increases of the species L. jeffreysii, P. bartrami and P. antarctica are present, 

concomitantly with an abrupt decrease in the G. biora relative abundance and the almost complete disappearance of G. 

subglobosa (Fig. 5). This also hints to an overall decrease in the circulation strength as testify by the high relative abundances 290 

of both P. bartrami and P. antarctica, characterized by tests with high mechanical fragility, by the increases in the M. arenacea 

relative abundance starting at 1.5 kyrs BP and by the absence of T. angulosa (Capotondi et al., 2018, 2020). This high 

dissolution condition persisted until 0.7 kyrs BP, as suggested by the agglutinated forms being the dominant benthic 

foraminiferal fauna (Fig. 5). 

Lastly, at 0.7 kyrs BP another TE took place, but it might be related to the significant reduction in the sedimentation rate (Fig. 295 

2). In addition, the presence of both the calcareous and agglutinated forms in similar percentages makes the interpretation 

difficult without a proper environmental context (Fig. 5). 

3.2 Environmental conditions over the last 3.6 kyrs BP 

To have a more comprehensive view of the environmental evolution of the Edisto Inlet over the last 3.6 kyrs BP, we compared 

the RoC curves with micropaleontological and geochemical proxies derived from the TR17-08 sediment core, as well as 300 

previously published records from the same core and others derived from nearby marine sediments cores (Fig. 1c, HLF17-01 

and Bay05-20c) (Galli et al., 2023, 2024; Mezgec et al., 2017; Tesi et al., 2020). 

As said in section 3.1, RoC values are indicative of the compositional changes that are inferring on the benthic foraminiferal 

community. Since the depositional settings of Edisto Inlet is mostly governed by the seasonal cycle of freezing-thawing of the 

sea-ice cover, the RoC values can also be connected to the environmental stability of the summer season, when most of the 305 

sediment accumulations happens (Di Roberto et al., 2023; Tesi et al., 2020). Then, higher RoC values should reflect a period 

in which the summer is not long enough for a stable community to form.  On the other hand, lower values should reflect periods 

in which the community is changing at a slower pace, thus becoming stable. 

In addition to the geochemical proxy described in the section 2.4, other micropaleontological proxy were analysed. We 

evaluated the accumulation rates of the benthic foraminifera (BFAR) and the planktic foraminifera (PFAR), that have been 310 

extensively used as a tracker for the flux of organic matter at the seafloor and as a proxy for primary productivity, respectively 

(Herguera and Berger, 1991; Kyrmanidou et al., 2018; Majewski and Anderson, 2009; Peck et al., 2015). Furthermore, the 

probability of occurrence of Ophionotus victoriae (P(O)), a common Antarctic brittle star species, was used as a proxy for 

interannually consistent sea-ice cycle, with higher values reflecting the latter (Galli et al., 2024; Grange et al., 2004). 

We also compared the IPSO25 derived from the HLF17-01 that reflects prolonged ice-free period summer over Edisto Inlet 315 

during the last 2.6 kyrs BP (Belt et al., 2016; Tesi et al., 2020), and the relative abundances of the diatom Fragilariopsis curta 

derived from the Bay05-20, that can be used to infer changes in the pack-ice and primary productivity (Mezgec et al., 2017).  

The summary of the environmental evolution of the Edisto Inlet over the last 3.6 kyrs BP is reported in Table 1. 
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Figure 6. Paleoenvironmental reconstruction of the last 3.6 kyrs BP in Edisto Inlet. Different background colors correspond to 320 
different environmental phases. Vertical black dotted lines and yellow areas represent significant Turnover Events (TEs) as defined 

in the section 3.1. a) Rate-of-Change (RoC) results (points) and fitted GAM models (line) throughout the core (in black) and for the 

0.7-3.6 kyrs BP period (in purple); b) Probability of occurrence of Ophionotus victoriae (P(O)) from Galli et al. (2024) (Orange 

area); c) Benthic Foraminifera Accumulation Rate (BFAR, black area); d) Planktic Foraminifera Accumulation Rate (PFAR, green 

area); e) Ice Rafted Debris flux (IRD, blue area); f)  logarithm in base 10 of the ratio Br/Ti (brown dots referrered to raw data, 325 
brown line represent the fitted LOESS);  g) Ca/Ti (green) and h)  Zr/Rb (black); i) IPSO25 values in logarithm in base 10 from the 

HLF17-01 with blue and red triangle indicating different summer sea-ice cover; j) Fragilariopsis curta relative abundance from the 

core BAY05-20. The red dotted line indicates the 60% relative abundance thresholds. Above 60% can be regarded as substantially 

prolonged ice-cover period (Allen et al., 2021); k) magnified window of the 2.6-2.5 period (see section 3.2.2) for further information. 

3.2.1 From 3.6 kyrs BP to 3.5 kyrs BP 330 

Although there are only a few data points covering this period, some interpretations of the environmental conditions can still 

be made (Fig. 6).  

Near zero values of the BFAR and PFAR suggests a low flux of organic matter at the bottom, as well as low primary 

productivity (Fig. 6c-d). However, this is the only period where there is a discrepancy between the Br/Ti, having relatively 

high values, and the Ca/Ti, showing a decreasing trend (Fig. 6f-g). A period of high carbonate dissolution could explain this 335 

discrepancy between the geochemical proxies and the foraminiferal contents, especially for the PFAR since it is derived from 

the only planktic foraminifera present in the core. This is also supported by the high relative abundance (> 20%) of M. 

arenacea, reflecting higher dissolution conditions (Fig. 5). 

However, the few points of the records make it difficult to assess the environmental conditions inferring in the Edisto Inlet 

over this period. 340 

3.2.2 From 3.5 kyrs BP to 2.5 kyrs BP 

The RoC curves over this period are characterized by having a constant trend and a high variability (Fig. 6a). In addition, the 

presence of a TE at 3.3-3.1 kyrs BP which is not connected to a long-term change (Fig. 4), might suggests a period with highly 

variable environmental conditions over the summer seasons. The benthic foraminiferal fauna hinted to the presence of bottom 

currents, cold bottom water conditions, and low productivity (Fig. 5). While the presence of bottom currents can also be 345 

inferred by the constant values of the Zr/Rb ratio (Fig. 6h), the other proxies behave differently.  

Galli et al. (2024), associated the high values of BFAR, PFAR and IRD to an increase in the organic matter flux to the sea 

floor with the presence of explosive primary productivity episodes (Fig. 6c-e).  The TE at 3.3-3.1 kyrs BP which is connected 

the peak of the opportunistic Nonionella iridea strengthen this hypothesis (Fig. 5). However, both Br/Ti and Ca/Ti ratios are 

increasing throughout, hinting to a gradual increase in the primary productivity (Fig. 6f-g).  350 

The presence of prolonged periods with multiyear landfast sea-ice could explain these apparent discrepancies. The present-

day setting of Edisto Inlet is mainly controlled by the presence of seasonal landfast ice (Battaglia et al., 2024; Tesi et al., 2020). 

Landfast ice is prone for being multi-year and can shows high nutrient concentrations, since they can be stored and accumulate 

on the basal portion of the sea-ice for multiple consecutive years. This could lead to an increase in the sea-ice associated 

diatoms, hence resulting in abrupt increase of the primary productivity upon the first break-up (the so called “high nutrient 355 
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high chlorophyll paradox”; Fraser et al., 2023; Wongpan et al., 2024). Thus, while the surface productivity can be high in 

short-time frame due to the presence of algal blooms, explaining the peaks of the BFAR and the PFAR values, it also might 

not have any effect in longer time frame as shown in the Br/Ti and Ca/Ti ratios because of the prolonged presence of the 

landfast ice cover (Fig. 6f-g).  The low Fragilariopsis curta relative abundances in the marine sediment core Bay05-20 also 

support this interpretation, since without a thawing season, this sea-ice indicator diatom cannot thrive, hence the relatively low 360 

values (Fig. 6j) (Leventer et al., 1993; Mezgec et al., 2017; Waters et al., 2000). 

The increase in the overall primary productivity over the 3.5-2.5 kyrs BP period as indicated by Br/Ti and Ca/Ti ratios, can be 

associated to the positive trend of presence of Ophionotus victoriae (Fig. 6b). The probability of occurrence of this brittle star 

(P(O)) has been connected to interannually stable sea-ice cycle. Hence, P(O) along with Br/Ti and Ca/Ti, might be used to 

track the increase in the break-up events frequency, probably reflecting milder conditions towards the end of this phase.  365 

At the end of this climatic phase, over the 2.7-2.5 kyrs BP period, a TE in the benthic foraminifera is present (Fig. 6).  

In section 3.1, we showed that this TE can be connected to a transition between a cold bottom water, low productivity setting 

to a warm water mass, high productivity setting (Fig. 5). 

This significant switch in the benthic foraminiferal composition happens in conjunction with a sudden reduction of the Zr/Rb 

values (Fig. 6k), and a peak in both the Br/Ti and Ca/Ti ratios (Fig. 6f-h). The decrease in the Zr/Rb can be indicative of a 370 

general decrease in the circulation strength in the fjord (Wu et al., 2020). In addition, this proxy has stable values over the 2.6-

2.5 kyrs BP and progressively increases from 2.5 kyrs BP onwards, probably reflecting a period in which the currents strength 

was low (Fig. 6k). This is also consistent with the absence of Trifarina angulosa over this period (Fig. 5).  

The spikes of the Ca/Ti and the Br/Ti suggest high primary productivity (Ziegler et al., 2008). The increase in the primary 

productivity along with the change in the circulation strength, may be related to an increase of the meltwater derived from the 375 

glacier, or glacial run-off. Glacial run-off in fjords have the effects of enhancing the mixing of the water column, delivering 

nutrient and could positively affect the thermoaline circulation (Howe et al., 2010; Pan et al., 2020).  

Moreover, an increase in the glacier run off could also be consistent with this trend of reducing multi-year sea-ice events over 

this period, culminating with a conspicuous meltwater flux that acted as a stress for the benthic foraminiferal community, 

reducing the circulation strength and enhancing the organic matter flux to the sea bottom and the primary productivity (Forsch 380 

et al., 2021; Howe et al., 2010; Korsun et al., 2023; Pan et al., 2020). 

3.2.3 From 2.5 kyrs BP to 2 kyrs BP 

After the 2.7-2.5 kyrs BP event (Fig. 6k), the benthic foraminiferal RoC curve shows a downward trend, probably reflecting 

increasing stability of the summer season, consistent with the steeper increase in P(O) (Fig. 6a-b) (Galli et al., 2024).  

The Zr/Rb ratio is increasing from 2.5 to 2 kyrs BP (Fig. 6h), suggesting a slow restoration of the circulation strength of the 385 

fjord. 

The BFAR and the PFAR values diminishes over this period, while simultaneously becoming more stable, with frequently less 

peaks in comparison to the previous phase (Fig. 6c-d). Moreover, the relatively low content of IRD can be connected to the 
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presence of more prolonged ice-free conditions over the summer season (Fig. 6e) (Christ et al., 2015; Galli et al., 2024; Peck 

et al., 2015). Supporting this interpretation of an increasing prolonged sea ice-free condition over the austral summer, the Br/Ti 390 

and Ca/Ti shows a downward trend, that may reflect an oligotrophisation of upper water column derived from prolonged period 

of open sea condition (Fig. 6f-g). In addition, from 2.5-2.3 kyrs BP the IPSO25 have lower values indicating the presence of 

seasonal ice-free condition in the fjord (Fig. 6i). However, from 2.3 to 2 kyrs BP, there is an increasing trend of these values, 

that can be connected to a later thawing of the seasonal sea-ice cover. 

Over this period, the benthic foraminifera fauna suggested the presence of intrusions of warm water masses as well as an 395 

environment with a high organic matter content which is consistent with the other proxies (Fig. 5).  

Fragilariopsis curta relative abundance in core Bay05-20 also hints to an increase in the sea-ice duration, since its relative 

abundance almost reach the 60% threshold that can be connected to prolonged winter sea-ice presence (Allen and Weich, 

2022; Leventer et al., 1993; Waters et al., 2000) (Fig. 6j). 

In conclusion, this phase can be connected to a period where the fjord is experiencing a switch from a multi-year sea-ice to a 400 

seasonal sea-ice dominated environment, that is connected through the 2.7-2.5 kyrs BP event. However, seasonality is not 

stable from year to year, probably reflecting the presence of episodic multi-year sea-ice events. 

3.2.4 From 2 kyrs BP to 1.55 kyrs BP 

Over this period, the RoC curves values are the lowest, while the P(O) is the highest, hinting to the most stable environmental 

phase in regards of the seasonal sea-ice cycle (Fig. 6a-b) (Galli et al., 2024). This period was previously identified as the 405 

Ophiuroid Optimum, a period in which the fjord is experiencing interannually stable conditions of freezing and thawing of the 

sea-ice cover, reflecting prolonged free-ice period over the austral summer period (Galli et al., 2024). This period was identified 

by noticing that the maximum P(O) happens simultaneously with the lowest average values of the IPSO25 (Fig. 6i) (Tesi et al., 

2020). The presence of a prolonged period of summer sea-ice free conditions, can also be inferred by the other proxies. The 

low but stable values of BFAR and PFAR can be connected to a lower variability of the nutrient input, while the IRD are 410 

characterized by their lowest values indicating the presence of a seasonal sea-ice cover that is thawing during the summer 

season (Fig. 6c-e) (Christ et al., 2015; Galli et al., 2023, 2024). A further indication of the stability of the seasonal sea-ice cycle 

is suggested by the downward trend of the F. curta that can be interpreted as a prolonged ice-free season (Mezgec et al., 2017). 

Moreover, the Br/Ti and Ca/Ti ratios are increasing throughout this environmental phase, probably reflecting an increase in 

the nutrient input, while the downward trend of the Zr/Rb ratio suggests a gradual decrease in the circulation strength (Fig. 6f-415 

h). This changing can also be ascribed to an increase in the prolonged ice-free period. A strengthening of the glacial runoff 

provides nutrient through sediment input over the ablation season while reducing the circulation strength by increasing the 

meltwater content of the water column (Howe et al., 2010; Pan et al., 2020). 
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3.2.5 From 1.55 to 0.7 kyrs BP 

This phase is characterized by the steady increase of the RoC values, culminating at 0.7 kyrs BP, and by the reduction of P(O) 420 

which reaches 0, reflecting the onset of environmental instability that is culminating at the end of the phase (Fig. 6a-b).  

In a previous study, it was suggested that an increase in the stratification of the water column led to oxygen poor and corrosive 

conditions on the bottom, probably as consequence of a conspicuous freshwater input from retreating glaciers (Galli et al., 

2023). This meltwater pulse event might have had the long-term effect of excluding the fjord from the regional circulation, 

reducing the nutrient supply and increasing the sea-ice cover duration (Carvalho et al., 2016; Galli et al., 2023; Pauling et al., 425 

2017).  

The initial abrupt decrease in the Zr/Rb values at the beginning of the phase can be indicative of reduction of the circulation, 

consistent with the interpretation (Fig. 6h).  

The fauna become dominated by agglutinated forms, suggesting an increase in the corrosive conditions probably due to the 

increase in the residence time of the water masses (Fig. 5). Around 1.5 kyrs BP there is a marked reduction of Globocassidulina 430 

subglobosa while the other agglutinated species starts to increase (Fig. 5). The complete disappearance of the calcareous fauna 

starts gradually around 1.5 kyrs BP, culminates around the TE, and lasts until 0.7 kyrs BP (Fig. 5). 

A drop in the primary productivity can be inferred by the decreasing values of both the BFAR and PFAR, reaching zero at 1.2 

kyrs BP (Fig. 6c-d), while the Br/Ti and Ca/Ti are also decreasing until 1.1 kyrs BP (Fig. 6f-g). Interestingly, this coincides 

with the TE in the benthic foraminiferal community located at 1.2 - 1 kyrs BP, and the sudden increase in the IRD content 435 

from the same period (Fig. 6h).  

In addition, the TE happens in concomitance of a sudden increase in the F. curta content > 60%, as well as high IPSO25 

concentrations, reflects prolonged sea-ice cover conditions (Fig. 6i-j).  

Moreover, in Galli et al., (2023), this phase corresponds to a transitional phase of fjord from a seasonal to a non-seasonal 

dynamic, from open to close in respect of the circulation pattern. This is in accordance with the results shown in this study. 440 

3.2.6 From 0.7 kyrs BP to recent 

Over this period, as previously shown by other studies in the region, there is a presence of an abrupt shift in the sedimentation 

rate of about one order of magnitude (Di Roberto et al., 2023; Tesi et al., 2020). The cause of this shift has been attributed to 

the presence of perennial sea-ice cover, or experience very short or restricted opening (Galli et al., 2023; Tesi et al., 2020).  

The extremely low values of BFAR and PFAR can be the consequence of the onset of harsher environmental conditions, as 445 

also suggested by the Br/Ti and Ca/Ti (Fig. 6c-d; Fig.6f-g). This can also be deducted by the absence of O. victoriae (Fig. 6b).  

The other nearby cores shows a similar behaviour: the presence of above threshold values of the IPSO25 with the presence of 

an > 60% of F.curta, can be connected to the increase in the prolonged sea-ice conditions (Fig. 6i-j). 

Further speculation is complicated due to the drop of sedimentation rate that can hide short-term changes over this period. 
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Table 1. Major climatic phases in the Edisto Inlet over the last 3.6 kyrs BP. Associated with the climatic phase in kyrs BP, a 450 
qualitative description of the TR17-08 proxy behaviour (↑= relatively high, ↓= relatively low, - no change) and the schematic 

environmental phase description. For further detail the readers are referred to the section 3.2 of this manuscript. 

3.3 Edisto Inlet as a sentinel for the ocean dynamics in the Ross Sea over the Late Holocene 

Here we focus on the environmental evolution from 3.5 to 1.5 kyrs BP, especially on the environmental transition that happens 

in the Edisto Inlet around 2.7-2.5 kyrs BP, as identified from the TE of the benthic foraminifera, the low values of the Zr/Rb 455 

and the peaks in both the Br/Ti and Ca/Ti ratios (Fig. 5).  

The event at 2.7 -2.5 kyrs BP can be connected to a shift from a multi-year sea-ice dominated environment to a more open and 

seasonal sea-ice environment (Table 2). The benthic foraminiferal assemblage compositional changes also hint to a switch 

from a colder bottom water condition to a warmer one, probably the mCDW (Fig. 5).  

Interval 

(kyrs BP) 
Proxy Interpretation 

3.6-3.5 
↑IRD; Zr/Rb; Br/Ti; F. curta. 

↓ BFAR; PFAR; Ca/Ti. 
High carbonate dissolution condition. 

3.5-2.5 

↑ IRD; BFAR; PFAR; Zr/Rb; P(O). 

- RoC. 

↓ F. curta; Ca/Ti; Br/Ti. 

Cold bottom water; multi-year sea-ice cover; 

Decrease in the frequency of this events at the end of 

this phase; 2.7-2.5 TE connected to an increase in 

glacier run-off. 

2.5-2 
↑ P(O); Zr/Rb. 

↓RoC; IRD; BFAR; PFAR; Br/Ti; Ca/Ti. 

Warm water mass intrusion; onset of a seasonal sea-

ice cover; seasonal cycle is not stable with presence 

of multi-year sea-ice. 

2-1.55 

↑ P(O); Br/Ti; Ca/Ti. 

- IRD; BFAR; PFAR. 

↓ RoC; Zr/Rb; IPSO25. 

Stable phase: interannually stable sea-ice cycles 

(Ophiuroid Optimum). 

1.55-0.7 
↑ RoC; IRD; Zr/Rb; F. curta. 

↓ BFAR; PFAR; Br/Ti; Ca/Ti; P(O). 

Transitional phase: Meltwater pulse at the beginning 

of this phase; cooling starts at 1.2 kyrs BP. 

0.7 - recent ↓ Sedimentation rate. 
Cool phase: prolonged period of sea-ice cover or very 

short openings during the summer. 
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Figure 7. Conceptual regional model of the oceanographic changes in the Ross Sea over the last 3.6 kyrs BP as identified in Edisto 460 
Inlet (black dotted square). Red arrows indicate the schematic flows of the superficial mCDW intrusions. Blue arrows indicate the 

flow of the deeper HSSW. DT= Drygalsky Through, JT = Joides Through. a) oceanographical situation from 3.5 to 2.6 kyrs BP; b) 

oceanographic circulation from 2.5 to 1.5 kyrs BP; c) Southern Annular Mode values (positive in orange, negative in green) divided 

by month. The period covered from the panel a) is highlighted by the blue square on the years BP column. The panel b) is highlighted 

by the red square on the years BP column. Adapted from Silvestri et al. (2022). 465 

Over the Victoria Land Coast, and in general over the Ross Sea, different studies with different proxies refers to a similar 

period for an environmental transition. Hall et al. (2023) studying the distribution of the southern elephant seals (Mirounga 

leonina) remains over the Mid and Late Holocene inferred an increase in the open water conditions, as well as a reduction in 

the sea-ice presence, from 2.3 to 1.8 kyrs BP. They ascribed this ecological dynamic to an increase in the modified Circumpolar 

Deep Water (mCDW) intrusion over the Victoria Land, having a strong negative effect on local marine terminating glacier 470 

(Hall et al., 2006, 2023).  
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Another proxy that has been used for the reconstruction of the mCDW intrusion over the Ross Sea is the presence of the Adelie 

penguin (Pygoscelis adeliae) colonies (Hall et al., 2023; Xu et al., 2021). Adelie penguins occupy a different ecological niche 

than elephant seals despite relying on the presence of a free-ice zone to feed (Emslie et al., 2003, 2018; Hall et al., 2006). 

Penguins relies on the presence of a consolidated ice platform to breed, while the elephant seals do not. By comparing the 475 

presence of an increased number of colonies of penguins (“Penguin Optimum”, 4.6 -2.8 kyrs) and of southern elephant seals 

(“Southern elephant seals”, 2.3-1.8 kyrs BP), Hall et al. (2023) inferred that over the 5-2.7 kyrs BP the Victoria Land region 

was a landfast ice dominated environment, while, from 2.5  kyrs BP to 0.5 kyrs BP a period of warmer-than- present climate 

onset that may be related to a strengthening of the mCDW intrusion. 

This switch in the sea-ice conditions over this region is coeval with our event located at 2.7-2.5 kyrs BP (Fig. 6), that could be 480 

linked to this regional response of the increase intrusion of mCDW over the Victoria Land Coast (Fig. 7).  

Despite not having direct evidence of recent mCDW intrusion in Edisto Inlet, an overall increase of this water mass inside the 

fjord can be connected to our environmental shifts. An increase in the overall content of mCDW can 1) increase the stability 

of the free-ice period; 2) increase the glacial input derived from the melting of the marine terminating glacier and 3) increases 

the primary productivity, due to the high nutrient concentration that this water mass has (Arrigo and van Dijken, 2004; Dale 485 

et al., 2017; Dinniman et al., 2011; Emslie et al., 2003; Hall et al., 2006; Mathiot et al., 2012; Orsi and Wiederwohl, 2009; 

Smith et al., 2012; Smith and Gordon, 1997; Wang et al., 2023; Xu et al., 2021).  

The presence of mCDW inside the inlet is also reasonable due to the water mass properties. The mCDW is generally found at 

depth of around 200-400 m, within Drygalski through and flows southward, consistent with the geomorphological features of 

the Edisto Inlet (Castagno et al., 2017; Orsi and Wiederwohl, 2009; Smith Jr. et al., 2014; Wang et al., 2023; Zhang et al., 490 

2024). 

Another key element is the presence of a relation between more mCDW intrusion and the positive phases of the Southern 

Annular Mode (SAM, fig. 7c). The SAM is defined as a latitudinal gradient of sea-level pressure between mid and high latitude 

(Fogt and Marshall, 2020; Marshall, 2003). Positive phases of this atmospheric modes are associated with the strengthening 

and the poleward movement of the westerlies, that in turns increases the upwelling of the CDW onto the continental shelf, 495 

increasing the production of the HSSW and, lastly, inducing a strengthening of the katabatic wind that ultimately controls the 

polynya ice-free area (Campbell et al., 2019; Gordon et al., 2007; Zhang et al., 2024). 

In a simulation using state-of-the-art models, Silvestri et al. (2022), showed an increase in the positive phases of the SAM over 

the austral summer that is consistent with the seasonal sea-ice phase detected in Edisto (Fig. 7c). A shift from more prolonged 

and positive SAM condition over the summer period is present throughout 2.5-1.5 kyrs BP, that can be linked to the presence 500 

of this mCDW intrusions. 

Thanks to all these observations, and thanks to the regional comparison with other proxies over the Victoria Land coast, we 

can advance the hypothesis that Edisto Inlet, and the TE of the benthic foraminifera can be used a sentinel for changing in the 

strength of the upwelling of the CDW over the Ross Sea,  thus providing an exceptional record that offers high-resolution 

insight on the oceanographical and atmospheric changes over this area. 505 
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Since the results of the 1.55 kyrs BP (sect. 3.2.6 and sect. 3.2.7) to recent align with the results from the specific benthic 

foraminiferal analysis reported in Galli et al., (2023), we referred the reader to that article for in depth details while we report 

a summary of those findings.  

In this previous study, by analyzing the Stainforthia feylingi and the Miliammina arenacea accumulation fluxes, it was possible 

to recognise the presence of a cospicuous glacial meltwater input. This was connected to the retreat of local glaciers, reflecting 510 

milder condition reflecting the onset of MCA (Medieval Climate Anomaly, Lüning et al., (2019)). At 1.2-1.0 kyrs BP (Fig. 6) 

The TE is characterized by the changes in from a calcareous dominated assemblage to an agglutinated one (Fig. 5). This 

happens in conjunction with a sudden decrease in the primary productivity proxy (Fig. 5c,d,f,g). Ice cores retrieved over the 

Victoria Land Coast also reported this sudden decrease of the atmospheric temperature of about -2°C around 1.1 kyrs BP 

(Mezgec et al., 2017; Stenni et al., 2017). Hence, the presence of this TE it is probably related to an increase in the sea-ice 515 

duration over the summer season, reflecting a regional change. 

The Last 0.7 kyrs BP period is characterised by the lowest fluxes of accumulation of the benthic foraminifera, that might be 

caused by an increase in the harsher condition that prevails over the benthic foraminiferal community, probably reflecting the 

onset of the Little Ice Age (LIA, (Rhodes et al., 2012; Stenni et al., 2017)). 

4 Conclusion 520 

In this study we analysed the environmental shifts inferred on the Edisto Inlet using the marine sediment core TR17-08. In 

addition, we use the Rate-of-Change (RoC) analysis on the benthic foraminiferal assemblage to infer significant environmental 

shifts that occurred at the local level. Four different environmental shifts were recognised: 3.3-3.1 kyrs BP, 2.5-2.7 kyrs BP, 

1.2 – 1.0 kyrs BP and 0.7 kyrs BP. While the first one can be regarded as a not a consequence of a long-lasting change in the 

environment, the other three can be connected to major environmental changes that had some effect on the assemblage 525 

composition. The TE at 2.7-2.7 kyrs BP is connected to a transition from a multi-year sea-ice dominated environment to a 

seasonal sea-ice dominated one, with loss of Miliammina arenacea and Trifarina angulosa in conjunction with increases in 

Epistominella exigua. Integrating these significant turnover event in conjunction with the geochemical proxies derived from, 

demonstrating the potentiality of the RoC analysis in local paleoenvironmental studies to depict a comprehensive view of the 

environmental evolution of an area. To understand what caused this transition, we compare our results to other Victoria Land 530 

Coast proxies. By doing that, we successfully connected the local changes to intrusion of mCDW on the region, strengthening 

after the 2.7-2.5 kyrs BP. The TE at 1.2-1.0 kyrs BP it relates to increasing dissolution condition, as testify by the switch from 

a calcareous to an agglutinated dominated one, probably connected to a period of major atmospheric cooling happening over 

the Victoria Land coast. Consequently, the 0.7 kyrs BP TE event can be connected to change in sedimentation rate, probably 

related to the Little Ice Age. 535 
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Lastly, we stressed out the importance that this site could have to infer regional oceanographical changes over the Ross Sea 

region, implying that the Edisto Inlet could be used as a sentinel for the whole Victoria Land Region. Thus, the presence of 

this high-resolution record could offer key insights on the Holocene environmental evolution at very short time scales. 
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