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Abstract: Ostracoda are a minor but recurrent component of Southern Ocean marine carbonate

chedfktfor factories, and their low-Mg calcitic skeletal mineralogy helps in ensuring a noteworthy post-mortem
updates o . . -
resilience. Our study, based upon surface sediment occurrences, contributes to the better definition
Citation: Salvi, G.; Anderson, ].B.; . .. . . . . .
) of their distribution vs. potential controlling factors in Antarctic waters. The ostracod fauna from
Bertoli, My Castagno, F; Falco, B; he Western Ross Sea Shelf dominated by Australicythere polylyca, Australicythere d
Fernetti, M.; Montagna, P; Taviani, M. the Western Ross Sea Shelf appears dominated by Australicythere polylyca, Australicythere devexa,

Recent Ostracod Fauna of the Xestoleberis rigusa, Loxoreticulatum fallax, Cativella bensoni, Austrotrachyleberis antarctica and Patagona-

Western Ross Sea (Antarctica): A cythere longiducta, colonizing a variety of shelf environments along a wide bathymetric range. The

Poorly Known Ingredient of Polar abundance and richness values correlate well to nutrient distribution and sediment supply, primarily
Carbonate Factories. Mirnerals 2022, related to the circulation of different oceanographic regimes affecting the floor of the Ross Sea Shelf.
12,937. hitps://doi.org/10.3390/ Circumpolar Deep Water could represent the main factor controlling the distribution of ostracods.
min12080937 Similar results (high abundance and richness in ostracod values) were also recorded in the Terra

Academic Editor: Olev Vinn Nova Bay and in a nearby area characterized by warm water rich in nutrients and composed of water

of circumpolar origin flowing from the open ocean southwards onto the continental shelf. Particulate
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Fe (pFe), in suspended particulate matter (SPM), and other particulate trace metals in TNB could
support the hypothesis that biogenic iron may significantly contribute to the bioavailable iron pool,
sustaining both primary production and ostracod fauna richness in this area.
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1. Introduction

Ostracoda are tiny bivalved crustaceans, many of which have low-Mg calcite ex-
oskeletons [1], which explains their resilience as fossils. Known to have existed since the
Cambrian, ostracods display a very wide geographic distribution and inhabit marine and
conditions of the Creative Commons  NON-Marine habitats [2-6]. Detailed investigations of modern and recent regional distribu-
Attribution (CC BY) license (https://  tions of ostracod species from shelf, slope, bathyal and abyssal environments indicate that
creativecommons.org/licenses /by / their distribution is strongly influenced by the physico-chemical characteristics of water
40/). masses (e.g., temperature, salinity, nutrients, dissolved oxygen, etc.) and by substrate type
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and food supply [4,7-12]. These combined aspects make their microfossils environmentally
informative and stratigraphically valuable [6,13-15].

Ostracods are also found in high latitude marine settings, although thus far there
has been little research conducted in the Southern Ocean. Regarding this region, several
recent taxonomic revisions on species and genera have been published [16-18]. Using
ostracod assemblages from the Southern Polar Front region, Brandao et al. [19], investi-
gated how primary productivity in the euphotic zone influences the biodiversity on the
seabed at abyssal depths. Ayress et al., Brandao and Horne, Brandao and Dingle, Brandt
et al., Majewski and Olempska, and Yasuhara et al. [20-25] examined the bathymetric and
geographic distribution of benthic ostracod species in several samples from the Southern
Ocean and Antarctica and discussed the factors that control their distribution. Brandao
et al. [26] analyzed biodiversity patterns in the Atlantic sector of the Southern Ocean over a
wide depth range (89-6224 m) and tested ecological preferences of ostracod genera, widely
used in palaeoceanographic reconstructions. Their analysis showed that the main variables
influencing ostracod distribution are depth, followed by nitrate and phosphate concentra-
tions. Conversely, temperature, salinity and oxygen content do not seem to be as important
as previously thought. Brandao and Dingle [22], summarizing available evidence, pointed
out how many aspects of ostracod biodiversity in the Southern Ocean (e.g., physiology, life
cycles) remain unknown, with only one study having been published on genetics [27].

With respect to the highly challenging polar modern Antarctica, ostracods must cope
with subfreezing ambient conditions, unfavorable to calcification, while promoting CaCOj3
dissolution [28,29]. Taxonomic analyses of ostracod assemblages in the Antarctic Peninsula
have been conducted by several researchers [30-37]. Neale, 1967 [38], suggested that the
ostracod fauna in Halley Bay is largely controlled by the East Wind Drift in combination
with water temperature. Recent ostracod associations from both shallow and deep water
together with climatic and oceanographic settings are described from the Antarctic Penin-
sula and the Scotia Sea [39]. Different scenarios of colonization and migrations from the
Antarctic Peninsula and/or southern South America during glacial/interglacial phases
are discussed in a study centered upon Marion Island [16,17]. An analysis of the ostracod
fauna from the Weddell and Scotia Seas shows that there are strong regional differences in
distinctness among Antarctic regions while assuming the possible important role of this
environment for the post-glacial recolonization [18]. The study of ostracod assemblages in
the Ross Sea is even more limited; it largely refers to the pioneering, and largely taxonomic
contributions of [40-43]. In particular, [41-43] published several short reports on the ostra-
cods collected in the framework of the British Antarctic Expedition (1907-1909), with the
descriptions of the fossil ostracods obtained from deposits located at ca. 50 m along the
slopes of Mount Erebus in McMurdo, together with the identifications and descriptions of
ten species from recent muddy sediments of the Ross Sea.

The occurrence of ostracods in the Antarctic fossil record has been seldom reported
from outcrop and borehole evidence. Ostracods within the Pliocene Pecten conglomerate
of Cockburn Island were initially recorded by [44], and later described in greater detail
by [45]. Ostracods were also found in drillholes that sampled Oligocene through to early
Pleistocene sedimentary units in the Victoria Land and Ross Sea embayment [46-51].
The late Pleistocene Taylor Formation, represented by discontinuous unlithified deposits
on Ross Sea Island, hosts an ostracod fauna that included extant taxa [52,53]. Finally,
sedimentary cores collected offshore Antarctica, (Prydz Bay, Weddell and Ross Seas) contain
ostracod shells as well [54-58]. Melis and Salvi [59] analyzed the distribution of ostracod
and foraminiferal faunas in a sedimentary sequence collected in a northwestern Ross
Sea carbonate-rich deposit, pointing out their importance for the reconstruction of the
paleoclimatic and oceanographic variations during the late Quaternary.

Published evidence, therefore, documents that ostracods do indeed contribute to past
and present Antarctic carbonate factories, although they are never a major component of
resulting biogenic sediments. Perhaps more importantly, they could provide more informa-
tion, improving the quality of the paleoenvironmental and palaeoecological interpretations
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of carbonate deposition in polar regions. To achieve this goal, however, it is useful to
improve our understanding of ostracod distributions with respect to environmental charac-
teristics, especially oceanographic variables. Furthermore, the study of modern vs. fossil
assemblages may provide insights into climatically-driven ecosystemic modifications in a
key area such as the Ross Sea region.

With this purpose, ostracod assemblages found in 90 surface samples in the Western
Ross Sea Shelf (WRSS) were analyzed, aiming at a fundamental cognitive basis for paleon-
tological studies in the Antarctic region. The data obtained were compared with average
oceanographic parameters (temperature, salinity and depth).

The present paper describes the spatial distribution and composition of recent benthic
ostracods from the Ross Sea in order to:

1. Characterize the ostracod assemblages from the WRSS, taking into account the level
of undiscovered commonness, richness and abundance;

2. Explore possible differences among ostracod assemblages in respect to bathymetric
zones within the Ross Sea (i.e., inner and outer shelf, shelf break);

3.  Investigate which environmental parameters (depth, salinity and temperature) most
affect ostracod assemblages to increase our understanding of the relationships be-
tween benthic ecosystems and oceanographic regimes in the Antarctic region.

2. Materials and Methods
2.1. Study Area—Regional and Oceanographic Setting

The Ross Sea is located in the Pacific sector of the Southern Ocean, between Cape
Colbeck at 158° W and Cape Adare at 170° E. On the southern side, it is bordered by the
Ross Ice Shelf, at around 78.5° S. This broad ice shelf, which extends over nearly half of
the continental shelf, is about 250 m thick on its northernmost side [60] and accounts for
the 32% of the total Antarctica’s Ice Shelf volume [61]. The Ross Sea is characterized by
a deep, irregular continental shelf with an average depth of 500 m and several shallow
banks, separated by depressions. Most of these banks and depressions have a characteristic
SSW/NNE orientation [62]. The eastern part of the Ross Sea has distinctly different
characteristics from the western part in terms of physiography and seabed geology. The
eastern region is characterized by broad troughs separated by low-relief ridges, while the
western sector contains high relief banks and deep troughs [63]. The bottom topography
in this area is rather irregular, with the ~500 m deep shelf isolated from the shore by the
northeast-oriented 1200 m-deep Drygalski Basin [63].

The Ross Sea is the most productive sector of the Southern Ocean, and it is of critical
importance to global biogeochemical cycles and in CO, uptake. The region is characterized
by strong vertical water mass exchanges that support higher trophic levels (e.g., penguins,
whales, seals) [64].

The Drygalski Basin is a pathway for the cold, salty and dense shelf water (DSW)
produced in the Terra Nova Bay, which flows towards the continental slope [65-67], and
for warm and nutrient-rich water of circumpolar origin (Circumpolar Deep Water—CDW),
flowing from the open ocean southwards onto the continental shelf [68-72]. The outflow of
DSW and the intrusion of CDW onto the shelf in the Drygalski Basin are governed by tidal
forcing [65,68]. Close to the shelf break, at the Drygalski mouth, Antarctic Bottom Water
(AABW) is formed due to the tidal mixing of three different water masses DSW, CDW and
Antarctic Surface Water (ASW) [66,68,73]. The freshening of the DSW and consequently
of AABW formed in the Ross Sea have been observed since 1959 [74-76]. However, after
2014, the salinity of the Ross Sea AABW and of DSW has increased sharply and by 2018
had rebounded to values last observed in the mid-late 1990s. [77,78]. DSW is defined by a
neutral density, (Y") > 28.27 kg m 3, and a potential temperature, <—1.85 °C, while CDW
is identified by 28.00 < y" < 28.27 kg m~3 and a temperature maximum at intermediate
depths [79].

Ice concentrations in the Ross Sea change dramatically during the different seasons,
decreasing rapidly in austral spring recovering quickly in March. These seasonal changes
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in sea ice coverage, together with biological production, drive the seasonal variability
of the Antarctic Surface Water (AASW) carbonate system [80]. Moreover, sea-ice melt
water contributes to particulate iron (pFe) in the Ross Sea surface water at the sea ice edge
on summer (e.g., [81]) and throughout a vast part of the Ross Sea that has recently been
designated one of the world’s largest marine protected areas (CCAMLR Conservation
Measure 91-05: Ross Sea Region Marine Protected Area. 2016 (https://www.ccamlr.org/
en/measure-91-05-2016, last accessed on 25 May 2022).

2.2. Sediment of the Western Ross Sea Shelf

The dominant surface sediments of the deepest (>400 m) portions of the Ross Sea
continental shelf are silt-rich siliceous muds with minor ice-rafted debris [82-84]. Unsorted
mixtures of sand and gravel (residual glacial marine sediment) with various amounts
of calcareous, bioclastic sand and gravel (consisting mainly of foraminiferal tests and
fragments of bryozoans, barnacles, mollusks, corals and echinoderms) occur on offshore
banks and on the outer continental shelf and upper slope where relatively strong currents
sweep the sea floor [82,84].

2.3. Ostracods

The ninety surficial sediment samples analyzed for this study were collected during
several oceanographic cruises (R/V Nathaniel B. Palmer cruises 1994, 1995; National
Program of Antarctic Research—PNRA cruises 1988, 1990, 1991, 1996, 2017) (Figure 1). The
gear used in the sampling, together with locations of the surficial samples collected in
different oceanographic surveys, are reported in Table S1 in the Supplementary Materials.

The examined samples have been mainly collected by grab and dredge, and subsam-
pling was carried out on board by distinguishing between the surficial layers and the
remaining samples.

The samples were wet-sieved using a 50-um mesh sieve, dried and weighed to deter-
mine the content of the sandy fraction. All living and dead ostracod specimens were dry
picked, counted and identified, following the taxonomy of the Antarctic benthic ostracod
systematic method [25,30—40,48,85]. The number of specimens refers to both valves and
carapaces, i.e., one separated valve is considered to be one specimen and one articulated
carapace is one specimen [25]. Following Brenchley and Harper [86] and Boomer et al. [87],
a life assemblage was considered an autochthonous thanatocoenosis and a death assem-
blage (subjected to post-mortem transport and other processes, e.g., [88,89]) to be an
allochthonous thanatocoenosis. In this sense, we considered autochthonous ostracod as-
semblages represented by living specimens or dead ones with left and right valves or
complete carapaces of the adults together with their immature instars as life assemblages.

On the contrary, death assemblages (allochthonous thanatocoenosis) are represented
by valves of adults without juveniles or juveniles without adults or with specimens showing
evident signs of allochthonous taphocoenosis (fragmented and or abraded shells).

Only life (autochthonous) assemblages have been taken into account.

Ostracods discussed in the present paper are archived in the repository of the Depart-
ment of Mathematics and Geosciences, University of Trieste.

2.4. Statistical Analysis

A similarity percentage (SIMPER) analysis defined the main taxa responsible for the
differences between groups. These analyses were based on the Bray—Curtis dissimilarity,
a measurement that does not take into account the absence of species but relies on the
composition of assemblage and the relative abundances of taxa [91].
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Figure 1. Study area with locations of the surficial sediment samples collected during different
oceanographic cruises (see Table S1 in Supplementary Materials). The green triangle denotes samples
collected during the oceanographic cruises 1990-1991; yellow triangle, the oceanographic cruises
1994-1995. Samples collected in TNB (red square) are reported in the inset. Map created using the
IBCSO bathymetry [90]. Isobaths every 500 m.

To characterize the biodiversity of assemblages, two faunal parameters were calcu-
lated: (1) species richness (Taxa_S), the number of species in each sample, and (2) the
Shannon-index (Shannon_H), a measure of entropy that considers the distribution of taxa
among the total number of specimens [92] (Table 1). Cluster analysis was run for the
samples (Q-mode). The best results were reached using Ward’s method and the Bray and
Curtis algorithm.
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Table 1. Species Richness (Taxa_S), and the Shannon Index (Shannon_H) calculated for in situ
ostracods in each sample.

Samples ID Taxa_S Shannon_H Samples ID Taxa_S Shannon_H
NBP94-01-03 4 1.32 ANS88-PQ09 1 0.00
NBP94-01-04 8 2.02 ANBS8-PQ14 1 0.00
NBP94-01-06 11 2.19 ANB8-PQ20 2 0.67
NBP94-01-41 1 0.00 ANS8S8-PQ22 1 0.00
NBP94-01-45 5 1.55 ANS88-PQ23 2 0.65
NBP95-01-05 3 0.71 ANB88-PQ29 2 0.69
NBP95-01-52 3 1.01 ANS88-PQO3b 2 0.68
NBP95-01-53 4 1.12 ANB88-PQO7b 4 1.36
NBP95-01-54 4 1.09 GRC_02 11 2.23
NBP95-01-55 3 1.10 GRC_04 9 1.98
ANSS8-B32 2 0.56 BDR_001 5 1.44
ANS8S8-B33 2 0.66 ANTA91-11BC 11 2.13
ANS88-B39 2 0.65 ANTA96-426 6 0.98
ANB8S8-B47 2 0.69 ANTA96-426b 8 1.24
ANB88-B31 3 1.01 ANTA96-502 3 0.91
AN88-B32b 1 0.00 ANTA90-MMO021 1 0.00
ANS88-B39b 1 0.00 ANTA90-MMO022 1 0.00
ANBSS-IB3P 12 1.60 ANTA90-MMO039 2 0.62
ANS88-PQO3 1 0.00 ANTA90-MMO063 2 0.69
ANS88-PQO7 8 1.66 ANTA90-MMO065 1 0.00
ANS88-PQO8 1 0.00 ANTA90-MM118 2 0.62

The redundancy analysis (RDA) [91,93] was applied to investigate the relationship
between ostracod species and environmental variables through the samples. RDA was cho-
sen after the application of the detrended correspondence analysis (DCA), as the gradient
lengths were <4 standard deviations [94]. The total explained variation within the ostracod
species data was partitioned among the three groups of environmental variables associated
to depth, water temperature and salinity [95].

Multivariate analyses (Cluster and RDA analysis) on ostracod assemblages were per-
formed using the Xlstat software Addinsoft (2020) (XLSTAT statistical and data analysis so-
lution, New York, NY, USA; https:/ /www.xlstat.com) and RStudio version 2021.9.0.351, 250
Northern Ave, Boston, MA 02210 844-448-1212, info@rstudio.com except for the calculation
of SIMPER and of diversity indices, which was carried out using PAST software (PAlaeonto-
logical STatistic, version 4.07, https:/ /www.nhm.uio.no/english/research/infrastructure/
past/) [96]. Figures were produced using RStudio and processed with Inkscape software
version 0.92. All ostracod taxa subjected to statistical analysis were previously standardized
using the weight of the observed samples.

2.5. GIS Analysis

Predictive distribution maps for richness (i.e., the number of n° species in each sample)
and total abundance (i.e., the number of specimens/g in each sample) were interpolated
in GIS applying the spline method using barriers. The same method was used to inter-
polate salinity and temperature maps. The spline with barriers method is similar to the
technique used in the spline tool, with the major difference being that this method honors
discontinuities encoded in both the input barriers (Antarctica land and ice shelf) and the
input point data. The spline with barriers tool applies a minimum curvature method, as
implemented through a one-directional multigrid technique that moves from an initial
coarse grid, initialized in this case to the average of the input data, through a series of
finer grids until an approximation of a minimum curvature surface is produced at the
desired row and column spacing (ESRI, 2021). The minimum curvature surface honors
both the input point data and discontinuities encoded in the barriers. The deformation
that is applied to each cell is calculated on the basis of a molecular summation [97] that
compares the weighted summation of neighboring cells with the current value of a central
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target cell to calculate a new value for the target cell. The main difference between inverse
distance weighting (IDW) and spline when using barriers, excluding the algorithm itself,
is that IDW uses a “line of sight” approach and if a point cannot be “seen” because of a
barrier, then it is not used to make the prediction. Spline with barriers instead weights
the points based on the shortest distance around a barrier utilizing more points to make
the prediction at that particular location. The cell size for the analysis is 500 m and no
smoothing factor has been applied to the interpolation.

2.6. Oceanographic Data

Salinity, temperature and pressure data were acquired simultaneously with the sedi-
ment sampling activities during 17 Italian National Antarctic Research Programme (PNRA)
expeditions from 1995 to 2019 (http://morsea.uniparthenope.it) and three Nathaniel B.
Palmer expeditions in 2004, 2013 and 2018, as part of the ANSLOPE (http://ocp.ldeo.
columbia.edu/res/div/ocp/projects/anslope/Data.html.), TRACERS (https://doi.org/10
1594 /1EDA /320068) and CICLOPS (https:/ /www.bco-dmo.org/dataset/783911) projects,
respectively. The data were obtained using a CTD Sea-Bird Electronics SBE 9/11+. The
CTD was equipped with dual temperature-conductivity sensors flushed by a pump at a
constant rate. Calibrations were performed before and after the cruises. Hydrographic
data were corrected and processed according to standard procedures [98]. The maps in
Figure 2A,B were obtained by averaging the salinity and temperature in the bottom 10 dbar
at each station.
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Figure 2. GIS predictive salinity (A) and temperature (B) distribution maps interpolated in GIS
applying the spline method using barriers.


http://morsea.uniparthenope.it
http://ocp.ldeo.columbia.edu/res/div/ocp/projects/anslope/Data.html
http://ocp.ldeo.columbia.edu/res/div/ocp/projects/anslope/Data.html
https://doi.org/10.1594/IEDA/320068
https://doi.org/10.1594/IEDA/320068
https://www.bco-dmo.org/dataset/783911

Minerals 2022, 12,937

8 of 27

3. Results
Ostracod Assemblages in the Western Ross Sea Shelf

Among the 90 surface samples examined, 42 contained an ostracod fauna, which
consisted in 28 species, and 6 species were recorded in open nomenclature (Table S1 in
the Supplementary Materials). The 48 samples without ostracods or with valves showing
evident signs of allochthonous taphocoenosis (fragmented and or abraded shells) were
mainly collected in the southernmost and central areas of the WRSS, in the northern
part of the Drygalski and Victoria Land Basin. The Q-mode cluster analysis performed
on the ostracod assemblages of the WRSS identified three groups of samples (Figure 3)
characterized by increasing abundance e richness values (from Cluster 3 to Cluster 1,
respectively) with the highest values of ostracod fauna recorded in the northwestern area
of the WRSS (shelf break east to Cape Adare) on the outer shelf, on the banks and in the
Terra Nova Bay (TNB) and in a nearby area. High values were also recorded in the Ross
Bank area (Figure 4).

Dissimilarity

2 25 3 35 4 45

ANTA90-MMO063)

ANTA90-MMO021

ANS8-B39

ANTA90-MM022

ANSS-B39

ANSS8-B47
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GRC_02
GRC_04
ANTA9-MMI18
ANSS-PQU7
ANBS8-PQU7b,

Figure 3. Q-mode cluster analysis (Ward’s method—Bray and Curtis algorithm): the dominant
species for each cluster are reported.
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Figure 4. GIS predictive Q-mode cluster analysis distribution map interpolated in GIS, applying the
spline method using barriers. Isobaths every 500 m.

Within the Cluster 1 the dominant species are: Australicythere devexa (Miiller, 1908),
Australicythere polylyca (Miiller, 1908), Austrotrachyleberis antarctica (Neale, 1967), Cativella
bensoni Neale, 1967, Loxoreticulatum fallax (Miiller, 1908), Patagonacythere longiducta (Skogs-
berg, 1928), Xestoleberis rigusa Miiller, 1908; in the Cluster 2: Argilloecia sp., Austrotrachyle-
beris antarctica (Neale, 1967), Cativella bensoni Neale, 1967, Copytus elongatus Benson, 1964;
and in the Cluster 3: Australicythere polylyca (Miiller, 1908), Cativella bensoni Neale, 1967
(Figures A1-A3).
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SIMPER analysis showed that more than 60% of the difference between clusters is
defined by Australicythere polylyca (23.84% relative contribution), Australicythere devexa
(20.04%), Xestoleberis rigusa (8.63%), Loxoreticulatum fallax (6.62%), Cativella bensoni (6.56%)
and Austrotrachyleberis antarctica (6.42%), followed by lower contributions of Patagonacythere
longiducta (5.69%) and Argilloecia sp. (3.66%) (Table 2).

Table 2. Similarity percentage (SIMPER) analysis for ostracod assemblages defined with Q-mode.
Cluster analysis: The dominant species for each cluster are reported in bold. Overall average
dissimilarity: 79.17.

Species Av. Dissim  Contrib. %  Cumulative %  Cluster1  Cluster2  Cluster 3
Australicythere polylyca (Miiller, 1908) 23.37 23.84 23.84 1.226 0.000 0.148
Australicythere devexa (Miiller, 1908) 19.64 20.04 43.87 0.966 0.000 0.010
Xestoleberis rigusa (Miiller, 1908) 8.46 8.63 52.50 0.164 0.000 0.000
Loxoreticulatum fallax
(Miiller, 1908; Hartmann, 1986) 6.49 6.62 59.12 0.136 0.000 0.000
Cativella bensoni (Neale, 1967) 6.43 6.56 65.68 0.130 0.014 0.051
Austrotrachyleberis antarctica
(Neale, 1967) 6.29 6.42 72.10 0.164 0.010 0.000
Patagonacythere longiducta
(Skogsberg, 1928) 5.57 5.69 77.79 0.272 0.000 0.000
Argilloecia sp. 3.59 3.66 81.45 0.034 0.048 0.000
Cytheropteron antarcticum
(Chapman, 1916) 242 2.47 83.91 0.062 0.000 0.000
Macropyxis similis (Brady, 1880) 2.28 2.32 86.24 0.044 0.000 0.000
Copytus elongatus (Benson, 1964) 1.55 1.58 87.82 0.003 0.021 0.000
Bairdoppilata simplex (Brady, 1880) 1.44 1.47 89.29 0.090 0.000 0.000
Sclerochilus (Praesclerochilus) reniformis 1.26 128 90.57 0.011 0.014 0.000

(Miiller, 1908; Schornikov, 1982)

The Shannon_H values range between 0 (samples NBP94-01-41, AN88-B32b, ANS8S8-
B39b, AN88-PQO3, AN88-PQO8, AN88-PQ09, AN88-PQ14, AN88-PQ22, ANTA90-MMO021,
ANTA90-MMO022 and ANTA90-MMO065) and 2.23 (sample GRC_02). High values were also
recorded in NBP94-01-06 (2.19) and ANTA91-11BC (2.13). The overall Shannon_H value
is not very high and reveals an ostracod assemblage characterized by low qualitative and
quantitative values (Figure 5). The redundancy analysis (RDA) was performed in order
to link the species found in the surface sediments of the WRSS with the environmental
variables analyzed (depth, salinity, temperature). The first two axes explain 10.50% of the
observed variance, while first three axes explain 12.00%. Salinity plays a key role on site
dispersion along the first axis; depth and water temperature appear to be correlated to
both first and second axes. There is a positive correlation between the increasing ostracods
abundance and richness values and the salinity parameter; similarly, temperature shows
a comparable tendency with a positive correlation mainly with A. devexa, A. antarctica,
C. fallax, C. antarcticum, P. longiducta and X. rigusa; depth is positively correlated with
Argilloecia sp., B. dubia, B. simplex, C. bensoni and Copytus elongatus. A. polylyca does not
show any correlation with the examined variables (Figure 6).
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Figure 6. Redundancy analyses (RDA) showing the relationships between ostracod species and
considered variables (salinity, temperature, depth).
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4. Discussion
4.1. Analysis of the Ostracod Assemblages in Respect to WRSS Bathymetric Zones

Calcareous organisms, such as calcitic ostracods, represent a valuable paleoenviron-
mental, paleoclimatic, palaeoceanographic and biostratigraphic indicator [2-6]. When
comparing living and fossil ostracods, it is vital to understand the potential range of similar-
ity and difference between a living population and the fossil assemblages recovered from a
sediment series (cores, boreholes), which can range from something close to the original
live fauna (thanatocoenosis—if in situ, i.e., autochthonous) to allochthonus assemblages
that have been subjected to varying degrees of transport with consequent sorting and loss
(taphocoenosis) [99].

The analysis carried out on the ostracod association found in surface sediments from
the WRSS, for the first time provided the opportunity to analyze distribution patterns in re-
lation to data variables (temperature, salinity) documented from numerous oceanographic
cruises organized by the PNRA since the 1990s. In particular, it is possible to correlate
the species found with precise ranges (maximum and minimum) of temperature, salinity
and depth, thus providing new insight into the distribution of species in relation to the
above-mentioned variables (Figure 7, Table 52).
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Figure 7. Violin box plots summarizing the values of depth, temperature and salinity ranges for the
ostracod species recovered in the Western Ross Sea Shelf area. The thick dots within the box plots rep-
resent the median, and thick lines inside the box plots represent the upper and lower quartiles. Abbre-
viations: Aglaiella setigera—A; Antarcticythere laevior—B; Argilloecia sp.—C; Australicythere devexa—D;
Australicythere polylyca—E; Austrotrachyleberis antarctica—F; Bairdoppilata simplex—G; Bythoceratina
dubia—H; Cativella bensoni—I; Copytus elongatus—L; Echinocythereis sp.—M; Krithe (Austrokrithe)
magna—N; Loxoreticulatum fallax—O; Macropyxis similis—P; Microcythere scaphoides—Q; Myrena merid-
ionalis—R; Nodoconcha minuta—S; Patagonacythere longiducta—T; Polycope sp.—U; Procythereis (Serrato-
cythere) kerguelenensis—V; Pseudocythere aff. P. caudata—Z; Sclerochilus (Praesclerochilus) antarcticus—AA;
Sclerochilus (Praesclerochilus) reniformis—BB; Semicytherura sp.—CC; Xestoleberis rigusa—DD.
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We recorded a high proportion of previously undiscovered ostracod diffusions in the
WRSS, as found in Atlantic Sector of the Southern Ocean by [26]. This is not surprising
because of the very low number of previous studies in the Ross Sea Area [22,40—43] and
given the wide and deep continental shelf.

Moreover, in agreement with [22,26], the low proportion of the ostracod richness and
abundance (i.e., n° specimen/g) in the WRSS, in contrast with its considerable area, also
suggest a high level of yet undiscovered ostracod biodiversity, probably due to inadequate
sampling and the level of geographical cover, with a large number of new species probably
still to be discovered ([22], p. 143) (Figure 8A,B).

170°0'0"E 165°0'0"E 175°0'0"E 170°0'0"E 165°0'0"E

76°00'S
76°00'S

74°00"S,
74°00°S

Species number
A samples : o~ samples

2 !
A barren samples: barren samples

T
72°00"S

o

T

1S

°
72°0'0"S

= ‘ g p S ] oar—100
} [ Je1—s0 c 478 L[ o200
L[ Jei-100 § ] [ ] 201500
[ J1o1—110 p o I =50 B

175°0'0"E 170°0'0"E

170°0'0"E

Figure 8. GIS Predictive ostracod species richness (A) and total abundance (i.e., n° specimens/g)
(B) distribution maps interpolated in GIS applying the spline method using barriers.

The most representative species, as defined by SIMPER analyses, show a preferential
distribution in the well-defined areas of the WRSS. In particular, A. polylyca, the most
abundant taxon within WRSS fauna, was found in the south-western part of the WRSS
(Drygalski Basin), in the northern part of the Joides Basin and at the shelf break east of Cape
Adare (Figure 9A). This endemic taxon was widely recorded from the modern Antarctic
region [25,26]. Another finding of interest is the occurrence of this thaerocytherid species,
common in Antarctic shallow waters (48 to 464 m), in the eastern Weddell Sea at a depth
of 1030 m, possibly indicating its submergence from the Antarctic shelf [23]. Additionally,
the highest abundance of living specimens of this taxon was recorded in the deep areas
of continental shelf and slope, showing that this species may be able to migrate vertically
throughout the continental margin in a relatively short time [22]. Recently, [26] identified
the genus Australicythere in the continental slope of Antarctica and adjacent abyssal plain
(3631 m). We also noted that A. polylyca is the only species that does not have a correlation
with the variables examined. Likewise, our study documents the occurrence of A. polylyca
at varying depths of the Ross Sea shelf (from 79 to 723 m), highlighting the possible
eurybathic characteristics of this species, which may have survived past glaciations on the
slope or deeper.
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Figure 9. GIS Predictive A. polylyca (A) and A. devexa (B) distribution maps interpolated in GIS
applying the spline method using barriers. Isobaths every 500 m.

Australicythere devexa, the second-most abundant species in the WRSS surficial sed-
iments, shows a distribution comparable to A. polylyca, except for its occurrence in the
southern part of the WRSS (Ross Bank) (Figure 9B). This taxon is extant in southern-most
South America [100,101], South Georgia [30,35] and throughout the Antarctic [37]. Its
depth range until now has been relatively restricted (50-385 m), with the exception of
the few littoral sites mentioned by [101,102] in the Strait of Magellan. The wide modern
distribution in southern South America may be linked by South American origin or by an
early migration from Antarctica. Another factor of this broad geographical distribution
is likely its adaptation to a wide range of water depths, including the littoral zone and
relatively deep water [25,101,102]. Considering this, we noted the presence of A. devexa in
a wide depth range from 220 to 723 at the shelf break area, on the Ross Bank and in TNB
and nearby area seabed. X. rigusa, L. fallax, C. bensoni, A. antarctica and P. longiducta with
lesser abundance values show a less extensive diffusion in the WRSS area with highest
values recorded mainly at the shelf break, in the northern part of the Joides Basin, in the
Ross Bank area, in the TNB and in a nearby area.

Xestoleberis rigusa was recorded by [39] from the west coast of the Antarctic Penin-
sula (Paradise Bay) at a water depth of 2 m, and in Halley Bay from a depth of 206 m.
Hartmann [37] recorded X. rigusa off Elephant Island, Bransfield Strait and the Antarc-
tic Peninsula (Joinville, d"Urville, Lavoisier and Adelaide Islands) with the depth range
130-385 m. Finally, ref. [24] reported the occurrence of X. rigusa with a water-depth range
34-450 m in Admiralty Bay (Antarctic Peninsula). L. fallax, previously documented from
Antarctic waters by [38], was also recorded in the Liitzow-Holm Bay [25], in Admiralty
Bay [24,103] and from the shallow Kerguelen Plateau [104], at a depth range 110-280 m.
In the Ross Sea, X. rigusa and L. fallax were found mainly near the shelf break, in the
northern part of the Joides Basin, in the Ross Bank and in TNB and nearby area seabed
(Figure 10A,B).
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Cativella bensoni was often reported from the modern Antarctic Peninsula (Halley
Bay) [38] and from the Strait of Magellan [101]. C. bensoni is also recorded from >1000 m
depth around the Kerguelen Islands by [104], while in Antarctica proper it occurs below
~450 m [25,48]. We recorded the higher density of C. bensoni at the shelf break and in the
northern part of the Joides Basin (Figure 11A).

Austrotrachyleberis antarctica was originally described as Robertsonites antarctica from
Halley Bay [38]. It has since been recorded by [37] in South Georgia and in several areas
in the northern Antarctic Peninsula and in the Strait of Magellan between 1-456 m [101].
A. antarctica is mainly localized at the shelf break and in the Ross Bank area (Figure 11B).
Finally, Patagonacythere longiducta was found to be widespread in the Antarctic and Sub-
antarctic areas in shallow waters [24,25,39], while in WRSS it is mainly found in and near
TNB (Figure 12). In summary, all five taxa show a wide depth range of 47-723 m, except for
P. longiducta, whose depth appears more constrained (220-509 m) (Figure 7, Table S2).

4.2. Distribution of Autochthonous Ostracod Assemblages in Response to the
Oceanographic Settings

The results provided here yield additional knowledge on recent ostracod assemblages
from several areas of the WRSS. These assemblages occur at different water depths and in
different oceanographic settings and provide modern analogues useful for the reconstruc-
tion of the geological record (Figure 7, Table S2). Our results also indicate that water depth
may not be an obstacle to species dissemination, as also reported by [19]. Ostracod richness
and abundance are more connected to low salinity and higher temperature values (i.e.,
CDW water-mass characteristics), as reported by [25] in Liitzow-Holm Bay, east Antarctica.

Ostracods bathymetric occurrence was analyzed from the shallow to the deep conti-
nental shelf (8-520 m) at King George Island (Antarctic Peninsula) by [24] and in the deep
continental shelf and shallow slope (350-870 m) of Liitzow-Holm Bay, east Antarctica [25].
These authors reported distinct ostracod faunas living in different depth zones from these
areas from the Southern Ocean [26]. Similarly, our results recorded the distribution of
WRSS ostracod assemblages in a wide range of water depths from shallow continental shelf
to shallow slope.

Ostracods might have colonized diverse shelf environments in the Ross Sea during
the last glacial age, possibly surviving within ice-free refugia, or, alternatively, below the
ice shelf, as recorded by recent micropaleontological results [59] from studies of benthic
communities living under the ice shelves [105]. Most ostracods are deposit feeders and
could potentially have survived in such environments [26].

Recent studies [60,81,106] reported the importance of sea ice conditions and their
influence on productivity and the flux of organic material to the seafloor [107-109] as a
driver of benthic community structure and function (e.g., [110,111]), even at depths far
below the surface [112]. Similarly, the mechanisms of nutrient distribution and sediment
supply in the WRSS are primarily related to the circulation of water masses and the different
oceanographic regimes affecting the Ross Sea shelf seafloor.

Castagno et al. ([68,84] and references therein) verified how CDW, a relatively warm
water mass that impacts onto the Ross Sea continental shelf at intermediate and surface
levels of the water column and transports fine silt and diatom fragments along the eastern
sides of troughs on the middle and inner continental shelf where lower current velocities
allow these sediments to settle. This winnowing on the outer shelf and banks results in
more conditions that are more conducive for calcite preservation than the inner shelf [113].
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Figure 10. GIS Predictive X. rigusa (A) and L. fallax (B) distribution maps interpolated in GIS, applying
the spline method using barriers. Isobaths every 500 m.
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applying the spline method using barriers. Isobaths every 500 m.
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method using barriers. Isobaths every 500 m.

Recent studies on the living and dead benthic foraminiferal distributions in the Ross
Sea areas [60,114] confirmed the importance of the influence of CDW in preserving cal-
careous taxa, especially considering that the corrosive HSSW is mitigated by the contact
with other water masses [68]. Equally, the nutrients distributed by CDW allows other
carbonate organisms to thrive [54,115], as recorded by the high number of cold-water
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bioclastic carbonates (bryozoans, barnacles and corals) detected on the outer shelf and on
banks in the northwestern Ross Sea [84]. In this sense, our data fit well with water masses
rich in nutrients (CDW) as possible main factors controlling the nutrient intakes within
the Ross Sea area and ostracods diffusion. In addition, we observed rising values of the
ostracod density and richness in the Terra Nova Bay and in a nearby area where warm
water, rich from circumpolar origin (CDW), flows from the open ocean southwards onto
the continental shelf ([68] and the references therein) (Figure 2A,B). Additionally, ref. [81],
investigating the distribution of particulate Fe (pFe), suspended particulate matter (SPM)
and other particulate trace metals in TNB to highlight the spatial heterogeneity of both SPM
and particulate metals concentrations in the water masses, thus confirming that biogenic
iron may significantly contribute to the bioavailable iron pool, sustaining both primary
production and higher ostracod fauna richness in this area.

The findings of [101,102] partially confirm the possible link between ostracods presence
to oceanographic settings with the recovery of several normally deeper water ostracod
species (A. antarctica, A. devexa and B. simplex) from medium and even littoral depths in
the Strait of Magellan, probably accounting for the coastal upwelling of very cold, deep
water. In this regard, our results underscore the importance of water mass properties and
oceanographic circulation to the dispersal, distribution and flux of the surface derived
food sources (e.g., [116]) as main drivers in WRSS ostracod distribution [19]. The results
show that the meiofaunal distribution in the Ross Sea shelf is largely dependent upon the
amounts of utilizable organic matter in sediments [117], which in turn are largely controlled
by main Ross Sea water masses [68].

Finally, given the absence of ostracod fauna recorded in 48 of the 90 samples observed
over a wide depth range, further investigation will be required for better analyze the
possible relationship between carbonate dissolution effects in the Ross Sea area and the
presence/absence of ostracod specimens.

In this sense, the little research carried out on the distribution of benthic
foraminifera [118-120] revealed that the Ross Sea contains typical Antarctic foraminifera
fauna dominated by agglutinated taxa, underlining at the same time how the ice cover,
the activity of bottom currents and the intensity of primary production are factors influ-
encing the distribution of benthic foraminifera. Moreover, the conservation of calcareous
foraminifera also depends on the CCD that in the Ross Sea is shallower because of the low
temperature, the high CO, content and the low surface primary productivity, which are
reduced, owing to the presence of a thick pack-ice.

In addition, Capotondi et al., [60,114], in analyzing the foraminiferal faunas in the
Joides basin, demonstrated how high productivity, together with high organic carbon
content in surface sediments and oxic conditions at the sediment-water interface, could
trigger carbonate dissolution for increasing dissolved CO,, thus favoring the agglutinated
taxa. In the same way, the degradation of organic matter via a synergistic effect with high
pressure and low temperature can occur, amplifying the corrosive effect at the investigated
site [121].

In contrast, ref. [122] recognized the ability of ostracods to thrive below the CCD
with the high number of specimens collected in the Kuril-Kamchatka Trench at depths
far below the CCD. With respect to future scenarios related to global warming and ocean
acidification, calcitic organisms like ostracods could indeed prove to be more resilient than
other calcifiers. To test this hypothesis, however, there is the need to improve the scant
knowledge concerning the physiology of these crustaceans.
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5. Conclusions

1. The prevalent ostracod assemblages in WRSS are represented by Australicythere poly-
lyca, Australicythere devexa, Xestoleberis rigusa, Loxoreticulatum fallax, Cativella
bensoni, Austrotrachyleberis antarctica and Patagonacythere longiducta; all these
species are able to colonize different shelf environments along an extensive range of
water depths. These characteristics may have served as a potential source for shelf
recolonization after the last glacial phase.

2. Salinity and temperature are the oceanographic variables that better explain the
main variance in the examined samples; in particular, the dominant ostracod species
are positively correlated with temperature, outlining a possible close link between
diffusion of the ostracod assemblages and CDW (a relatively warm water mass that
flows onto the Ross Sea shelf at intermediate and surface levels), as a major factor
controlling the nutrient intakes within the Ross Sea.

3. Rising values of the ostracod assemblages were also recorded in and particularly
north of the Terra Nova Bay, where nutrient enrichment is derived from warm water
of circumpolar origin (Circumpolar Deep water—CDW) flowing from the open ocean
southwards onto the continental shelf. Recent analyses have shown an increase in
primary production supported by biogenic iron in the same area.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min12080937 /s1, Table S1: list of recognized autochthonous ostracod species, as number
of specimen/g, recovered in the WRSS surficial sediments. Shannon index (Shannon_H), species
richness and total abundance (n° of specimens/g) have been added. Green colored cells identify
species found in biocoenosis in the WRSS; Table S2: Depth, temperature and salinity ranges (Min.,
Max., Average values) for the ostracod species recovered in the Western Ross Sea Shelf area. The
dominant species are reported in green color.
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Appendix A
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Figure Al. 1—Antarcticythere laevior. Lateral exterior view, left valve; 2—Australicythere devexa.
Lateral exterior view, right valve; 3—Australicythere polylyca. Lateral exterior view, left valve;
4—Austrotrachyleberis antarctica. Lateral exterior view, left valve; 5—Bairdoppilata simplex. Lateral
exterior view, right valve; 6—Bythoceratina dubia. Lateral exterior view, left valve; 7—Cativella bensoni.
Lateral exterior view, right valve.
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Figure A2. 1—Cytheropteron antarcticum. Lateral exterior view, left valve; 2—Cytheropteron sp. Lateral
exterior view, left valve; 3—Echinocythereis sp. Lateral exterior view, left valve; 4—Krithe (Austrokrithe)
magna. Lateral exterior view, right valve; 5—Loxoreticulatum fallax. Lateral exterior view, left valve;
6—Macropyxis similis. Lateral exterior view, right valve; 7—Nodoconcha minuta. Lateral exterior view,
right valve; 8—Patagonacythere longiducta. Lateral exterior view, left valve.
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Figure A3. 1—Polycope sp. Lateral exterior view, left valve; 2—Pseudocythere aff. P. caudata. Lateral
exterior view, left valve; 3—Sclerochilus (Praesclerochilus) antarcticus. Lateral exterior view, right valve;
4—Sclerochilus (Praesclerochilus) reniformis. Lateral exterior view, right valve; 5—Semicytherura sp.
Lateral exterior view, right valve; 6—Xestoleberis rigusa. Lateral exterior view, right valve.
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