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Abstract

:

The impacts on ostracods and foraminifers caused by three Late Quaternary ashfalls of different intensities and recovered in the ANTA02-NW2 core sediments (Drygalski Basin, western Ross Sea) were analysed for the first time. Albeit with different timing, both associations demonstrated similar response patterns associated with the deposition of material from volcanic eruptions. In particular, based on the palaeontological evidence, it was possible to divide the cores into four intervals/phases recording the evolution of the ecosystem before and after the deposition events: (1) Pre-extinction phase (high abundance and high diversity values). (2) Extinction phase, characterised by the complete disappearance of ostracod fauna; the foraminiferal assemblage, although not entirely absent, records extremely low values of abundance and diversity (survivor assemblage). (3) Recovery phase (increasing abundance and diversity values), characterised by the recolonisation of some opportunistic taxa; species such as Australicythere devexa and Australicythere polylyca dominate the ostracod assemblage. (4) Post-extinction phase (high abundance and high diversity values), with the return to an environmental equilibrium characterised by the colonisation of specialised taxa such as Argilloecia sp., Cytheropteron sp., Echinocythereis sp., and Hemicytherura spp. Our results may aid in the understanding of how communities (i.e., ostracods and foraminifers) recovered after the impact of direct deposits of volcanic ash into ocean waters. The mechanisms by which disappearance and/or mortality was induced are still not clear. The release of toxic metals during the reaction of the volcanic ash with seawater, the resulting chemical alteration in the seawater, and the change in pH, together with the possible suppression of planktonic organisms, may have caused the two main extinction phases recorded by the ANTA02-NW2 core sediments.
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1. Introduction


Phenomena such as extinction events and other short-term environmental crises have affected evolution on Earth. The aftermath of these events represents an extraordinary phase in evolutionary history, and understanding the nature and timing of biotic recovery is a fundamental challenge, even in light of the effects of pervasive human activities, which have consequences similar to those of major natural disasters [1]. The investigation of how animal communities reacted to rapid and intense past environmental changes, along with post-crisis faunal recovery, requires precise study based on different, abundant, and easily fossilised groups in order to understand origins and the organisation of present-day ecosystems [2]. In this sense, the remote and hostile Southern Ocean can represent a key area, as it hosts a diverse and rich community of life that thrives in an environment that is also dominated by glacial phenomena and strong currents. This is particularly the case in complex ecosystems such as the Antarctic seas, where many factors—such as glacial and other oceanographic effects—are present in tandem [3]. Marine biological studies in these areas date back to the 19th century, but despite this long history of research, there is a paucity of data regarding the complex interactions between the highly seasonal physical environment and the species that inhabit the Southern Ocean [4]. In addition, results from various studies show that a number of environmental factors, sometimes interacting and operating at different spatial scales, are responsible for the structure of benthic assemblages on the Ross Sea shelf [5,6]. At the same time, the influence of multiple forcing factors operating at different levels has been inferred for Antarctic shelf communities [7,8,9] and has subsequently been supported by several studies, albeit at slightly different spatial scales [10,11,12].



Among the abovementioned drivers, volcanic eruptions may play a significant role in changes to the benthic assemblages influencing species’ appearances, disappearances, and diversification. In this sense, several studies have analysed the impacts of volcanic eruptions on the environment and biodiversity, as well as the biotic effects of ashfalls and other short-term environmental crises on benthic marine invertebrates, both in recent and past environments [13,14,15,16,17,18,19,20,21,22]. In particular, the authors of [13,23] are the only researchers to have dealt with the modern Antarctic environment (Deception Island volcano), but no study has yet addressed older time intervals, where numerous studies have highlighted the abundant presence of marine tephra layers in Late Quaternary sedimentary successions [24,25,26,27,28,29].



Among the marine invertebrates, one group of tiny crustaceans—the ostracods—has an excellent fossil record and is among the few groups that can be equally (palaeo)environmentally informative in both marine and non-marine realms; as such, they are widely employed as palaeoenvironmental, palaeoclimatic, palaeoceanographic, and biostratigraphic indicators [30,31,32,33,34]. These investigations of modern and recent regional distribution from the shelf, slope, bathyal, and abyssal environments indicate that their distribution is strongly influenced by the physicochemical characteristics of water masses (e.g., temperature, salinity, nutrients, dissolved oxygen, water chemistry, etc.) and by the substrate type and food supply [35,36,37,38].



Conversely, less attention has been paid to the responses of ostracods to environmental crises linked to pyroclastic fall deposits, often highlighting the correlation between volcanic episodes, suppliers of nutrient-rich habitats, and the diversification of ostracods [39]. In particular, several studies have analysed the possible correlation between volcanic episodes and the diversification of ostracods in Ordovician sections in North America and Wales [40,41,42]. Hints et al. [43] demonstrated that the ostracod assemblage underwent a major reorganisation, including the replacement of dominant taxa, a drop in abundance and diversity, and the extinction of several species at the event level. By analysing the effects of submarine volcanism on ostracod fauna from Kagoshima Bay, [44] recorded how volcanic ash appears to favour the development of ostracod populations. Conversely, fumaroles and hot springs decrease the pH values of the water, severely restricting the development of ostracod populations.



The evidence regarding ostracod fauna coming from the analysis of some sedimentary sections of Sandbian age in northwest Estonia shows that significant ashfalls led to the marked rearrangement of assemblages and extinction of some taxa, while less prominent volcanic episodes resulted in only temporary changes in the assemblage structure [45]. More recently, [46] analysed ostracods and foraminifera from the succession of the Late Quaternary La Starza terrace located within the Campi Flegrei caldera, verifying how the abundance and diversity of organisms with calcareous hard parts decrease in the proximity of a hydrothermal vent, where pH and calcium carbonate saturation may be low and pCO2 high.



Like ostracods, the foraminifers are known for their use in diverse applications, mainly ranging from biostratigraphy, palaeoecology, and palaeoceanographic and ecological studies concerning biomonitoring. They are abundantly present in modern and ancient brackish water and marine environments. Their distribution is strongly controlled by the physicochemical characteristics of water masses and by the substrate type and food supply, similar to ostracods [47]. As regards palaeoecological studies, foraminifers are very important in the polar areas, where they are used to reconstruct the variations in oceanographic conditions (when using planktonic foraminifers) or to examine the palaeoenvironments (using benthic foraminifers) linked to the variation in the extension of the ice shelves/sheets affecting the continental shelves during the Late Quaternary [48,49,50,51].



In this sense, knowledge of the ability of foraminifers to react to extreme (or catastrophic) (palaeo)environmental adversities is important for palaeoecological interpretations. At any rate, the responses of foraminifera to environmental crises linked to volcanic activity have not been thoroughly examined in Antarctica, except for the studies by [13,23]. The authors studied the effects of some recent volcanic eruptions on Deception Island (South Shetlands, Antarctica) on the foraminifers, with the results indicating that water turbidity and substratum texture are the major factors affecting their distribution. Comparing data from the 1970s [13] with those from 2000 [23], they found that the foraminiferal community stabilised approximately 6 years after the last volcanic eruption.



The impacts of pyroclastic fall deposits identified in core ANTA02-NW2, composed of Late Pleistocene marine sediments sampled from the northern Drygalski Basin (northwestern Ross Sea continental shelf) [26], allowed us to investigate for the first time the responses of two different benthic taxa in the Ross Sea area (ostracods and foraminifers) to the eruptive activity in the Melbourne Volcanic Province of northern Victoria Land.



In particular, this paper aims to investigate the following:




	
The effects of the deposition of the tephra derived from explosive volcanic eruptions on ostracods and foraminifers;



	
In relation to their response, to demonstrate the dynamics of the diverse phases of the communities in relation to the time of the tephra deposition (i.e., reduction, recolonisation, opportunistic species, and climax phases);



	
To verify similarities or differences, if any, in the behaviour of ostracods and foraminifers in relation to volcanic events.








The Drygalski Basin (DB) is the deepest basin in the Ross Sea, reaching a bathymetry of over 1000 m. It is divided by a threshold into two sectors: the southern basin and the northern basin. In the northern DB, the ice sheet never reached a latitude of 74° N during the last glacial [52,53], but it was influenced by an ice stream, as evidenced by its geomorphological characteristics: mega-scale glacial lineations (MSGLs) and the grounding-zone wedges (GZWs), which highlight the stasis period of the ice stream [53]. This area has been the site of intense and recurrent volcanic activity with large explosive eruptions occurring during the last 150 ka (see [26] and references therein). Volcanic activity has produced abundant and widespread subaerial fallout deposits found in the region’s outcrops and embedded in the ice sheets. Records of Late Pleistocene–Holocene subaerial volcanic activity in Victoria Land are also present in marine sediments from the Ross Sea, which contain several tephra layers. Previous studies on Ross Sea marine sediments, including 39Ar-40Ar and radiocarbon dating, suggest that thick marine tephra was emplaced from the Late Pleistocene [26] to historical times [27]. The volcanoes of the Melbourne Volcanic Province are considered to be the most likely sources for these tephra layers on the basis of volcanological, geochemical, and age constraints. In particular, most tephra deposits are derived from eruptions of Mount Melbourne and Mount Rittmann.




2. Materials and Methods


2.1. Sediment Analyses


Core ANTA02-NW2 (73.086° S, 170.918° E, length 300 cm; thereafter NW2) was collected north of Coulman Island in the northern Drygalski Trough at a depth of 588 metres in 2002, during the XVII PNRA cruise, and investigated from the micropalaeontological point of view within the framework of the project “Late quaternary paleoclimatic evolution in Southern Ocean sediments” (Figure 1).



The core was split into two halves, X-rayed, and sampled. Several measurements and analyses were performed on the sediment, including magnetic susceptibility, water content, grain size, and organic C content, as already discussed in [55]. For the purposes of this work, we used only the particle size aspect together with the microfossils.



Three primary pyroclastic fall deposits were identified in core NW2, the elements of which were studied from a compositional, sedimentological, morphological, and chronological point of view in [26]. From the bottom to top of the core, they were as follows:




	-

	
Interval 0–13 cm: 13 cm thick, poorly sorted, massive coarse ash–medium lapilli of trachytic composition;




	-

	
Interval 213–230 cm: 17 cm thick massive–normally graded bed of well-sorted medium ash of trachytic composition;




	-

	
Interval 255–265 cm: 10 cm thick massive lens of poorly sorted coarse ash–lapilli with trachytic–phonolotic composition.









The core was sampled every 10 cm, and the sampling was refined in the proximity of the volcanic intervals recognised by [26] (i.e., core intervals 0–13, 213–230 and 255–265 cm), in order to conduct a more detailed study of the behaviour of ostracods and, subordinately, foraminifers. Fifty-eight (ostracods) and forty (foraminifers) samples, each comprising 1 cm thick core sections, were taken from along the core (Supplementary Tables S1 and S2). The sediment samples used for ostracod and foraminifer analyses were disaggregated in warm water, gently washed through a 62.5 μm sieve, and subsequently dried and weighed. The >62.5 μm fraction was examined for benthic ostracods. All ostracod specimens were dry-picked, counted, and identified, following the taxonomy of the Antarctic benthic ostracod systematic method [56,57,58,59,60,61,62,63,64,65,66,67,68,69]. 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 [69]. As described in [70,71], a life assemblage was considered to be an autochthonous thanatocoenosis, and a death assemblage (subjected to postmortem transport and other processes, e.g., [72,73]) was considered to be an allochthonous thanatocoenosis. In this sense, we considered autochthonous ostracod assemblages 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. Conversely, death assemblages (allochthonous thanatocoenosis) were represented by valves from adults without juveniles or juveniles without adults, or by specimens showing evident signs of allochthonous taphocoenosis (e.g., fragmented and/or abraded shells). Only autochthonous assemblages were taken into account. The ostracods and foraminifers discussed in the present paper are archived in the repository of the Department of Mathematics and Geosciences, University of Trieste. Foraminifers were studied using the same samples. When the foraminifers were abundant, the samples were subdivided using a dry splitter until an aliquot containing approximately 300 specimens was obtained. In samples containing fewer than 300 specimens, all benthic and planktonic foraminifers were counted and identified. The species counts were carried out on well-preserved specimens and recorded as the number of specimens of each taxon; these data were subsequently converted into a frequency expressed as a percentage. The identification was mainly as described in [74,75,76].




2.2. Data Analysis


To characterise the biodiversity of assemblages, three faunal parameters were calculated for both groups at each studied level: (1) species richness (Taxa_S), (2) abundance (specimen/g of observed sand), and (3) the Shannon index (Shannon_H). A cluster analysis of the ostracods was run for the samples (Q-mode). The best results were achieved using Ward’s clustering algorithm with the Bray–Curtis distance method. An orthogonally rotated (varimax) Q-mode principal component analysis (PCA) was used to elucidate the distribution of the benthic foraminifers. The relative frequency of the taxa with an occurrence of at least 2% of the total foraminiferal assemblage in at least two samples was used. This procedure left 38 species and 3 genera. The calculated PC scores indicate the contribution of the foraminifer species for each PC; consequently, taxa pertaining to the same PC were considered to have similar palaeoenvironmental conditions. Only the PC loadings that exceeded a value of 0.4 were considered statistically significant, as suggested by [77]. Multivariate analyses (clustering and PCA analyses) on ostracod and foraminiferal assemblages were performed using Addinsoft XLSTAT software (2020), except for the calculation of diversity indices, which was carried out using the PAST (version 4.07) (PAlaeontological STatistic) data analysis package (https://www.nhm.uio.no/english/research/resources/past/) (accessed on 12 December 2022) [78]. Figures were produced using OriginPro, Version 2021b (OriginLab Corporation, Northampton, MA, USA) and CorelDRAW version 17.1.0.572. All ostracod taxa subjected to statistical analysis were previously standardised using the weights of the observed samples.





3. Results


3.1. Ostracods


The ostracod fauna from the analysed levels of core NW2 consisted of 33 species (Table S1), and 6 species were recorded in open nomenclature. The ostracod assemblage was dominated by the well-preserved cytheracean taxa. The most abundant species recovered were Australicythere devexa, Australicythere polylyca, Cativella bensoni, Cytheropteron sp., Echinocythereis sp., Loxoreticulatum fallax, Pseudocythere aff. P. caudata, and Xestoleberis rigusa; other taxa represented by Argilloecia antarctica, Hemicytherura spp., Krithe spp., Myrena meridionalis, Nodoconcha minuta, and Patagonacythere longiducta showed lesser quantitative values (Table S1). The Shannon_H values ranged between 0 in some precise intervals (i.e., 1.5–10.5 cm, 127.5–141.5 cm, 208.5–239.5 cm, and 243.5–248.5 cm) and 2.31 at 28.5 cm. High values were also recorded from the top to the bottom of the core inside levels 11.5, 38.5, 91.5, and 287.5 cm (Figure 2). The overall Shannon_H value was not particularly high, revealing an ostracod assemblage characterised by low qualitative and quantitative values. Species richness and abundance showed a similar trend, with the highest values recorded in the bottom core levels. The Q-mode cluster analysis performed on the ostracod assemblages of the NW2 core levels identified three groups of samples (Figure 3) characterised by increasing abundance and richness values (from Cluster 1 to Cluster 3, respectively), with the highest values of ostracod fauna recorded in the lower part of the core. Cluster 1 includes all free-species levels. Within Cluster 2, the dominant species were A. devexa, A. polylyca, Echinocythereis sp., and L. fallax; in Cluster 3, they were A. devexa, A. polylyca, C. bensoni, Cytheropteron sp., Echinocythereis sp., L. fallax, Krithe sp., P. aff. P. caudata, and X. rigusa.




3.2. Foraminifers


The foraminifers of the studied core consisted of 66 species pertaining to 44 genera (Table S2); species of Fissurina, Fursenkoina, Lagena, and Oolina were collectively grouped as species plurimae (spp.). Planktonic foraminifers were exclusively represented by Neogloboquadrina pachyderma. Several broken and damaged tests were observed in correspondence with the tephra intervals (fragmentation > 30%), but well-preserved specimens dominated the rest of the studied interval. The benthic foraminifers (abundance varying from 12,162 specimens per studied gram; average 1024 specimens/g) were more abundant than the planktic ones (varying from 0 to 2131 specimens/g, average 223 specimens/g). Although their concentrations were different, they followed the same pattern as the benthic foraminifers throughout the core. Very high foraminifera density was observed at the bottom core, while lower density corresponded to the tephra intervals (Figure 2).



Benthic taxa were present throughout the core; among them, only three species (Globocassidulina biora, G. subglobosa, and T. earlandi) occurred in almost 80% of the studied levels. Among them, the most abundant species, in decreasing order, were G. biora (mean value 16.8%), G. subglobosa (m.v. 15.4%), T. earlandi “costatae” (m.v. 12.3%), Epistominella exigua (m.v. 8.4%), and Nonionella bradii (m.v. 5.9%). Agglutinated taxa, mainly represented by Miliammina earlandi and subordinately by Rhabdammina abyssorum, prevailed in the tephra intervals. The Shannon_H values ranged between 0.53 and 3.03. Values over 2.0 were common in the core, while they strongly decreased in the tephra intervals, where the dominance reached higher values (Figure 2).



The four PC scores used in this study explained 79.1% of the total variance in the benthic foraminifers’ dataset. These four most significant PCs are referred to here as foraminifer associations (FAs) using the name of the dominant taxon (Supplementary Table S3). They are Globocassidulina biora FA, with a high positive T. earlandi score, explaining 36.8% of the variance; G. subglobosa FA, with a high positive Cassidulinoides parkerianus score, explaining 19.7% of the variance; Epistominella exigua FA, with high positive Nonionella spp. score, explaining 13.1% of the variance; and T. earlandi FA, with a high negative G. biora score, explaining 9.5% of the variance.





4. Discussion


4.1. Ecological Evolutionary Phases in Sediments from Core NW2


Natural disturbances, such as droughts, fires, hurricanes, or volcanic eruptions, represent key drivers of ecological heterogeneity and ecosystem function. Any of these disturbances could have minor or major pervasive effects on individuals, populations, and communities of vertebrates and invertebrates of all realms, biomes, continents, and ecosystems [79,80]. Their incidence and severity offer unique opportunities for researchers to study and analyse their effects on the ecosystems and organisms therein [81]. In particular, there is still an open debate on the effects derived from the deposition of volcanic ash on the habitats of the fauna living in the water column and within/on the sediments. The ecological impact of its deposition may be relevant not only because of the increased turbidity and sediment accumulation that characterise these events, but also because of the chemical-compositional aspects of the volcanic sediments. Indeed, the surface of airborne volcanic ash particles is often and variably encrusted with highly soluble metal salts (e.g., fluorides, chlorides, and sulphates) and acidic brines derived from magmatic gases (e.g., HF, HCl, and SO2) contained in the volcanic plumes. These salts rapidly dissolve in seawater and release bioavailable ions, affecting primary productivity and acting as nutrients or pollutants for biomass, depending on their concentration [82]. Ions such as K, P, Mg, and Fe can rapidly fertilise marine ecosystems [82,83,84,85,86]. For example, the Iceland Basin marine region was fertilised due to a significant aerosol input of Fe during the 2010 Eyjafjallajökull volcanic eruption [87]. Conversely, high concentrations of ions dissolved from the surface of volcanic ash, such as Cl, F, Al, As, Cd, Cr, Cu, Pb, Se, and Zn, can provoke short-term chemical alteration in seawater and changes in pH that can be toxic to biomasses [84,88,89].



Finally, account must be taken of the marked environmental changes on the seafloor to small meiofauna (e.g., ostracods and foraminifers) affected by the sudden deposition of the abundant materials of different shape and composition released by volcanic eruptions [90] and by volcanic ash, which lacks oxygen [91] and organic matter [20].



In this sense, for the first time, our findings regarding several volcanic ash deposits in Late Quaternary sediments of core NW2 and the contemporary relationships between volcanic events and the disappearance of ostracods and foraminifera taxa allowed us to summarise over time the different stages and mechanisms of extinction, recovery, and return to pre-crisis conditions. On the basis of the micropalaeontological and statistical analyses, core NW2 was divided into five intervals recording the following ecological evolutionary phases:



Interval 300–257 cm (pre-extinction phase): Except for the basal level of the core, which was barren of ostracod fauna (299–300 cm), this interval showed high diversification of both ostracods and foraminifers in the lower sediments (295–257 cm), with notable values of all biotic parameters (i.e., abundance, species richness, Shannon_H) (Figure 2). Moreover, within this interval, a barren level of ostracods was reported at 279 cm. The ostracod assemblage was characterised mainly by A. devexa, A. polylyca, C. bensoni, Cytheropteron sp., Echinocythereis sp., L. fallax, Krithe sp., M. meridionalis, P. aff. P. caudata, and X. rigusa. As far as foraminifers are concerned, this interval was represented by E. exigua FA (Figure 4), significantly accompanied by Nonionella bradii and N. iridea. Within this interval (255–265 cm), [26] found two lenses of tephra dated 74.6 ± 2.1 ka.



Interval 254–208 cm (extinction phase): This section was characterised by a major crisis period where the ostracod abundance and diversity abruptly decreased, except for the levels 244, 199, and 178 cm, characterised by a few specimens belonging to A. polylyca, C. bensoni, L. fallax, and P. aff. P. caudata. All other levels were characterised by the absence of ostracod fauna (Figure 2). With some delay compared to ostracods, foraminifers from 234 cm also started to indicate an environmental crisis, evidenced by reductions in the Shannon_H index and density, followed by a fluctuating condition until 199 cm, after which the biotic index and the foraminifers’ density both increased. In contrast to ostracods, foraminifers reduced in richness and abundance but did not disappear totally. This interval marks the increased significance of the G. biora FA at the base, followed by the G. subglobosa and, partially, T. earlandi FAs from 240 and 217 cm, respectively (Figure 4), indicating that these species were able to survive this environmental disturbance. Within this interval, from 213 to 230 cm, [26] found a 17 cm thick bed of massive ash dated 72.0 ± 2.8 ka. In correspondence with this volcanic deposition, the foraminifers Miliammina earlandi and M. lata were the only agglutinate foraminifers present. M. earlandi reached its highest relative frequency in this interval.



Interval 198–122 cm (recovery phase): This interval, marking the reappearance of the ostracod fauna, was characterised by a few dominant species, including A. polylyca, C. bensoni, L. fallax, and P. aff. P. caudata. Abundance, diversity, and Shannon_H showed low values (Figure 2).



Interval 114.5–21.5 cm (post-extinction phase): In the first part of this interval, the levels from 114.5 to 105.5 cm were dominated by the early colonisers A. polylyca, C. bensoni, L. fallax, and P. aff. P. caudata, likely representing opportunistic taxa that quickly adapted to the new environmental conditions. The next levels showed increasing values in all of the examined biotic parameters, together with the major occurrence of Argilloecia sp., Cytheropteron sp., Echinocythereis sp., Hemicytherura spp., Krithe sp., M. meridionalis, N. minuta, P. longiducta, and Xiphichilus gracilis.



Concerning foraminifers, their increasing presence occurred in tandem with the ostracods (from 168 cm), but unlike ostracods it was faster, since they were newly abundant and diversified until 28 cm. The recovery phase was represented by a decreasing importance of the G. subglobosa FA and, consequently, by the increasing significance of the G. biora and, subordinately, E. exigua FAs (Figure 4). The climax phase was reached at about 110–90 cm, where the maximum values of the Shannon index and richness were reached.



Interval 17.5 top core (new extinction phase): The upper part of the core showed a clear and quick decrease in abundance, richness, and diversity values, with the disappearance of all ostracod species toward the top of the core. The last appearance datum showed an ostracod association dominated mainly by A. devexa, A. polylyca, C. bensoni, and L. fallax. This new environmental crisis was also recorded by foraminifers. This interval corresponded to the deposition of the tephra dated 23.7 ± 5.3 ka by [26]. Although the authors recognised a 13 cm thick tephra layer (0–13 cm bsl), the foraminifers were in poor conditions in the levels 21.5 cm bsl and 10 cm bsl. Here, Globocassidulina spp. tended to decrease, while T. earlandi exceeded 20% in the topmost sediments. The only foraminifera that could survive were the agglutinated ones. In addition to Miliammina spp., there were also a few fragments of Rhabdammina abyssorum and rare specimens of Ammodiscus incertus in these intervals.




4.2. Analysis of the Ostracod and Foraminiferal Assemblages with Respect to the Intervals of Core NW2


The above data allowed us to define the palaeoenvironmental evolution of this area which, in turn, was characterised by the reduction in the abundance of the more sensitive species, the survival of the most resilient species (opportunistic, r-strategist) typical of the crisis phases (i.e., extinction and recovery), and the recovery of the equilibrium fauna characteristics of the pre- and post-extinction phases (Figure 5).



Research conducted on ostracods in the Southern Ocean is scarce and has mainly investigated how primary productivity in the euphotic zone may influence biodiversity on the seabed at abyssal depths [93]. Numerous authors [69,93,94,95,96,97] have examined the bathymetric and geographic distribution of benthic ostracods in several samples from the Southern Ocean and Antarctica and discussed the factors controlling their distribution by testing the ecological preferences of ostracod genera, as widely used in palaeoceanographic reconstructions [98]. In the Ross Sea area, the study of recent and fossil ostracod associations is even rarer, especially concerning taxonomic contributions [57,99,100,101]. More recently, the distribution of fossil ostracod and foraminiferal fauna in a sedimentary sequence collected from a northwestern Ross Sea carbonate-rich deposit was analysed for the reconstruction of the palaeoclimatic and oceanographic variations during the Late Quaternary in [50], while for the first time [102] studied the recent ostracod assemblages of the western Ross Sea, correlating abundance and richness values with nutrient distribution and sediment supply, primarily related to the circulation of different oceanographic regimes affecting the floor of the Ross Sea shelf.



In contrast, foraminifers are more extensively studied in Antarctica, especially in the Ross and Weddell Sea environments (e.g., [49,50,76,103,104,105] and references therein), although current data are still lacking.



The Antarctic shelf benthos is impacted by a wide variety of physical and devastating disturbances, mostly linked to Antarctic ice, but also associated with high wind and wave action, hypoxia, volcanism, etc. [5]. For the first time, an analysis of the volcanic events recorded in core NW2 offers the opportunity to analyse how volcanic events can cause environmental disturbances as a result of the post-eruptive deposition of volcanic ash on benthic ostracods and foraminifers. To this end, the studied core highlighted well-defined intervals defined by (1) a dominant association immediately preceding the pre-extinction and post-extinction recovery phases (non-equilibrium association (NEA), (2) a survivor association (SA) specifically for foraminifers, and (3) a climax association characterising the pre- and post-extinction phases (equilibrium association (EA) (Figure 2). The NEA among the ostracods was mainly characterised by A. devexa, A. polylyca, C. bensoni, L. fallax, P. aff. P. caudata, and X. rigusa (Figure A1 in Appendix A). As recently signalled by [102], all of these species are able to live in different shelf environments along an extensive range of water depths. More specifically, A. polylyca—an endemic taxon widely recorded in the modern Antarctic region [69,98]—was found at varying depths of the Ross Sea shelf (from 79 to 723 m) [102]. The finding of living specimens of this taxon in the deep areas of the continental shelf and slope shows that this species may be able to migrate vertically throughout the continental margin in a relatively short time [93,96,98]. Similarly, all ostracod species belonging to the NEA indicate (a) their ability to thrive at wide depth, salinity, and temperature ranges by allowing the colonisation of different shelf environments, and (b) the possible close link between the NEA diffusion and the nutrient intakes within the Ross Sea [102]. The NEA among the foraminifers was characterised mainly by a decrease in E. exigua and G. biora and a relative increase in Cassidulina porrecta, G. subglobosa, and M. earlandi. The SA was specifically defined only for the foraminifers that reduced their richness and diversity during ash accumulation but never disappeared. During these intervals (i.e., 235–199 cm and the topmost 20 cm), species such as G. subglobosa, T. earlandi, and M. earlandi were able to survive. Globocassidulina subglobosa, together with G. biora and T. earlandi, are commonly used to recognise past sub-ice-shelf facies (from proximal to distal) as indicative of a strong glacial influence (e.g., [49,76,104,106]). We believe that the G. subglobosa FA characterising this interval represents conditions of elevated or variable sedimentation rates due to the ash accumulation, indicating environmental instability. Noteworthy is the decrease in G. biora in these intervals. Although this species is also normally adapted to high rates of terrigenous sedimentation [49,50,76], in this case, the increased accumulation of sediment of a volcanic nature dissuades its presence. M. earlandi is considered to be a residual species, as it is commonly related to an increased corrosivity of water masses [76], often indicative of open marine environments set during the Holocene in the Drygalski and JOIDES basins (e.g., [104]). In the case of core NW2, we argue that its occurrence indicates resilience to the increased corrosivity related to the chemical-compositional aspects of the volcanic sediments or the salts associated with them, which dissolve rapidly in seawater and can release ions that cause pH changes in the environment, as previously highlighted in the first part of this discussion. This is not consistent with the findings of [23], who studied the benthic foraminifers at Deception Island (Antarctica Peninsula), observing that M. earlandi (as M. arenacea) witnessed periods of long volcanic dormancy.



The EA recorded increasing abundance, diversity, and environmental recolonisation by numerous species that were already present in the pre-extinction period (Figure 2). This association was mainly represented by Argilloecia sp., Cytheropteron sp., Echinocythereis sp., Hemicytherura spp., Krithe sp., M. meridionalis, N. minuta, P. longiducta, and X. gracilis (Figure A2)—the first to fade out during tephra deposition and the last to occur after the post-crisis repopulation phase. All of these species are uncommon in the Ross Sea area [102], as already reported by several authors as endemic ostracod fauna in the Antarctic region [58,67,68,69,95,107,108].



The EA among the foraminifers was represented by a good diversification between the species, with the presence of Astrononion spp., Cibicides spp. (mainly C. refulgens), Ehrembergina glabra, Fursenkoina spp., Nonionella spp., and miliolids, which were absent or greatly reduced during the other phases. The EA interval recorded the significant occurrence of E. exigua, mainly where the sediments were finer (Figure 4); together with G. biora., E. exigua is considered to be an opportunistic species that is able to feed on fresh phytodetritus but also adapted to food-limited settings ([109,110] and references therein). G. biora normally lives in Antarctic fjords and continental shelf settings from coastal to outer-shelf bathymetry [74,75,105], and in the past it has also been commonly used to recognise the sub-ice-shelf facies from proximal to distal (e.g., [49,76]).



Little is known regarding the ecology of ostracods in the Ross Sea area, except for a small number of studies that reported their presence in sediment cores [50,68] and in western Ross Sea surficial sediments [57,102]. In particular, M. meridionalis, N. minuta, P. longiducta, and X. gracilis were mainly found in the western Ross Sea area at the shelf break and near Terra Nova Bay, with constrained depth, salinity, and temperature range values [57,68,102]. These results could confirm and reinforce previous analyses in the western Ross Sea by identifying an opportunistic ostracod association (NEA) able to colonise diverse shelf environments ([102] and references therein). These adaptive traits may be linked to the need to migrate during the last glacial age, surviving within ice-free refugia and/or below the ice shelf [50,111] to pursue the distribution and flux of surface-derived food sources [102,112,113]. In this sense, ostracods and foraminifers could confirm their potential as bioindicators of the health status of marine environments, precisely recording the impacts on the marine ecosystem following volcanic tephra deposition and the dynamics of environmental recovery.



Finally, we observed a certain difference in the behaviours of the two taxonomic groups in response to disturbances due to volcanic sediment accumulation. In fact, foraminifers persist longer in the disturbance phases and still manage to survive with a reduced number of resistant species. Moreover, their recovery to a climax phase is much faster than that of ostracods. This behaviour may reflect both a diverse sensitivity to environmental disturbances and a different way of moving between ostracods and foraminifers; the former, being arthropods, certainly have a greater capacity for movement than foraminifers. In the phases characterised by the most significant disturbances, it is possible to assume that ostracods move to environments that are more favourable.





5. Conclusions


The Antarctic shelf environment is impacted by a wide variety of physical disturbances, the intensity and frequency of which is very variable. Current research is beginning to quantify the frequencies and forces of disturbance, recolonisation, and development of marine biota assemblages over ecological time, but it has yet to be understood exactly how these communities have coped with disturbances on evolutionary scales, or how resilient they will be to anthropogenically induced mutations. In this sense, for the first time in the Ross Sea, Antarctica, the impacts of three Late Quaternary ashfalls of different intensities in core NW2 were studied in order to analyse the recovery patterns of benthic ostracods and foraminifers.



The main results showed that the emplacement of tephra marked temporary changes in both taxa structures, pinpointed by well-defined ecological and evolutionary phases.



	
A pre-extinction phase, characterised by high faunal abundance and diversity values;



	
An extinction phase, marked by the complete disappearance of the ostracods; foraminifers, on the other hand, appear to be less sensitive than ostracods during volcanic episodes, recording extremely low values of abundance and diversity (SA assemblage);



	
A recovery phase, featuring few dominant opportunistic species (NEA assemblage);



	
A post-extinction phase, where the re-emergence (occurrence) of specialised taxa underlines the return to environmental stability (EA assemblage).






As reported by several authors for various taxa [22,114], the mechanisms by which disappearance and/or mortality were induced for ostracods and foraminifers are still not clear. It is not easy to ascertain whether it is the geochemical composition of the tephra that causes the reduction in population or, more likely, an associated effect of this on an increase in the sedimentation rate and turbidity of the water. Moreover, there is some evidence that the release of toxic metals during a reaction of the volcanic ash with seawater, causing chemical alterations in seawater along with the possible suppression of planktonic organisms (e.g., pteropods and planktic foraminifers; key constituents of the food chain) [115], may have caused the two main extinction phases recorded by the NW2 core sediments.
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Figure A1. (NEA assemblage)—(A)—Australicythere devexa, lateral exterior view, right valve. (B)—Australicythere polylyca, lateral exterior view, left valve. (C)—Cativella bensoni, lateral exterior view, right valve. (D)—Loxoreticulatum fallax, lateral exterior view, left valve. (E)—Pseudocythere aff. P. caudata, lateral exterior view, left valve. (F)—Xestoleberis rigusa, lateral exterior view, right valve. 






Figure A1. (NEA assemblage)—(A)—Australicythere devexa, lateral exterior view, right valve. (B)—Australicythere polylyca, lateral exterior view, left valve. (C)—Cativella bensoni, lateral exterior view, right valve. (D)—Loxoreticulatum fallax, lateral exterior view, left valve. (E)—Pseudocythere aff. P. caudata, lateral exterior view, left valve. (F)—Xestoleberis rigusa, lateral exterior view, right valve.
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Figure A2. (EA assemblage)—(A)—Argilloecia sp., lateral exterior view, left valve. (B)—Cytheropteron sp., lateral exterior view, left valve. (C)—Echinocythereis sp., lateral exterior view, left valve. (D)—Myrena meridionalis, lateral exterior view, right valve. (E)—Nodoconcha minuta, lateral exterior view, right valve. (F)—Patagonacythere longiducta, lateral exterior view, left valve. (G)—Hemicytherura anomala, lateral exterior view, right valve. (H)—Hemicytherura irregularis, lateral exterior view, right valve. (I)—Xiphichilus gracilis, lateral exterior view, left valve. 






Figure A2. (EA assemblage)—(A)—Argilloecia sp., lateral exterior view, left valve. (B)—Cytheropteron sp., lateral exterior view, left valve. (C)—Echinocythereis sp., lateral exterior view, left valve. (D)—Myrena meridionalis, lateral exterior view, right valve. (E)—Nodoconcha minuta, lateral exterior view, right valve. (F)—Patagonacythere longiducta, lateral exterior view, left valve. (G)—Hemicytherura anomala, lateral exterior view, right valve. (H)—Hemicytherura irregularis, lateral exterior view, right valve. (I)—Xiphichilus gracilis, lateral exterior view, left valve.
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Figure 1. Study area with the location of core ANTA02-NW2 collected in 2002 during the XVII PNRA cruise. The detailed map of the study area is shown in the red inset. Map created using [54] with modified bathymetry. Isobaths every 25 m. 
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Figure 2. From left to right: down-core of distribution ostracods (in green) and foraminifers (in blue) in terms of Shannon diversity index (Shannon_H), species richness (Taxa_S), and total abundance (>63 µm fraction) in the number of specimens per gram of dry sediment in core ANTA02-NW2. Specimen/g, plankton/g, and benthos/g values are reported in logarithmic values to simplify the reading of the data, because of the high difference in numerical terms from the bottom to the top core levels. The different ecological intervals concerning the ostracod and foraminiferal behaviour in relation to volcanic events are shown (EA = equilibrium association; SA = survivor association; NEA = non-equilibrium association). For details, see the legend in this figure. 
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Figure 3. Q-mode cluster analysis (Ward’s method; Bray–Curtis algorithm): the dominant species for each cluster are reported. Levels are given in cm. 
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Figure 4. Down-core distribution of the foraminiferal assemblages (FAs) calculated by the principal component analysis (statistically significant loadings as suggested by [77] are shown in blue), together with the percentage of sand in the sediments. 
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Figure 5. Conceptual scheme, modified from [92], summarising the different stages of extinction, recovery, and return to pre-crisis conditions recorded in the ANTA02-NW2 core sediments. The lower part of the figure highlights the different reactions to volcanic ash deposition of the ostracod (A) and foraminifer (B) assemblages. For details, see the legend in this figure. 
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