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The Southern Ocean is an important region for identifying ecoregions, both to assist
in conservation efforts as well as for paleocecological studies. In this paper we use
the Southern Ocean Radiolarian Dataset (SORAD), a compilation of surface sediment
radiolarian census data, to determine radiolarian ecoregions throughout the Southern
Ocean within the Atlantic, Indian and Southwest Pacific Sectors. The distribution of
radiolarian species is explored using the unconstrained non-Metric Multidimensional
Scaling to identify gradients in species assemblage variability, as well as distinct and
sharp changes in assemblage composition. Ecoregions are assigned to groups of sites
using Multivariate Regression Tree analysis, and environmental variables are assessed
for their explanatory power. Radiolarian distribution was found to be heterogeneous
throughout the Southern Ocean, with each Sector hosting a unique group of radiolarian
ecoregions. A total of 6 ecoregions were identified for the Atlantic Sector, 8 for the Indian
Sector and 6 for the Southwest Pacific Sector. Ecoregions were generally latitudinally
distributed, but also appear to be influenced by significant oceanographic features,
such as plateaux and islands, large eddy fields, hydrological fronts and sea ice. This
study highlights the need for further exploration of radiolarian ecology, and for caution
when using radiolarian assemblage variability in paleo-environmental studies.

Keywords: radiolarians, Southern Ocean (SO), ecoregionalisation, oceanography, ecology

INTRODUCTION

The Southern Ocean (SO) is an important region globally for ocean circulation and climate
(Rintoul and Naveira Garabato, 2013). The Antarctic Circumpolar Current, driven by the Southern
Hemisphere westerly winds, forms a zonal flow around the SO, separated by fronts (Sokolov and
Rintoul, 2009). The zonal circulation of the SO has long been thought to control the planktonic and
benthic biological ecosystems (Linse et al., 2006). However, there has been insufficient species data
to test this. In this paper we use a new radiolarian assemblage dataset (SORAD; Lawler et al., 2021)
to determine radiolarian ecoregions in the Atlantic, Indian and southwest Pacific sectors of the SO
and test the hypothesis that the SO exhibits zonal ecoregions.

Ecoregionalisation partitions a large ecosystem into smaller ecoregions using assemblage data,
such as relative species abundances (Koubbi et al., 2010). It can highlight heterogeneity in
the broader ecosystem, potentially driven by differences in biogeochemical characteristics and
environmental processes. However, due to the sparsity of species data in some oceanic regions,
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ecoregionalisation is not always possible. Therefore, partitioning
of large regions is typically done using abiotic parameters such
as temperature, nutrients or salinity, to develop bioregions
of relatively predictable and homogeneous environmental
conditions (e.g., Longhurst, 1998; Testa et al., 2021). Combining
these two approaches of ecoregions and bioregions will allow
for a clearer understanding of regional processes, with insight
into the biogeochemical and environmental thresholds of species
or ecosystems. Furthermore, an assessment of how closely
ecoregions track bioregions provides an evaluation of the
usefulness of a certain taxonomic group for reconstructing past
environmental conditions.

Several bioregional classifications have been proposed on a
global scale (e.g., Be and Tolderlund, 1971; Moore et al., 1981; van
der Spoel, 1983; Longhurst, 1998). Most partition the SO into two
to four latitudinal zones, generally following hydrological fronts
such as the Subantarctic and Subtropical fronts (e.g., Boltovskoy
and Correa, 2016; Ardyna et al.,, 2017). Longhurst (2007) and
Grant et al. (2013) provided comprehensive descriptions of SO
biogeochemical bioregions. Both classifications describe the SO
as bands of relatively homogeneous environmental conditions,
punctuated by subtle environmental variations. However, recent
work by Testa et al. (2021) using abiotic partitioning of the
SO basin suggested that the interaction of bathymetry with
oceanographic and biogeochemical processes produces much
more complex mesoscale bioregionalisation of the SO.

Previous ecoregional studies of the SO using phytoplankton,
pelagic fish and echinoid species (Koubbi et al., 2010; Ardyna
et al., 2017; Fabri-Ruiz et al., 2020) generally agree with the
habitat complexity found by Testa et al. (2021), particularly
along the Antarctic coast and shelf region. The permanently
open ocean zone (POOZ), on the other hand, displays more
homogeneity, which is thought to be related to the connectivity of
habitat provided by the continuous eastward flow of the Antarctic
Circumpolar Current (ACC) (Linse et al., 2006).

Polycystine radiolarians are siliceous marine protists that
occur as plankton in all the world’s oceans typically living
subsurface (100-500 m; Abelmann and Gowing, 1997; Rogers
and De Deckker, 2007; Hernandez-Almeida et al., 2020). They are
found throughout the SO and show a wide range of biodiversity
(Lawler et al., 2021). They produce ornate siliceous skeletons
ranging in size from below 40 pm to ~2 mm (Boltovskoy,
2017). Previous work on radiolarians from the Antarctic coastal
and shelf regions of the SO found two distinct assemblages.
One typified the Antarctic pelagic and the second one the
coastal assemblages (Nishimura and Nakaseko, 2011). The only
previous SO-wide study of radiolarians north of the Winter
Sea Ice (WSI) margin did not have sufficient coverage to
assess heterogeneity or develop mesoscale ecoregionalisation
(Boltovskoy and Correa, 2016).

In this paper, a new compilation of surface sediment
radiolarian assemblages from across multiple SO sectors (SO-
RAD; Lawler et al.,, 2021) is used to explore the ecoregions of
the SO from the Subtropical Front (STF) to Antarctica based
on species data. The 228 surface sediment samples include 238
radiolarian taxa, ranging in latitude from 10° S to 80° S and
longitudinally from 50° W to 190° E (Figure 1). They cover a

range of different oceanographic zones, including the Subtropical
Zone (STZ; north of the Subtropical Front), the Subantarctic
Zone (SAZ; between the STF and the Polar Front) and the
Antarctic Zone (AZ; south of the Polar Front), including the
seasonal sea ice zone.

Our main aim is to examine the extent of radiolarian
assemblage heterogeneity throughout the SO and how it might
be linked to oceanographic and biogeochemical variability.
Understanding the heterogeneity and relationship between
specific oceanographic regions and the radiolarian assemblages
that inhabit those regions is critical for understanding radiolarian
ecology and environmental preferences to aid the interpretation
of paleo-environmental changes from preserved radiolarian
assemblages in sediment cores from the SO.

MATERIALS AND METHODS

Background

Radiolarians

Since their first description by Ehrenberg (1844), between 400
and 800 living species of radiolarians have been identified
(Boltovskoy and Correa, 2016; Boltovskoy, 2017). With a
high level of species diversity and robust skeletons that are
generally well preserved in the sedimentary record, radiolarians
are valuable tools for paleo-studies (e.g., Cortese et al.,, 2007;
Aitchison et al., 2017).

Radiolarian species distribution is influenced by properties
of water masses and related frontal systems (Abelmann and
Gowing, 1997). Some species and groups have been associated
with specific depths and regions, which suggests they might
have water mass preferences (e.g., Abelmann and Gowing, 1997;
Cortese and Prebble, 2015; Zoccarato et al., 2016). Assemblage
distribution is also known to be strongly related to temperature
(Boltovskoy and Correa, 2016). Methods for reconstructing sea
surface temperatures (SST) were developed which applied factor
analysis and transfer functions for paleotemperature estimates
throughout the SO (Imbrie and Kipp, 1971; CLIMAP, 1976,
1981; Cortese et al., 2013; Panitz et al., 2015; Prebble et al.,
2017; Civel-Mazens et al., 2021b). Radiolarians have also been
used as indicators for upwelling in some tropical regions, where
characteristic assemblages have been utilized to understand past
upwelling processes. Indices such as the Upwelling Radiolarian
Index and the Water Depth Ecology Index rely on either the
presence of radiolarian species that are typically only found in
regions of upwelling, or higher than normal abundance of species
that typically inhabit the water column below the thermocline
(Caulet et al., 1992; Nigrini and Caulet, 1992; Lazarus et al., 2006).

Southern Ocean Setting

The SO surrounds Antarctica and is the only circumpolar ocean
on the globe. It is dominated by the eastward flowing wind-
driven ACC (Rintoul and Naveira Garabato, 2013). The STF
marks the northern-most extent of ACC influence, and for the
purpose of this paper, we define the STF as the northern boundary
of the SO (Talley et al., 2011). The SO is most commonly
described in terms of three major latitudinal zones which are
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FIGURE 1 | Southern Ocean map showing the location of surface sediment sites of the SO-RAD database (Lawler et al., 2021) south of 30°S within each sector of
the Southern Ocean. Major topographical and hydrological features discussed in this paper and the division between three Sectors — Atlantic, Indian and Southwest
Pacific. Hydrological fronts [STF (red), Subtropical Front; SAF (orange), Subantarctic Front; APF (green), Antarctic Polar Front; Orsi et al., 1995] and zones (STZ,
Subtropical Zone; SAZ Subantarctic Zone; PFZ, Polar Frontal Zone; POOZ, Permanently Open Ocean Zone; SIZ, Seasonal Sea-Ice Zone), summer and winter
sea-ice margins [WSI (blue), Winter Sea-Ice Margin; SSI (white), Summer Sea-Ice Margin], major Eastern Boundary Currents and the two major gyres — Weddell Sea
and Ross Sea Gyres. Blue arrows depict regional currents and gyres, and direction of flow.

bounded by hydrological fronts (Figure 1; Orsi et al., 1995).
The SAZ sits between the STF and the Subantarctic Front
(SAF). The Polar Frontal Zone (PFZ) lies between the SAF
and the Polar Front (PF). South of the PFZ is the Antarctic
Zone (AZ) (Sokolov and Rintoul, 2009). Within the AZ, sea
ice expands and contracts seasonally within the SIZ. During
summer, sea ice contracts to the Summer Sea-Ice Margin. South
of the Summer Sea-Ice Margin, sea-ice cover remains relatively
permanent, except in some coastal regions where no sea-ice is
present during summer (polynyas). Seasonal sea-ice expansion
extends to the Winter Sea Ice (WSI) margin, beyond which lies
the permanently open ocean zone (POOZ) (Pondaven et al., 2000;
Talley et al., 2011).

Regions within the SO are often referenced to in relation to
the adjacent basin. There are three major geographical regions,
the Atlantic Sector (65°W to 20°E), the Indian Sector (20-145°E)
and the Pacific Sector (145°E to 65°W) (Lawler et al., 2021).
However, in this study, the Pacific is referred to as the Southwest
Pacific (145°E to 170°W) due to the limited coverage of data in
the Pacific sector within the SO-RAD (Lawler et al., 2021).

Southern Ocean Radiolarian Dataset

The Southern Ocean Radiolarian Dataset (SO-RAD) is a
collection of 228 Holocene surface sediment samples from
the Atlantic, Indian and Southwest Pacific Sectors of the SO
(Figure 1; Lawler et al,, 2021). Site locations range from the STZ
to the AZ. The SO-RAD contains a total of 238 taxonomic units.
Identification level is predominantly to subspecies/species level,
though ranges through to orders Nassellaria and Spumellaria
(Lawler et al., 2021). The data was cleaned prior to analyses
by removing counts for taxa that were classified to class or
order only. Those taxa removed totaled less than 10% relative
abundance for 80% of sites, and never more than 30% relative
abundance for all other sites. No rare species were removed
prior to analyses so that potentially significant rare species

could be investigated. When assessing SO heterogeneity only the
SAZ, PFZ, and AZ SO-RAD sites were included. Sector-specific
analyses included sites south 30°S in the STZ to understand the
assemblage variability between SO Sectors (Atlantic, Indian and
Southwest Pacific) and their adjacent basins.

Some zones and regions of the SO are underrepresented, or
not represented at all, within the SO-RAD database. The most
notable of such regions is the Southeast Pacific Sector. The PFZ
of the SW Pacific and Indian Sectors, southern Australian region,
and western Indian Sector are also underrepresented. The SO-
RAD database will continue to be updated as further data become
available and the addition of data from these regions will allow
us to fill in the geographical gaps that currently exist in our
analyses and results. Despite these limitations, this is the first and
most complete circumpolar surface sediment radiolarian dataset
currently available.

Environmental Data

Environmental data representing the climatological mean
between 1955 and 2010, including nutrient and density data,
were extracted from World Ocean Atlas 2018 0.25 and 1.0
degree grids for Austral summer months of January to March
(Garcia et al., 2019). We used data at intervals between 0 and
500 m for nutrient, temperature and salinity data, and between
0 and 2,000 m for density data, as radiolarians are known to
inhabit the water column down to these depths (Boltovskoy,
2017). Mixed Layer Depth (variable density) data (MLD-vd) for
Austral summer (JFEM) and winter (JAS) were extracted from
Global Ocean Mixed Layer Depths (Monterey and Levitus, 1997).
All data extraction was performed in Ocean Data View v5.4.0
(Schlitzer, 2020).

Data Analysis
All data analyses were performed using the open source software
program R (R Core Team, 2018).
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Hellinger dissimilarity distance was calculated for the
SO-RAD database abundances (Legendre and De Céceres, 2013).
This method addresses two considerations when analyzing
radiolarian datasets. Radiolarians are typically counted to a
maximum number of individuals per sample (usually between
400 and 500 individuals), so counts vary considerably but are not
equivalent to absolute abundance. The second consideration is
the high frequency of zero counts. Many zeros in a dataset can
result in the double zero problem: similarity is calculated to be
higher between sites that have fewer species present, even if they
contain no species in common (Legendre and De Caceres, 2013).

Non-metric Multidimensional Scaling

Ecoregionalisation is commonly used to understand how
community structure changes over a larger region. The first
step in this process is to identify ecological patterns in the
radiolarian assemblages (Grant et al., 2006). Since radiolarian
ecology is relatively unknown, an unconstrained method is
used, independent of environmental parameters, allowing us to
understand distribution patterns without prior knowledge of any
ecological drivers. The nMDS method represents the dissimilarity
of objects in a small number of dimensions (usually two or three).
The objective is to produce a visual representation of dissimilarity
in space, rather than preserving the exact relationships in all
dimensions, as with metric scaling. The degree to which the plot
represents the dissimilarity in the original matrix is shown by
the stress value, between 0 and 1. A lower stress value points to
a more representative plot of the dissimilarity matrix (Legendre
and Legendre, 2012). The nMDS can be applied to any distance
matrix. Here we apply it to the Hellinger distance matrix.

The Hellinger-transformed species data was used to perform
2- and 3-dimensional nMDS using the R Package ‘vegan’
(Oksanen et al., 2019). Two- and three-dimensional ordination
plots were produced to visualize the patterns of assemblage
dissimilarity with the R packages ‘ggplot2’ (Wickham, 2016) and
‘rgl’ (Adler and Murdoch, 2020).

The resulting nMDS plots display the best representation of
dissimilarity between each point, or site, relative to all the others,
providing a visualization of the trends in assemblage composition
(Figure 2). Clustering of points on nMDS plots indicates relative
similarity between them, while greater distance indicates relative
dissimilarity. The plots are able to show gradients of change
as well as distinct and very dissimilar groups. To understand
where the delineation is between groups, cluster analysis (in
this case, Multivariate Regression Tree) allows us to decide
where thresholds of compositional change occur. Together, these
two methods provide a comprehensive tool for examining the
structure of an ecological community.

Multivariate Regression Tree Analysis

We followed the procedure of De’Ath (2002) to undertake an
MRT analysis, a method of partitioning a response variable (in
this case, species abundance) based on a set of explanatory
variables. This method partitions the response data into
two groups that each contain sites with the lowest possible
dissimilarity. Partitioning is then repeated for the two subgroups.
The analysis output provides the optimal number of clusters

for the study based on minimized relative error, and the cross
validated relative error. Multiple iterations of the process are
performed, indicating the number of times different numbers
of clusters are determined to be optimal, and that best case
number of clusters can then be preselected for the final
analysis. The result is a tree where splits, or nodes, represent
environmental thresholds and the end members represent the
clusters (De’Ath, 2002; Borcard et al.,, 2018). Clustering using
MRT has the advantage of being a robust method capable of
determining clusters where there is a high level of interaction
between the explanatory variables (as is usually the case in
an oceanic setting), even where there are missing values
(Borcard et al., 2018).

The Hellinger transformed species and environmental data
were used to perform MRT analysis using the R package ‘mvpart’
(Therneau et al, 2013). Results of the MRT analysis were
extracted using the R package MVPARTwrap’ (Ouellette and
Legendre, 2014). The R code was adapted from Borcard et al.
(2018). The MRT procedure was performed on each subset as
outlined in Section “Spatial Variability in SO-RAD Assemblages.”
Once clusters were determined using the MRT procedure, these
were plotted on maps of the SO to visualize patterns of radiolarian
assemblage distribution.

In contrast to nMDS plots that display unconstrained view
(i.e., variability seen in the species abundance data alone) of
dissimilarity in species data, MRT provides a constrained view
(i.e., the assemblage variability that can be explained by the
environmental variables) of the dissimilarity. In this paper’s
context, MRT clusters confirm site similarity seen in nMDS
plots and allow us to determine connectivity and ecoregion
boundaries based on how the environmental variables affect
the dissimilarity observed in the species data alone. These two
methods have been used individually or together in many marine
ecosystem studies including microplankton (e.g., Rogers and De
Deckker, 2007; Kortsch et al., 2012; Armbrecht et al., 2014;
Armynot du Chatelet et al., 2018). The MRT analysis results were
compared to those of hierarchical clustering for validation of
the MRT clusters.

Redundancy Analysis

While the MRT uses response variables to determine clusters
of sites with similar assemblage composition, the RDA seeks to
determine how much influence the combinations of explanatory,
or environmental variables have on the assemblage. The method
attempts to find a series of linear combinations of explanatory
variables through multivariate regression and computes these
as canonical axes. The order of the RDA axes relates to
the amount of constrained or explained variability in the
response data, with the first having the highest canonical
eigenvalue and explanatory power, while all unconstrained
variability is expressed as residual eigenvalues (Borcard et al.,
2018). The proportion of variance explained by each RDA
axis is equivalent to the coefficient of determination (R?).
This is a biased figure, and so an adjusted R*> should be
calculated (Peres-Neto et al., 2006). There are a number of
assumptions about the data used for RDA, for example, the
normal distribution of response variables (Borcard et al., 2018).
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Ecological data such as community composition rarely meet
these criteria, so a permutation test is needed to check the
overall significance of the RDA results (Borcard etal., 2018).
Here we tested all environmental variables in a single RDA
to assess how the species abundance data can be explained
by all the environmental variables, and if a single or small
group of variables showed strong explanatory value. We then
tested each variable individually to assess how much influence
each variable has on the species abundance data. The RDA
was performed on the Hellinger-transformed species data using
the R package ‘vegan’ function rda(), and the adjusted R? was
calculated using the function RsquareAdj() (Oksanen et al.,
2019). A global permutation test of the full RDA results,
and a permutation test of the canonical axes were performed,
both with 999 permutations, using function anova(). The first
constrained (RDA1) and unconstrained (PC1) eigenvalues were
used to calculate the lambda ratio (\1/\;). This ratio assists in
determining which environmental parameters show important
gradients, a value higher than 1, meaning the first constrained
axis (RDA1) explains more variance than the first unconstrained
axis (PC1; Juggins, 2013). Those explanatory variables with a

lambda ratio greater than 1 (hj/hy > 1) were selected for a
partial RDA and subjected to permutation tests for global and
axis significance.

RESULTS

Spatial Variability in SO-RAD

Assemblages

Southern Ocean

Two- and three-dimensional (2D and 3D) nMDS plots of
radiolarian assemblages of the SO (SAZ to AZ) showed that
different basins (e.g., the South Atlantic, Indian and SW Pacific
Sectors) were generally identifiable (Figures 2, 3). When all sites
were visualized together, the variability of sites from north to
south within each Sector plotted along a different plane. This was
particularly evident in the 3D nMDS (stress = 0.093), indicating
assemblages in each Sector do not vary in the same fashion
and are likely responding to different drivers. Each Sector was
then subsplit into oceanographic zones (Figure 2). A general
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north-south trend was apparent in the 2D nMDS (stress = 0.184),
with SAZ sites furthest from AZ sites for all sectors, indicating
greatest dissimilarity.

The nMDS plots (Figure 2) showed a transition in site
assemblage composition from the Atlantic to Indian SAZ. As
expected, due to their contiguity, sites located furthest to the
west in the Indian Sector plotted close to Atlantic Sector SAZ
sites, indicating that these sites host similar assemblages. The
dissimilarity between Indian and Atlantic sites increased for
each site moving further east into the Indian Sector, indicating
a transition in assemblage composition from the Atlantic
to Indian Sector.

The MRT analysis confirmed the heterogeneity of radiolarian
assemblages identified by the nMDS plot (Figure 2) and provided
12 clusters with unique radiolarian assemblages (Table 1). Each
Sector contained a unique combination of clusters, with only 4
of the 12 occurring in all three Sectors (clusters 2, 3, 4, and 11).
Three clusters (1, 6, and 8) occurred only once, in the Weddell Sea
(cluster 1), the Indian PFZ (cluster 6) and the Campbell Plateau
(cluster 8). Clusters 11 and 12 overlapped the Atlantic-Indian

Sector boundary and confirmed that there is a transition and
connectivity of assemblages from the Atlantic to Indian Sectors
(Figure 2). The sites in the SIZ formed two distinct clusters — one
in the Weddell Sea Gyre, and one along the Antarctic Coast and
Shelf (ACS). Some overlap of these two clusters occurred on the
eastern boundary of the Weddell Sea.

Each Sector had more than one cluster of sites within the AZ.
Sites on the western boundary of the Indian Sector clustered with
Atlantic Sector AZ sites, and sites on the eastern boundary of
the Indian Sector clustered with SW Pacific sites located at the
WSI margin. Atlantic AZ sites clustered in two groups — one
associated with the SIZ, the other group contained sites located in
the POOZ. Within the Pacific Sector, two groups of sites clustered
together - sites in the POOZ, and sites in the SIZ. While sites in
the SIZ plot with an east-west trending transition on the nMDS,
the MRT analysis shows that they should be grouped as a single
ecoregion. While each Sector contained more than one cluster
within the SIZ, the ACS was common to all sectors.

The SO analyses identified strong primary partitioning at the
Sector level, and so it is appropriate to consider each Sector
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TABLE 1 | The top five species that contribute each cluster of the Southern
Ocean Multivariate Regression Tress analysis, and their average, maximum, and

minimum relative abundance across all sites that occur in the cluster.

Cluster Species Relative abundance (%)
Average  Minimum  Maximum

1 Cenosphaera cristata 39.1 14.7 61.7
Larcopyle pylomaticus 51 1.7 12.3
Actinomma leptodermum s.l. 5.1 2.3 10.4
Antarctissa denticulata 21.2 6.5 52.5

Lithelius nautiloides 2.3 0.0 5.1

2 Lithelius sp. 1 0.2 0 1.1
Antarctissa denticulata 46.2 111 75.2
Phormacantha hystrix 0.7 0 6.6

Rhizoplegma boreale 0.1 0 0.9

Zygocircus productus gr. 1.0 0 8.7

3 Lithelius nautiloides 2.3 0.5 4.3
Larcopyle pylomaticus 3.2 0 10.9

Triceraspyris antarctica 2.8 1.6 3.9

Liriospyris reticulata 0.1 0 0.3
Trisulcus testudus 2.4 0 11.9
4 Antarctissa strelkovi 41.6 7.7 60.0
Lithomelissa sp. A 6.9 0 19.4
Lithocampe furcaspiculata 2.7 0 10.5

Sethoconus tabulatus 0.5 0 2.4

Saccospyris antarctica 2.1 0.4 5.1

5 Tholospyris gephyristes 0.7 0 1.6
Antarctissa spp. 8.2 0 13.4

Dictyophimus spp. 1.1 0 3.2

Lithomelissa spp. 0.9 0 3.7

Siphocampe lineata 0.6 0 1.0
6 Actinomma antarcticum 9.7 0.3 17.7
Cycladophora bicornis 23.7 16.9 32.6

Mitrocalpis araneafera 0.3 0 0.7

Triceraspyris antarctica 4.4 2.0 9.1

Gondwanaria dogieli 0.2 0 0.3

7 Lophophaena buetschlii 0.4 0 1.1
Phorticium clevei 12.9 1.3 32.4
Antarctissa strelkovi 18.1 14.5 28.8
Actinomma antarcticum 4.2 0 13.9
Actinosphaera spp. 0.1 0 0.6

8 Dictyocoryne profunda 1.8 0 5.0
Stylochlamydium spp. 1.5 0 5.3

Stylodictya spp. 2.2 0 8.9
Stylodictya validispina 3.7 0.7 10.6
Lithelidae/Pyloniidae 13.3 5.8 25.1

9 Styptosphaera spumacea 3.4 0.5 6.2
Actinomma medianum 3.0 1.4 4.6

Eucyrtidium acuminatum 0.7 0.3 1.0

Heliodiscus asteriscus 2.2 0.5 5.0

Axoprunum stauraxonium 1.8 0 4.2

10 Tetraphormis dodecaster 0.3 0 1.2
Actinomma trinacria 0.6 0 1.5

Acrosphaera arktios 0.1 0 0.3

Actinomma delicatulum 1.5 0.3 2.5
Cycladophora bicornis 14.0 0.3 48.6

(Continued)

TABLE 1 | (Continued)

Cluster Species Relative abundance (%)
Average Minimum Maximum

11 Artobotrys borealis 0.1 0 0.3
Trisulcus triacanthus 0.8 0 1.5
Pylospira octopyle 0.7 0.5 1.0
Druppatractus variabilis 1.3 0.3 2.6
Lithomelissa setosa 9.0 2.9 12.9
12 Eucyrtidium spp. 2.3 0.7 9.5
Pseudocubus obeliscus 0.7 0 1.4
Lithomelissa thoracites 3.8 1.8 6.4
Botryopyle inflata 3.3 0.9 6.5
Cenosphaera perforata 1.4 0 3.8

separately for mesoscale ecoregionalisation. In the following
sections, we present the results of the analyses of each Sector
individually. Here, the clusters are shown as ecoregions, and
we use colloquial names for them, describing their relationship
to geographical features, for ease of reading the text (these are
annotated on Figure 4). The association of the ecoregion with
the geographical feature does not denote any environmental
connection. The Antarctic Coast and Shelf sites are considered a
single ecoregion, and are discussed in each Sector as the Antarctic
Coastal and Shelf (ACS) Ecoregion.

Atlantic Sector

Sites within the Atlantic Sector SO-RAD subset showed a
distinct north-south trend in assemblage composition in the 2D
(stress = 0.086) and 3D (stress = 0.048) nMDS plots (Figures 3, 4).
Assemblages at sites in the SIZ were most distinct from all other
sites, their dissimilarity apparent by their relative distance from
other sites on both plots (Figures 3, 4).

The MRT analysis provided boundaries to the north-south
transition of assemblages visible on the Atlantic Sector nMDS
(Figure 4; Atlantic Sector map symbol color in brackets). Some
sites that are located near frontal boundaries were clustered by
MRT analysis with the adjacent zone, rather than its allocated
zone according to the Orsi fronts (Figure 4; Orsi et al., 1995). This
could be related to the dynamic nature of hydrological fronts. The
single mean position of the fronts does not display the extent
of frontal shifts, and is therefore considered a guide only for
oceanographic boundaries.

North of the STF, the Atlantic Subtropical Ecoregion (pink)
encompassed all STZ sites. South of the STE the clear north-
south trend roughly corresponded to the frontal zones: with
the Atlantic Subantarctic Ecoregion (blue) between the SAF and
PE the Atlantic Polar Frontal Ecoregion (green) south of the
Antarctic Polar Front, and the Atlantic POOZ Ecoregion (red)
north of the WSIL. South of the WSI margin, two ecoregions
were associated with the Weddell Sea Gyre (orange) and the
ACS (purple) ecoregions. A single site that was classified within
the ACS occurred within the Weddell Sea Gyre. However, this
site was grouped with the Weddell Sea Gyre in the SO MRT
analysis (Figure 2), reflecting that the assemblage is a transition
between these two.
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FIGURE 4 | (A) Maps show the distribution of sites within ecoregions identified by the MRT analysis for each Sector. STF, Subtropical Front; SAF, Subantarctic Front;
APF, Antarctic Polar Front (Orsi et al., 1995); STZ, Subtropical Zone; SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone; POOZ, Permanently Open Ocean Zone; SIZ,
Seasonal Sea-lce Zone; WSI, Winter Sea-Ice Margin; SSI, Summer Sea-Ice Margin. (B) 2-dimensional NMDS plots for Hellinger transformed radiolarian assemblage
data at sites of the SO-RAD dataset south of 30°S for the Atlantic, Indian and Pacific Sectors. Color represents the ecoregions identified by MRT analysis; shapes
represent the zone: STZ, Subtropical Zone; SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone; AZ, Antarctic Zone. Pease see Supplementary Figure 2 for a color
blind alternative.

Indian Sector

Indian Sector assemblages vary according to a north-south trend
in both the 2D (stress = 0.108) and 3D (stress = 0.062) nMDS
plots (Figures 3, 4). There is a group of six sites located in the
western Indian Sector that are dissimilar to other sites within the
STZ and SAZ. The four sites within the SAZ were found to cluster
in SO MRT analysis with sites immediately to the west within the
Atlantic Sector. Their positions on the 2D and 3D nMDS plots
show that their similarity to assemblages in the Indian Sector
increases to the east (Figures 3, 4). MRT analysis confirms that
they are distinct from the rest of the Indian Sector assemblages.
These formed three ecoregions (Figure 4, Indian Sector map
symbol color in brackets) - The Agulhas and Return Current
(yellow), the Indian Western STF (blue), and the Western Crozet
(purple) Ecoregions.

In the eastern Indian Sector, a group of sites from the
South Indian Current area forms an ecoregion (gray). A cluster
extending from the STZ to SAZ is the Indian STZ Ecoregion
(pink). Within the PFZ and SAZ, two groups extend from west
to east, with a narrow latitudinal extent and are roughly divided
by the SAF - the Indian PFZ Ecoregion (green) and the Indian
SAZ Ecoregion (orange). The clusters within this STZ to the PFZ
area east of the Kerguelen Plateau are similar to those found by
Rogers and De Deckker (2007), who also used MRT to perform
cluster analysis in the same region.

Sites within the SIZ plot with an east-west trending transition.
However, MRT analysis shows that they should be grouped as a
single ecoregion, the ACS (red).

SW Pacific Sector
The 2D (stress = 0.112) nMDS showed a general north-south
trend for sites north of the WSI margin. North of the STE, the 2D
and 3D (stress = 0.0725) nMDS plots indicated that assemblages
transition toward the SAZ. The MRT analysis showed that these
sites can be roughly partitioned according to their location east
or west of the North Island of New Zealand - the East and
West New Zealand Ecoregions. Sites located on the Campbell
Plateau and in the Bounty Trough grouped together, and the
MRT analysis confirmed that these sites form the Campbell
Plateau Ecoregion. Assemblages appeared on the nMDS to
transition from the West New Zealand Ecoregion (pink) to the
East New Zealand Ecoregion (yellow) and then to the Campbell
Plateau Ecoregion (blue). A single site, Station Site J21 (gray), was
identified by MRT analysis, but was indistinct on the nMDS.
Within the POOZ, from the WSI margin to the flanks
of the Campbell Plateau, there was a gradient in assemblage
composition from south to north on the nMDS, but not enough
to provide a partitioning by the MRT analysis. This group was
classified as the Pacific POOZ Ecoregion (green). South of the
WSI margin, a distinct cluster of sites within the AZ was found
on the nMDS. These sites are located within the ACS (red).

Environmental Drivers

The first two constrained eigenvalues of the RDA using the SO
subset with all environmental variables accounted for 45% of the
total constrained variance [Eigenvalue (proportion explained),
RDA 1 = 0.1219 (0.2459), RDA 2 = 0.1001 (0.2018); adjusted
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R? = 0.60; anova (global), F = 3.1582, P = 0.001]. No single
or small group of explanatory variables were clear controls
on the data. When analyzing each individual variable with

RDA, 17 variables were eliminated based on low explanatory
power (hj/hy < 1; Table 2). The adjusted R? values for the
remaining variables (hj/h; > 1) ranged from 0.16 to 0.19.

TABLE 2 | List of environmental variables used for individual redundancy analysis and Lambda (:1/%2) selection for partial redundancy analysis.

Variable R2 R? adjusted RDA1 PC1 /2 Variance F Pr(>F) ANOVA significance code Residual variance
T_200 0.1999479 0.1942738 0.1105 0.08229 1.342812006 0.11053 35.239  0.001 0.44225
T_300 0.197717 0.1920271 0.1093 0.08223 1.329198589 0.10929 34.748  0.001 o 0.44349
T_400 0.1960365 0.1903346  0.1084 0.08199 1.322112453 0.10837  34.381 0.001 0.44442
T_500 0.194226 0.1885113 0.1074 0.08197 1.310235452 0.10736  33.987  0.001 0.44542
N_200 0.1926271 0.186901 0.1065 0.08164 1.304507594 0.10648  33.641 0.001 o 0.4463
Depth_27.9  0.2002116 0.1943737 0.1091  0.08419 1.29587837  0.10905 34.295  0.001 0.43563
0_10 0.19615 0.190449 0.1084 0.08368 1.29541109  0.10843  34.406  0.001 0.44435
Den_500 0.2003441 0.1946728 0.1107  0.08553 1.294282708 0.11075 35.326  0.001 o 0.44203
N_300 0.1920974 0.1863676  0.1062 0.08345 1.272618334 0.10619  33.526  0.001 0.44659
T_100 0.1969408 0.1912454 0.1089 0.08571 1.270563528 0.10887  34.579  0.001 0.44392
P_200 0.1865977 0.1808289 0.1031  0.0816  1.263480392 0.10315 32.346  0.001 o 0.44963
T_10 0.1925995 0.1868732 0.1065 0.0844 1.261848341 0.10647  33.635  0.001 0.44632
N_100 0.1873385 0.1815749 0.1086 0.08431 1.228798482 0.10356  32.504  0.001 0.44922
Depth_27.3  0.1870919 0.180741 0.1024  0.0837 1.223416965 0.10244  29.459  0.001 0.44509
P_100 0.1840423 0.1782553 0.1017  0.08353 1.217526637 0.10173  31.803  0.001 o 0.45105
Depth_27.6  0.1889352 0.1828825 0.1043 0.08592 1.213919926 0.10433 31.215  0.001 0.44788
Den_200 0.1938979 0.1881809 0.1072 0.08997 1.191508281 0.10718 33.916  0.001 0.4456
N_400 0.1832691 01774767 0.1013  0.08507  1.19078406 0.10131 31.64 0.001 e 0.45147
Si_500 0.1879164 0.1821569 0.1089 0.08732 1.189876317 0.10388  32.627  0.001 0.4489
P_300 0.1787627 0.1729383  0.09882 0.08365 1.181350867 0.09882  30.692  0.001 0.45396
Den_10 0.1819138 0.1761118 0.1006  0.08583 1.172084353 0.10056  31.354  0.001 e 0.45222
Si_400 0.1864721 0.1807024 0.1081 0.08887 1.160121526 0.10308 32.3119  0.001 0.4497
Den_1000 0.1828506 0.1767066  0.1011  0.08803 1.148472112 0.10109  29.761 0.001 0.45175
P_10 0.1699426 0.1640557  0.09394 0.08189 1.147148614 0.09394 28.868  0.001 e 0.45884
N_10 0.1674358 0.1615311  0.09256 0.08174 1.132370932 0.09256  28.356  0.001 0.46023
Si_300 0.1856713 0.179896 0.1026  0.09097 1.127844344 0.10264 32.149  0.001 0.45015
P_400 0.1694054 0.1635146  0.09364 0.0858 1.091375291 0.09364 28.758  0.001 e 0.45914
Si_200 0.1828164 0.1770207 0.1011  0.09422 1.07302059 0.10106  31.544  0.001 0.45172
Den_100 0.1856093 0.1798335 0.1026  0.09576 1.071428571  0.1026 32.136  0.001 0.45018
N_500 0.1691977 0.1633055  0.09353 0.08737 1.07050475  0.09353 28.715  0.001 o 0.45925
Depth_27.1  0.1737718  0.16685242 0.09406 0.0943  0.997454931 - - - - -
P_500 0.1566917 0.1507108  0.08662 0.08814 0.982754708 - - - - -
Si_100 0.1735666 0.1677054  0.09594 0.1007  0.952730884 - - - - -
Si_10 0.1701043 0.1642185  0.09403 0.1028 0.914688716 - - - - -
Sal_500 0.1331713 0.1270236  0.07361 0.1039  0.708469682 - - - - -
MLD_Win 0.1179105 0.1078867  0.06238 0.1071  0.582446312 - - - - -
Sal_10 0.1137487 0.1074632  0.06288 0.09618 0.653774173 - - - - -
0_100 0.1156249 0.1093528  0.06392 0.1095 0.583744292 - - - - -
Sal_400 0.09319099 0.08675972 0.05151 0.1186  0.434317032 - - - - -
MLD_Sum  0.09063332 0.08404371 0.05003 0.126  0.397063492 - - - - -
0_400 0.07892593 0.07239349 0.04363 0.1022  0.426908023 - - - - -
Sal_100 0.09523594 0.08881917 0.05264 0.1247  0.422133119 - - - - -
0_500 0.07038342 0.06379039 0.03891 0.1078  0.360946197 - - - - -
0_300 0.06660762 0.05998781 0.03682 0.1065 0.3457277 - - - - -
Sal_200 0.06978288 0.06318559 0.03857 0.1325  0.29109434 - - - - -
Sal_300 0.06824428 0.06163609 0.03772 0.1304  0.289263804 - - - - -
0_200 0.04768035 0.04092631 0.02636 0.1269 0.207722616 - - - - -

Variables are denoted by a letter followed by a number representing the depth (m) of variable measurement: Den, density; N, nitrate; O, oxygen; R, phosphate; Si, silicate;

T, temperature; MLD_Sum, summer mixed layer depth (m); MLD_Win, winter mixed layer depth (m); Isopycnal depth is denoted by Depth_[density].

hokok

p-value < 0.001.
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These variables were included in a partial RDA. The first two
constrained eigenvalues of the partial RDA accounted for 33.5%
of the total constrained variance [Table 3; Eigenvalue (proportion
explained), RDA 1 = 0.1108 (0.2055), RDA 2 = 0.0697 (0.1292);
adjusted R? = 0.54; anova (global), F = 5.8673, P = 0.001]. The
partial RDA revealed that a complex combination of abiotic
variables drives radiolarian assemblage data, and no single
variable could be identified alone as a clear control.

DISCUSSION

Heterogeneity of the Southern Ocean

Radiolarian assemblages of the SO-RAD surface sediment census
dataset (Lawler et al., 2021) were found to be heterogeneous both
latitudinally and longitudinally. We expected the assemblages to
vary latitudinally due to strong associations between radiolarian
assemblages and sea surface and sub-surface temperature, one

TABLE 3 | Environmental variable RDA scores for Lambda (h1/%2) selected
variables used in a partial redundancy analysis.

Variable RDA1 RDA2
Den_10 0.813 0.34044
Den_100 0.7395 0.58559
Den_1000 0.8971 0.31723
Den_200 0.8223 0.46392
Den_500 0.8802 0.34518
Depth_27.3 —0.9099 —-0.12597
Depth_27.6 —0.9092 —0.25446
Depth_27.9 —0.8655 —0.3996
N_10 0.8656 0.20606
N_100 0.858 0.32031
N_200 0.9175 0.13993
N_300 0.9312 0.02694
N_400 0.9051 —0.03339
N_500 0.8645 —0.10387
0O_10 0.8776 0.29293
P_10 0.8645 0.21619
P_100 0.8588 0.30937
P_200 0.9056 0.17644
P_300 0.9041 0.07519
P_400 0.8841 0.0302
Si_200 0.7562 0.55719
Si_300 0.8016 0.4956
Si_400 0.8305 0.45119
Si_500 0.8512 0.42619
T_10 —0.8589 —0.3268
T_100 —0.8657 —0.35628
T_200 —0.8975 —0.2156
T_300 —0.888 —-0.19527
T_400 —0.8835 -0.173
T_500 -0.877 —0.16473

The two highest and lowest scores for RDA 1 and 2 are in bold. Variables are
denoted by a letter followed by a number representing the depth (m) of variable
measurement: Den, density; N, nitrate; O, oxygen, R phosphate; Si, silicate;
T, temperature. Isopycnal depth is denoted by Depth_[density].

of the main reasons why radiolarians have typically been used
as temperature proxies (Abelmann et al., 1999; Cortese and
Abelmann, 2002; Panitz et al., 2015; Civel-Mazens et al., 2021b).
However, if temperature were the only driver of radiolarian
distribution, we would expect to see homogeneity of assemblage
composition along isotherms, which are characteristically
longitudinal throughout the SO. Previous radiolarian work has
tended to focus on a single region or Sector at a time. Here,
for the first time, we have been able to show the longitudinal
and Sector variations using the SO-RAD database (Lawler et al.,
2021) and highlight that each Sector of the SO hosts unique
radiolarian communities.

Our results show that radiolarian distribution can be divided
according to Sector, each containing a distinct assemblage and
unique pattern of north-south trending variability. The exception
to this Sector variation is in the SO-RAD assemblages found
south of the WSI margin in the AZ. Here, the assemblages show
greater similarity than those north of the WSI margin, apart
from sites within the Weddell Sea Gyre. Nishimura and Nakaseko
(2011) also reported a typical Antarctic pelagic radiolarian
assemblage throughout the SO south of 60°S within the SIZ.

This longitudinal heterogeneity of the radiolarian assemblages
is somewhat unexpected, as previous work on SO species
including fish and echinoids, showed a very different pattern
of species distribution (Koubbi et al., 2010; Fabri-Ruiz et al.,
2020), with an increase of homogeneity moving away from
the shelf region to the open ocean. The increase in habitat
complexity and diversity in the benthic realm approaching
the Antarctic shelf and coastal regions may contribute to the
increased diversity in the benthos in those regions. Gonzélez-
Wevar et al. (2018) noted that even species with very low
dispersal potential are found to have a remarkably homogeneous
distribution throughout the SAZ. The authors remark that
the flow of the ACC may have resulted in lower assemblage
heterogeneity north of the PF compared to the AZ by providing
a mechanism for dispersal and high levels of circumpolar
connectivity, even for species with low dispersal potential.
Radiolarians are purely planktonic organisms and appear to have
the opposite relationship between communities north and south
of the WSI margin. The extremes of environmental conditions
south of the WSI margin at the highest SO latitudes may provide
environmental pressures that reduce species diversity, leading
to less variability in assemblages. Along the coastal and shelf
regions, the water mass conditions are comparatively more stable
throughout the year than north of the WSI margin. This is
likely the result of changes in the properties of water within
the ACC on its circumpolar path due to the entrainment and
upwelling of various other water masses (western boundary
currents, North Atlantic Deep Water, Indian Deep Water,
Pacific Deep Water, Upper Circumpolar Deep Water, etc.). The
surface waters are also influenced by topographical influences
on frontal system locations and interactions (e.g., cross frontal
eddies, frontal merging and splitting of the main ACC jets,
i.e, front has multiple jets N-SAF, S-SAF, N-PF, and S-PF;
Lumpkin and Speer, 2007).

Attempts to determine which environmental variables drive
the distribution of SO radiolarians using the RDA suggests
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that no single or small group of variables are the main drivers
of the patterns observed in this study. This is likely due
to the collinearity of many variables in the SO. Therefore,
radiolarians do not appear to respond to a single variable,
but rather a combination. Previous work using radiolarians as
a proxy for temperature appear robust (Cortese et al., 2013;
Panitz et al., 2015; Prebble et al., 2017; Civel-Mazens et al.,
2021b) suggesting that temperature has a strong influence on
the distribution of radiolarians (Boltovskoy and Correa, 2016;
Hernandez-Almeida et al, 2017). Furthermore, the use of
radiolarian indices for oceanographic features such as upwelling
and water masses have also shown potential, for example the
Upwelling Radiolarian Index and Water Depth Ecology index
(Lazarus et al., 2006; Nigrini and Caulet, 1992). Exploring
the relationship between radiolarians and other environmental
parameters could allow for the development of other proxies or
indices useful for understanding species/assemblage ecology and
paleoceanography of the SO.

Heterogeneity Within Each Sector

Since each Sector hosts a unique distribution of radiolarian
assemblages, it is important to examine each one separately. Here
we will discuss the features that appear to be associated with the
distribution of radiolarians, and potential drivers of the patterns
we observed in each Sector.

Atlantic Sector

The Atlantic Sector provides no significant topographical
obstacle to the flow of the ACC east of the Drake Passage
and the East Scotia Ridge. The clear north-south trend of
radiolarian distribution reflects this relative simplicity. The
assemblages from the SIZ are quite distinct from those in the
POOZ, indicating that sea ice processes are a potential driver of
radiolarian distribution. Within the SIZ, there are two variations
of radiolarian composition: one includes sites within the Weddell
Gyre; the other is associated with Antarctic shelf areas.

The Weddell Gyre has several processes that could account
for the unique assemblage that occurs in the SIZ, which are
different from those affecting the assemblages found associated
with the open Antarctic Coast and Shelf regions. The cyclonic
Weddell Gyre results in strong upwelling of nutrient-rich deep
water. The gyre is also influenced by ice sheet meltwater and
calved icebergs from the Filchner-Ronne Ice Shelf flow into
the Weddell Sea from shelf streams. The resuspension of shelf
sediments and the melting of icebergs are all thought to bring
significant quantities of the limiting micronutrient iron (Fe) to
the Weddell Gyre (Graham et al., 2015). The interactions of
these unique features result in high primary productivity, and
may contribute to the unique radiolarian assemblages that occur
here (Vernet et al., 2019). Boltovskoy and Alder (1992) noted
that radiolarian assemblages in the Weddell Gyre occurred at
greater depths (peak at 240 m), where Warm Deep Water lies,
than in other AZ regions. They also noted that the assemblages
in the Weddell Gyre contained subtropical radiolarian species
that likely traced the path of the Warm Deep Water from lower
latitudes, all of which could explain the unique assemblage of
the Weddell Gyre.

Indian Sector
The main feature highlighted by the Indian Sector nMDS plot
was a distinct group of radiolarian assemblages at sites where
the Agulhas and Agulhas Return Currents flow around the
southern tip of the African continent. These two currents form
the strongest, most variable western boundary system across the
world’s oceans (Thompson, 2012; Zhu et al., 2018). The Agulhas
Current is a Western Boundary Current in the upper 800 m of
the water column that brings warm Indian Ocean water poleward
along the east coast of the African continent (Lutjeharms, 2006).
After reaching the southern tip of Africa, the current turns at
the Agulhas Retroflection, where it begins shedding mesoscale
eddies (Lutjeharms and Ansorge, 2001). Westward traveling
eddies result in some leakage of Western Boundary Current
water into the South Atlantic Ocean (Lutjeharms, 2006; Graham
and De Boer, 2013). However, most of the flow turns eastward,
forming the Agulhas Return Current, which reaches down to
around 3,000 m depth, crossing the Agulhas and Mozambique
Plateaux (Lutjeharms, 2006). There is strong decadal to millennial
modulation of variability in the intensity of this system, and so is
likely important for driving variability in radiolarian assemblages
across glacial cycles (Timmermann, 2003). The eddies formed by
the Agulhas Return Current play a role in transporting heat from
the warm Agulhas Retroflection and Agulhas Return Current
to the relatively cooler surrounding waters. The radiolarian
assemblages located here were distinct from the other Indian
Sector assemblages, indicating that these currents are potential
drivers of the Indian Sector’s west-east heterogeneity.
Assemblages downstream of the Crozet and Kerguelen Islands
in the PFZ and SAZ are distinct from other regions. The presence
of eddy fields, the proximity of frontal systems to each other
and shallow topography may contribute to this distinction. Eddy
pumping in this region entrains deep nutrient-rich water and
brings it to the surface resulting in high primary productivity
(Dawson et al., 2018). The limiting micro-nutrient Fe is released
during the resuspension of shelf sediments via the shelf pump
and transported eastward by the ACC frontal jets, and southward
via cross-frontal eddy transport (Blain et al., 2008; Graham
et al., 2015; Resplandy et al., 2019; Uchida et al., 2020). Civel-
Mazens et al. (2021a,b) suggested that changes in eddy kinetic
energy and Fe concentrations in this region east of the Kerguelen
Plateau can be seen in the downcore radiolarian assemblages
over glacial cycles. During the Holocene and interglacials, it was
proposed that the ACC and frontal jets interacted more with
the Kerguelen Plateau, increasing mixing, nutrient supply and
primary productivity. Higher eddy kinetic energy during the
current interglacial may account for the Indian PFZ Ecoregion
seen downstream of the Crozet and Kerguelen Islands. There is a
distinct Ecoregion shift from upstream to downstream of Crozet
Island (map colors: purple upstream to green downstream).
However, there is a lack of data upstream of Kerguelen Island for
an assessment of this hypothesis.

SW Pacific Sector

The nMDS plot for the SW Pacific Sector reveals that assemblage
composition varies in relation to topographical features, which
strongly control the position and flow of the region’s frontal
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systems and currents. North of the STF in the low nutrient, warm
subtropical waters, the assemblages appear relatively similar, but
there are distinct assemblages east and west of the North Island
of New Zealand. A potential candidate for the differentiation
between assemblages in the STZ is the East Australian Current,
which leaves the Australian coast and flows east across the
Tasman Sea in the Tasman Front via a series of stationary eddies
then around the top of the North Island of New Zealand (Stanton
etal., 1997; Hill et al., 2011).

The Chatham Rise, which locks the position of the STF
to its southern flank (Chiswell et al., 2015), acts as a divide
between the NE subtropical and the Campbell Plateau Ecoregion.
A distinct ecoregion was associated with the Campbell Plateau,
SW of New Zealand, a large, relatively shallow plateau less than
1,000 m deep (Figure 1). The depth of the Campbell Plateau may
exclude the typical deep-living radiolarians, and the Campbell
Plateau Ecoregion would therefore stand out from the nearby
assemblages in regions of much deeper bathymetry, such as the
POOZ ecoregion. More recent work on SO hydrographic fronts
(e.g., Sokolov and Rintoul, 2009; Park et al.,, 2019) show that
the Campbell Plateau steers the SAF around it’s flank compared
to the proposed SAF position of Orsi et al. (1995). When
considering the more recently proposed positions of the SAF, the
Campbell Plateau Ecoregion forms a coherent SAZ assemblage
(Figure 4, blue cluster). Subantarctic Mode Water and Antarctic
Intermediate Water are present over the Campbell Plateau and
Bounty Trough, respectively (Forcén-Vazquez et al., 2021). The
steep slope of the Campbell Plateau directs the flow of the full
depth SAF around its south-eastern flank (Chiswell et al., 2015;
Forcén-Véazquez et al., 2021). Previous work also found a similar
pattern of radiolarian distribution in the Southwest Pacific region
using factor analysis to show links to water mass associations
in this region (Cortese and Prebble, 2015). The boundaries of
partitioning from factor analysis were very similar to those
found using MRT clustering in this study, further supporting
these ecoregions.

A distinct assemblage was found to extend from the south-
eastern boundary of the Campbell Plateau to the WSI margin.
This represents a region of ice-free ocean that has relatively deep
and flat topography (abyssal plains), dominated by the strong
flowing ACC. The potential influence of the Macquarie Ridge,
which focuses the flow of the ACC through narrow gaps and
generates significant downstream eddy activity, was not clear
in this study, as the SO-RAD does not currently include sites
immediately west of the ridge.

A distinct assemblage within the SIZ in the Southwest
Pacific Sector was easily identified on the nMDS plot. Most of
these sites are within the Ross Sea. Seasonal sea-ice formation
and melt within the Ross Sea result in large fluctuations in
the abiotic properties of the water column, including nutrient
concentrations, irradiance, temperature and salinity (Smith and
Comiso, 2008; Smith et al., 2012). The dynamics associated
with sea ice processes are known to impact diatom assemblages,
resulting in high productivity during spring and into summer
(Ferry et al., 2015; Rajanahally et al., 2015). High primary
productivity is further promoted by polynya activity (Pinkerton
et al.,, 2020). The same environmental controls that influence

diatom and other phytoplankton assemblages may also play a role
in affecting the species composition of radiolarian assemblages.
Furthermore, the high availability of food resources due to the
large diatom blooms on the Ross Sea Shelf may additionally affect
radiolarian assemblage composition and abundance. Zoccarato
et al. (2016) also found that the mixing and transformation
of water masses in this region that lead to the formation of
the very dense shelf water of the Ross Sea, influenced the
composition and abundance of the Ross Sea protist community
(including radiolarians).

Other Drivers of Heterogeneity

The alteration of water properties due to the upwelling and
mixing of different water masses, along with the local influences
of increased bioavailable Fe concentrations, which likely
influence the phytoplankton communities which radiolarians
consume, may influence the association between radiolarian
assemblages and the characteristic oceanographic features of the
Sectors. Each Sector receives water from the adjacent ocean
basins, which carries with it a unique suite of properties
(Lumpkin and Speer, 2007). The mixing of these different
water properties may produce enough variability between
Sectors to result in Sector-specific radiolarian assemblage
distribution. Despite the uninterrupted eastward flowing ACC,
the localized water property alterations may explain why that
connectivity does not translate into a continuous longitudinal
zone of homogeneous radiolarian assemblage composition.
This alteration to assemblages resulting from altered water
mass properties was previously observed by Zoccarato et al.
(2016). The study found that eukaryotic communities, including
radiolarians, in Antarctic Bottom Water at the Ross Sea shelf
break, had the assemblage signature of its parent water masses,
entrained Circumpolar Deep Water and shelf water.

Two Indian Sector clusters, the Indian PFZ and Indian SAZ,
may be related to different levels of Fe availability. Natural
Fe fertilization results in high primary productivity, as it is a
limiting micronutrient in the High Nutrient-Low Chlorophyll
SO (Uchida et al, 2020). Fe fertilization occurs in regions
where mesoscale eddy activity transports Fe to surface waters
from the deep, particularly downstream of islands and shallow
topography, or where ice-melt and runoff introduce Fe to
the water column in coastal regions (Graham et al, 2015;
Ellwood et al.,, 2020; Uchida et al., 2020). While a direct
association between radiolarians and Fe has not yet been found,
the resulting increase in primary productivity may increase
food resources and impact radiolarian assemblage composition,
distribution, and abundance.

Ecological interactions, such as competition and predator-
prey interactions, have significant impacts on community
structure. Other zooplankton such as copepods and ostracods
are known to occupy similar space in the water column
as radiolarians, specifically at the base of the mixed layer,
where a deep chlorophyll maximum can occur, along with the
accumulation of detritus from surface waters (Lima-Mendez
et al., 2015). Thus, an additional factor affecting the radiolarian
assemblage distribution could be the absence or presence of other
zooplankton species. Some radiolarians are colonial and have
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symbiotic relationships with algae and dinoflagellates, creating
a complex intra- and interspecific inter-dependence that may
influence assemblage composition (Suzuki and Not, 2015). The
ecological interactions and tolerances of their symbionts can also
influence the distribution of radiolarians.

Here we do not suggest causation of radiolarian distribution
in the SO, but rather discuss the features that coincide with the
observed patterns of SO-RAD radiolarian distribution. Future
work should explore environmental and ecological factors that
may drive the heterogeneity found in this study, as well as the
ecological impact of radiolarian assemblage variation on the
larger ecosystem.

Comparison to Bioregionalisation of the

Southern Ocean

The results of this study did not contradict the latitudinal zones
that were previously proposed for SO bioregions. However, our
results indicated that the SO can be divided by Sectors and further
subdivided by the latitudinal zones (Figures 3, 4). Testa et al.
(2021) presented physical and biogeochemical regionalization
models, the former resulting in homogeneous latitudinal bands,
while the latter presented a complex pattern of regions that varied
significantly between Sectors. The results of this study support
the complexity presented by the latter. However, radiolarian
distribution appears less complex than the patterns observed
by Testa et al. (2021) suggesting that radiolarians are not
as sensitive to the fine-scale variability used to define the
biogeochemical regions.

Application of SO-RAD Ecoregions

A goal of eco- and bioregionalisation is to determine
environmental drivers of assemblage groups for defining
different ecologically distinct regions, which may be important
for the proposal of Marine Protected Areas and protecting
biodiversity. Additionally, they can be used to reconstruct past
conditions - paleoceanography. This ecoregionalisation study
shows that radiolarian assemblages differ between SO Sectors
based on the SO-RAD database. The heterogeneity between
SO Sectors and the lack of close connection evident in the
nMDS and the MRT indicate that each Sector has a unique
radiolarian assemblage likely as a response to a unique and
complex combination of environmental drivers. Therefore, only
census data from the relevant Sector should be used as a modern
analog in paleo-environmental studies from that Sector.

CONCLUSION

The SO-RAD database allows a first assessment of radiolarian
assemblages across three Sectors of the Southern Ocean.
The use of nMDS combined with MRT cluster analysis to
identify dissimilarity across the SO has shown both latitudinal
and longitudinal variation in radiolarian assemblages. The
longitudinal heterogeneity, especially within the ACC, where
homogeneity would have been expected due to connectivity of
flow and similar SST conditions, is surprising. Each Sector is host
to a unique composition of radiolarian assemblages, transitioning

from one Sector to another and forming a distinct pattern of
ecoregions. These differences are likely driven by variability in the
oceanographic characteristics of each Sector, and this variation
must be considered when studying radiolarian ecology or using
them for paleo-reconstructions in the SO.
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Supplementary Figure 1 | Sites of the SO-RAD with the Southern Ocean from
the Subtropical Front to the Antarctic Zone. (A) Map of distribution of clusters
(1-12) determined by MRT analysis of sites within the Southern Ocean; STF,
Subtropical Front; SAF, Subantarctic Front; APF, Antarctic Polar Front (Orsi et al.,
1995); STZ, Subtropical Zone; SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone;
POOZ, Permanently Open Ocean Zone; SIZ, Seasonal Sea-Ice Zone; WSI, Winter
Sea-lce Margin; SSI, Summer Sea-lce Margin. (B) nMDS of Hellinger transformed
relative abundance of Southern Ocean sites. Shape depicts the zone: Antarctic
Zone (AZ), Polar Frontal Zone (PFZ), and Subantarctic Zone (SAZ). Shade depicts
sector: ATL, Atlantic Sector; IND, Indian Sector; SWP, Southwest Pacific. (C)
nMDS as per (B), shade depicting sector clusters and numbers (1-12)

depicting MRT cluster.

Supplementary Figure 2 | (A) Maps show the distribution of sites within
ecoregions identified by the MRT analysis for each Sector. STF, Subtropical Front;
SAF, Subantarctic Front; APF, Antarctic Polar Front (Orsi et al., 1995); STZ,
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Subtropical Zone; SAZ, Subantarctic Zone; PFZ, Polar Frontal Zone; POOZ,

Permanently Open Ocean Zone; SIZ, Seasonal Sea-Ice Zone; WSI, Winter Sea-Ice
Margin; SSI, Summer Sea-lce Margin. (B) 2-dimensional NMDS plots for Hellinger
transformed radiolarian assemblage data at sites of the SO-RAD dataset south of
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