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Abstract—Significant environmental changes have already been documented in the Southern Ocean (e.g. sea
water temperature increase and salinity drop) but its marine life is still incompletely known given the hetero-
geneous nature of biogeographic data. However, to establish sustainable conservation areas, understanding
species and communities distribution patterns is critical. For this purpose, the ecoregionalization approach
can prove useful by identifying spatially explicit and well-delimited regions of common species composition
and environmental settings. Such regions are expected to have similar biotic responses to environmental
changes and can be used to define priorities for the designation of Marine Protected Areas. In the present
work, a benthic ecoregionalization of the Southern Ocean is proposed based on echinoids distribution data
and abiotic environmental parameters. Echinoids are widely distributed in the Southern Ocean, they are tax-
onomically and ecologically well diversified and documented. Given the heterogeneity of the sampling effort,
predictive spatial models were produced to fill the gaps in between species distribution data. A first procedure
was developed using Gaussian Mixture Models (GMM) to combine individual species models into ecore-
gions. A second, integrative procedure was implemented using the Generalized Dissimilarity Models (GDM)
to model and assemble species distributions. Both procedures were compared to propose benthic ecoregions

at the scale of the entire Southern Ocean.

DOI: 10.1134/51062359020060047

INTRODUCTION

Polar seas are among the regions on Earth that are
undergoing climate change at a fast pace (Convey et
al., 2009; Turner et al., 2014; Gutt et al., 2015). In the
Southern Ocean, herein defined as water masses
extending from the Antarctic continent to about 45° S
latitude, increase in sea water temperature, water acid-
ification, salinity decrease, and changes in sea ice
regimes have already impacted the structure and func-
tioning of marine ecosystems (Smith, 2002; M¢élice
etal., 2003; Rouault et al., 2005; Le Roux and
McGeoch, 2008; Reygondeau and Huettmann 2014;
Gutt et al., 2015). Southern Ocean marine life is par-
ticularly vulnerable to such environmental changes
(Guillaumot et al., 2018; Ingels et al., 2012; Lohrer
et al., 2013; Peck et al., 2004, 2010; Peck, 2005) due to
unique physiologic and ecological traits including
adaptations to subzero temperatures (Eastman, 2000;
Cheng and William, 2007; Portner et al., 2007), high
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levels of endemism (Brandt et al., 2007; Griffiths
et al., 2009; Kaiser et al., 2013; Saucede et al., 2014),
and brooding behaviors (David and Mooi, 1990;
Hunter and Halanych, 2008; Sewell and Hofmann,
2011). Further, ecosystems are also under the impact
of direct anthropogenic pressures induced by fisheries,
tourism and cruise ships (Lenihan et al., 1995; Aron-
seon et al., 2011). In this context, mapping the distri-
bution of marine species is a prerequisite to good con-
servation practices.

Echinoids are well-diversified in the Southern
Ocean with 10% of species worldwide and most spe-
cies (68%) are endemic to the Southern Ocean (David
et al., 2005). They are widely distributed in all marine
habitats, from shallow areas of the continental shelf to
deep abyssal plains and down to 6200 m depth
(Mironov, 1995; Arnaud et al., 1998; Barnes and
Brockington 2003; David et al., 2005; Brandt et al.,
2007; Linse et al., 2008). They belong to various eco-
logical guilds and count epifaunal and endofaunal spe-
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cies that display various feeding behaviors (omnivo-
rous, deposit-feeders, carnivorous, phytopha-
gous/algivorous, scavengers), spawning modes
(broadcasting or brooding), and developmental strate-
gies (direct developers or indirect development
including a planktonic larval stage) (see, e.g., Poulin
and Féral, 1996; David et al., 2005; Saucede et al.,
2014 for a synthesis). In addition, ctenocidarid echi-
noids include a large number of species in which pri-
mary spines provide suitable microhabitats to a wide
variety of sessile organisms (Hétérier et al., 2004;
Linse et al., 2008; Hardy et al., 2011).

Our knowledge of echinoid species distribution in
the Southern Ocean is still fractional and biased by
uneven sampling efforts and the spatio-temporal
aggregation of data collection (Gutt et al., 2012; Guil-
laumot et al., 2018, 2019). Statistical tools and model-
ing approaches however have been developed to
address this issue and determine the genuine factors
that determine species distribution (Newbold, 2010;
Barbet-Massin et al., 2012; Hijmans, 2012; Tessarolo
et al., 2014; Guillaumot et al., 2018, 2019; Valavi et al.,
2018). Ecological Niche Models (ENM), also known
as Species Distribution Models offer a baseline for
detecting, monitoring and predicting the impact of
climate change on species and biota (Gutt et al., 2015;
Kennicutt et al., 2015). An increasing number of stud-
ies have used ENM to predict the distribution of
pelagic species in the Southern Ocean (Duhamel
et al., 2014; Loots et al., 2007; Nachtsheim et al., 2017,
Pinkerton et al., 2010; Thiers et al., 2017; Xavier et al.,
2016) but few were developed for benthic organisms
(see however: Basher and Costello, 2016; Gallego
etal., 2017; Pierrat et al., 2012; Guillaumot et al.,
2019; Fabri-Ruiz et al., 2019).

The ecoregionalization approach combines the
analysis of environmental data and species distribution
(Koubbi et al., 2011; Douglass et al., 2014) to identify
spatially explicit, highly cohesive, and well-delimited
regions of common species composition and environ-
mental settings. They are delimited from adjacent
areas by distinct but dynamic boundaries and consti-
tute operational areas to address conservation issues
(Grant, 2006; Koubbi et al., 2011; Gutt et al., 2018).
Applied to the marine realm, ecoregions can be used
to define priority areas for the designation of Marine
Protected Areas (MPAs) and support management
plans. In the Southern Ocean, ecoregions have been
delineated for conservation purposes (Koubbi et al.,
2016a, 2016b) based on fish assemblages (Koubbi
et al., 2010, 2011; Hill et al., 2017).

In the present work, we analyze the main distribu-
tion patterns of echinoid species diversity in the
Southern Ocean. Then we propose a benthic ecore-
gionalization of the Southern Ocean based on ENM
generated with species distribution records and envi-
ronmental descriptors, using an integrative approach
that combines two complementary procedures. The
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first procedure was developed to model individual
species distributions as a function of environmental
descriptors and then combine all ENMs into ecore-
gions (Dubuis et al., 2011; Calabrese et al., 2014). Fol-
lowing a “predict then assemble” strategy (Ferrier and
Guisan, 2006), we used a novel approach combining
ENM using Random Forests (Breiman, 2001) and
model-based clustering with Gaussian Mixture Mod-
els (Fraley and Raftery, 2006) following the procedure
recently developed by Fabri-Ruiz et al. (2020). This
procedure can provide the composition of species
assemblages for each ecoregion but most common
species only can be used as representative of the total
fauna. A second, integrative procedure was imple-
mented using the Generalized Dissimilarity Models
(GDM) to model and assemble species distributions at
the same time (Ferrier et al., 2007). All species occur-
rences are considered, including rare species, but the
composition of species assemblages within ecoregions
cannot be detailed. Both procedures are complemen-
tary and were compared to propose common benthic
ecoregions at the scale of the entire Southern Ocean.
These general ecoregions based on echinoid fauna can
proove useful to address conservation issues.

MATERIALS AND METHODS
Study Area

The study area covers the Southern Ocean, herein
defined as water masses extending from the Antarctic
continent to 45° S latitude (Fig. 1a), at depths ranging
from the surface to 2500 m, a depth range for which
most species occurrence data were available. The area
includes the Antarctic continental shelf and slope,
Subantarctic islands and plateaus, and the continental
shelf and slope of southern South America. The
Southern Ocean is bordered to the north by the unin-
terrupted eastward drift of the Antarctic Circumpolar
Current (ACC) that continuously circles around the
Antarctic continent due to the absence of landmass
and physical barriers. Associated to the ACC, there are
several oceanographic fronts that isolate warmer Sub-
tropical waters in the north from colder Subantarctic and
Antarctic waters in the south and locally generates very
steep latitudinal gradients in sea water temperatures and
related abiotic and biotic factors of the environment
(Sokolov and Rintoul, 2002; Roquet et al., 2009).

Occurrence Records and Studied Species

Species occurrence data were retrieved from an
extensive and checked database that includes over
7100 georeferenced records from field samples col-
lected between 1872 and 2015 (Fabri-Ruiz et al., 2017).
Taxonomy and georeferenced positions were updated
and checked for accuracy. Data are available at
http://ipt.biodiversity.aq/resource?r=echinoids_oc-
currences_southern_ocean and includes occurrence
records of all echinoid species reported in the South-
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Fig. 1. Map showing all echinoid species occurrence records (red dots) of the database published by Fabri-Ruiz et al. 2017 (a),
species richness values for 3 X 3 degree quadrats (b), with species accumulation curves per quadrat (c) and sampling effort for
3 x 3 degree quadrats (d). The position of 45° S latitude is displayed with the blue (a) and black circles (b, d). STF: Subtropical
Front, SAF: Subantarctic Front, PF: Polar Front, AD: Antarctic Divergence.

ern Ocean from the Antarctic continent to 35° S lati-
tude. In total, 201 species belonging to 31 families are
reported in the database, many of them are endemic to
the Southern Ocean (Saucede et al., 2014). Only spe-
cies occurence data recorded south of 45° S were con-
sidered in the present analysis (Fig. 1a). Species
records were aggregated to a pixel size of 0.1° X 0.1°, a
scale determined by the resolution of environmental
data available. Duplicates of species occurrence were
removed from each pixel as occurrence duplication
may bias model outputs (Guillaumot et al., 2019).
Species richness and sampling effort were then com-
puted for each 3 X 3 degree quadrat and geographic
patterns displayed on maps (Figs. 1b, 1d). Patterns of
species richness and sampling effort were also com-
puted according to latitude (total number of species
recorded for each 5 degree latitudinal band) and depth
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(total number of species recorded for each 200 m inter-
val) from raw data extracted and checked from Fabri-
Ruiz et al.’s occurrence database (Figs. 2b—2e).

Environmental Descriptors

Environmental descriptors were selected based on
data availability and ecological relevance for explain-
ing the distribution of echinoids as recommended in
former studies on the subject (Pierrat et al., 2012;
Saucede et al., 2014; Fabri-Ruiz et al., 2018, 2020) and
more widely, for species distribution modelling
(Anderson, 2013; Franklin, 2010). They were
extracted from the database compiled by Fabri-Ruiz
et al. (2017) and averaged for the (2005—2012) period.
Prior to modeling, collinearity between descriptors
was checked to limit possible biases in estimates of
predictor contribution and in model predictive perfor-
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Table 1. Environmental descriptors used for RF and GDM models

Sources

Environmental data Years Units
Depth Meter
Geomorphologic features Categorial
Sea surface salinity range 2005-2012 PSS
Sea ice concentration
Sea surface salinity 2005—-2012 PSS
Sea surface temperature range| 2005—2012 | Celsius degrees
Seafloor oxygen 1955-2012 mL/L
concentration
Seafloor salinity 2005—-2012 PSS
Seafloor salinity range 2005—2012 PSS
Seafloor temperature 2005—2012 | Celsius degrees
Seafloor temperature range | 2005—2012 | Celsius degrees
Slope Unitless
Summer chlorophyll 2002—2009 mg/m?3
concentration

http://topex.ucsd.edu/WWW _html/mar_topo.html
ATLAS ETOPO2 2014 (Douglass et al., 2014)
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
(Mormede et al., 2014)
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html

https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
https://www.nodc.noaa.gov/OCS5/woal3/woal3data.html
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
https://www.nodc.noaa.gov/OC5/woal3/woal3data.html
(Mormede et al., 2014)
(Mormede et al., 2014)

mance using the Pairwise Pearson’s correlation com-
puted with the virtual species R package (Leroy et al.,
2016). For correlation values exceeding 0.7, one pre-
dictor of a pair was removed based on ecological argu-
ments that is, the most relevant predictor for modeling
and interpreting echinoid distribution (Saucede et al.,
2014; Fabri-Ruiz etal., 2018, 2020). Finally, 13
descriptors were used to run Random Forest models
(RF) and 10 for the Generalized Dissimilarity Model
(GDM) approach as categorical variables cannot be
run in GDM. The selected environmental descriptors
reflect the main settings of echinoid physical habitats
(depth, geomorphology, slope, sea surface tempera-
ture range, seafloor temperature range, mean seafloor
temperature, sea ice cover for Antarctic species), food
resources (chlorophyll a concentration) and habitat
chemistry (seafloor oxygen, seafloor salinity range,
mean seafloor salinity, sea surface salinity range,
mean sea surface salinity) (Table 1).

Species Distribution Modeling

Random forest and gaussian mixture models (RF-
GMM). Species recorded with less than 15 pixels after
pixel aggregation were not included in the analysis to
ensure statistical robustness of models. Individual spe-
cies distribution models were produced for 41 echinoid
species using the Random Forest algorithm (RF, Brei-
man, 2001) (Table 2). The selected species are distrib-
uted over the entire study area, from Subantarctic
islands and continental shelves to the deep Antarctic
slope. They belong to nine families and are represen-
tative of the diversity of Antarctic echinoid taxa and
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show various dispersal modes and feeding strategies.
The RF was proved relevant for modeling Antarctic
echinoid distribution (Fabri-Ruiz et al., 2018, 2020)
and models were performed using the biomod 2 pack-
age (Thuiller et al., 2009) under R.3.4 (R Core Team,
2017). The number of classification trees was set to 500
and the node size to 5. The Mtry parameter (the num-
ber of candidate variables to include at each split) was
tuned using tune RF function from the caref package
(Kuhn, 2012). For each species, occurrence datasets
were divided into two subsets: the first one (gathering
70% of occurrences) was used as training data and the
second one (with the remaining 30% of occurrences)
as test data. As presence-only data are available,
pseudo-absences were generated following Barbet-
Massin et al. (2012), with a number of pseudo-
absences equal to the number of presences. To limit
the effect of the uneven sampling efforts, the selection
of pseudo-absences was weighted based on a Kernel
Density Estimation (KDE) map used as a proxy of the
sampling effort. The KDE map was established from
all echinoid records of the database using Spatial Ana-
lyst in ArcGIS v10.2 (ESRI 2011) and following Guil-
laumot et al. (2019). This method can also limit the
effect of spatial autocorrelation and the risk of unreli-
able model evaluation. Spatial autocorrelation can
occur in model residuals and several replicates of
pseudo-absences were generated to mitigate it during
model calibration (Legendre 1993). The Moran’s [
index, which varies between —1 (negative spatial auto-
correlation) and +1 (positive spatial autocorrelation)
was computed as a measure of spatial autocorrelation
using the ape R package (Paradis et al., 2008). Thirty
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Table 2. Presence probability of the 41 echinoid species used for the RF-GMM model within each ecoregion. Species are
ordered from left to right according to their latitudinal distribution range extracted from Fabri-Ruiz et al. (2017)
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replicates of pseudo-absences were then selected with
p > 0.5 (with p, the probability of null Moran’s 1).

From calibrated models, spatial projections of
presence probability were generated using the selected
set of environmental predictors. Individual species
projections were then combined to delineate benthic
ecoregions using Gaussian Mixture Models (GMM).
GMM assumes that data are from a finite set of classes
and data within each class can be modeled using a
Gaussian distribution, the population being consid-
ered as a mixture. GMM were run with the mclust R
package (Fraley and Raftery, 2006) and model VII
that performed best to fit the data based on the BIC
index (Bayesian Information Criterion) (Scrucca
et al., 2016). The optimal number of clusters was esti-
mated by successively combining mixture components
to minimize the entropy level.

Generalized dissimilarity models. The Generalized
Dissimilarity Model (GDM) is a nonlinear regression
method used to reveal patterns of beta diversity and
predict faunal dissimilarity between sites as a function
of environmental differences (Ferrier et al., 2007).
GDM has the advantage to consider all species occur-
rence data including rare species in contrast to the RF-
GMM approach. However, only sites (=pixels) with
more than four species records were selected for mod-

eling given the low deviance values. Finally, 85 species
were retained (Table 3). Environmental predictors
used for GDM are chlorophyll-a concentration,
depth, seafloor oxygen concentration, seafloor salin-
ity range, seafloor salinity, seafloor temperature
range, surface salinity range, sea surface salinity, slope
and sea ice concentration.

To fit the model, a species dissimilarity matrix
between all station pairs based on the Jaccard index is
required. A set of I-spline functions is fitted for each
predictor with the dissimilarity matrix as a response
variable. The I-spline associated to each variable
describes the relationship between beta diversity and
the environmental gradient. Environmental descrip-
tors are then transformed using this combination of I-
spline functions and a PCA is performed to reduce
dimensionality. Based on the correlation between the
10 environmental descriptors and beta diversity
between stations, the algorithm predicts the ecological
distance between all pixels of the map. Predictor con-
tribution to the model is quantified by removing one
variable at a time. The explained variance of the model
without the considered variable is then compared to
the variance of the complete model. All these analyses
were performed using the gdm R package (Manion
et al., 2016). Finally, ecoregions were determined by
clustering pixel PCA score values using the Clara algo-
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rithm (Kaufmann and Rousseeuw, 1990). The num-
ber of clusters was defined using the factoextra (Kas-
sambara and Mundt, 2016) and cluster (Maechler
et al., 2012) R packages.

Model comparison. To compare the two ecoregion-
alization approaches, we performed an overall percent-
age of agreement between all ecoregions of the two
models to propose a common regionalization
(Fig. 4a). We first computed the percentage of com-
mon pixels between GDM and RF-GMM ecoregions
(Fig. 4b). Then, based on this cross-table, we mapped
areas of agreement between common ecoregions
(Fig. 4a). Because the percentage of agreement
between pixels may occur by chance, we computed a
Kappa Cohen coefficient between ecoregions corre-
sponding to a perfect matching map (Cohen, 1960).
The range of possible values for the Kappa coefficient
varies between —1 (worse match than expected by
chance) to 1 (perfect match), and usually falls in
between 0 (no better agreement than expected by
chance) and 1. The Kappa coefficient analysis was
performed using ved R package (Meyer et al., 2020).

RESULTS
Species Distribution Range

127 echinoid species are recorded south of 45° S
latitude (Fig. 2a). Species latitudinal distribution
ranges show the key role played by the Antarctic Polar

Front in echinoid distribution. Fifteen species (i.e.
12%) have a wide latitudinal distribution that covers
temperate to Antarctic waters and on both sides of the
Subantarctic area between 45° and 60° S wherein the
position of the Polar Front fluctuates. Accordingly,
88% of species display more restricted distribution
patterns attesting the structuring of echinoid diversity
patterns with latitude. Five assemblages can be identi-
fied. First, 27 species are distributed south of 60° S lat-
itude and never cross the Polar Front. These can be
regarded as “high Antarctic.” A second set encom-
passes 23 species that extend south of the Polar Front
(60° S) and extend northward as far as 45° S latitude.
These can be defined as “Antarctic and Subantarctic.”
A third pattern corresponds to 20 species distributed
between the northernmost and southernmost limits of
the Subantarctic area (from 45° S to 60° S) and can be
characterized as “true Subantarctic.” A fourth pattern
is represented by the 15 “widespread” species with
extended latitudinal ranges from high Antarctic to cold
temperate regions. Finally, a fifth pattern is repre-
sented by 42 species that never extend south of 60° S,
but extend farther north 0f45° S and can be referred to
as “cold temperate.”

Richness Patterns

Because sampling effort has been uneven in the
Southern Ocean (Griffiths et al., 2011) richness pat-
BIOLOGY BULLETIN  Vol. 47
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terns should be considered with caution (Figs. 1b—1d,
2b—2e). Based on available data, species richness
appears the highest along the Antarctic Peninsula and
southern Scotia Arc, in the eastern Weddell side and in
sectors of East Antarctica (Enderby and Adélie Lands)
(Fig. 1b). In latitude, echinoid species richness
decreases from 35° S to 60° S, increases from 60° S to
65° S, then decreases again southward until 70° S
(Fig. 2e) (Saucede et al., 2014; Fabri-Ruiz et al.,
2017). The high number of species recorded between
60° S and 65° S could reflect the high sampling effort
devoted to the region of the Antarctic Peninsula
(Figs. 1d, 2d) while conversely, sampling effort
decreases southward until 70° S. This latitudinal gra-
dient does not match with the global gradient in taxo-
nomic marine diversity that decreases continuously
from the tropics to the poles (Crame, 2004). This
apparent mismatch between the two gradients could
be due to the different scales at which gradients are
considered. Hence, the reversal of the richness trend
south of 60° S latitude matches both the southern
boundary of Subantarctic waters and the southern-
most position of the Polar Front that constitutes an
oceanographic barrier to marine species dispersal.
The Southern Ocean appears particularly enriched in
echinoid species. However, this gradient in echinoid
richness results from the averaging of longitudinal
inequalities and regional peculiarities (Crame, 2004).
There is a strong longitudinal inequality between the
continental shelf of southern South America, where
only 36 echinoid species are recorded and waters south
of New Zealand and Australia in which 113 echinoid
species and 62 genera were registered. If Antarctica
appears as an enriched ‘spot’ in echinoid diversity,
Australasia is definitely a hotspot (Barnes and Grif-
fiths, 2007). Finally, the decrease of echinoid richness
south of 65° S latitude can be linked to the narrowing
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of ocean surfaces at such high latitudes, all the more as
most of these areas are under-sampled (Fig. 1d).

The highest number of species occurs between
100 m and 1000 m depth (Fig. 2¢). Then species rich-
ness sharply decreases below 1500 m depth to reach
the lowest values at 5000 m depth and below. Depth
gradient clearly shows that the Antarctic continental
shelf, which represents about 11% of continental shelf
areas worldwide, encompasses the main part of echi-
noid richness, with that richness decreasing from the
shelf break to the slope and deep-sea basins. Echinoid
richness on the Antarctic shelf contrasts markedly
with that of deep-sea areas in having a much higher
number of species, the Antarctic shelf being inhabited
by endemic and diversified echinoid taxa, mainly
Ctenocidarinae and Schizasteridae. A weak increase
in richness at approximately 3000 m depth can be
explained by the wide ocean surfaces covered by deep-
sea basins, in which a higher number of taxa might
occur as compared to the relatively smaller surface of
slope areas. However, deep-sea echinoids are still
insufficiently known and exploration of deepest arcas
is still too cursory to assert that richness values might
also reflect a true deep-sea diversity as suggested for
other taxa (Brandt et al., 2007; Linse et al., 2007).

Echinoid Ecoregions

Twelve benthic ecoregions were identified using
the RF-GMM approach (Fig. 3a). Five Antarctic
ecoregions are characterized by high sea ice concen-
tration and low sea water temperature values (Fig. 3a).
South America (#11—12), the Campbell Plateau (#10)
and the northern Kerguelen Plateau (#8) are well indi-
vidualized. Seven ecoregions only were defined using
the GDM procedure (Fig. 3b) with four Antarctic
ecoregions with high sea ice concentration that differ
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in depth range. The Argentinian and Campbell pla-
teaus are merged into one single ecoregion (#7). Sub-
antarctic Islands and shelf, and deep slopes are
grouped into ecoregions #6 and #5 respectively.

Echinoid Assemblages

Echinoid assemblages can be examined for the 41
species used in the RF-GMM procedure (Table 2).
According to the RF-GMM approach, 15 species are
restricted to the Antarctic, 4 species restricted to the
Subantarctic, the remaining species being distributed
in both latitudes and in cold temperate areas. In terms
of species richness, Antarctic ecoregions are richer
with a total of 27 species over 16 species in the Subant-
arctic, including 9 species in the Magellanic areas and
the Campbell plateau. Most Antarctic species are cir-
cum-polar in distribution and occur in the five Ant-
arctic ecoregions, some species being widely distrib-
uted, such as Sterechinus diadema, Abatus philippii,
and species of the genus Ctenocidaris found in ecore-
gions #1, #2, #5, #8, #9, #11, and #12. High Antarctic
species of ecoregion #5 (Abatus ingens, Abatus nimrodi,
Abatus shackeltoni, Abatus elongatus and Ctenocidaris
rugosa) are particularly tolerant to very low seafloor
temperature. In contrast, endemic species are
restricted to Subantarctic ecoregions, such as Hygro-
soma luculentum (#10), Abatus cordatus (#8), Arbacia
dufresni (#11 and #12), Austrocidaris canaliculata (#11
and #12) and species of the genus Pseudechinus (#8,
#9 or #11, #12) and Goniocidaris (#10). These species
are either deep-sea (Hygrosoma luculentum) or shal-
low-water species (Abatus cordatus). In contrast, Sub-
antarctic ecoregion #8 is characterized by the predom-
inance of cold temperate (i.e. Dermechinus horridus)
and widely distributed species (i.e. Ctenocidaris nutrix
and Ctenocidaris speciosa). Deep-sea Antarctic and
Subantarctic species (Sterechinus dentifer, Sterechinus
diadema, Ctenocidaris speciosa, and Ctenocidaris
gigantea) are widely distributed and not restricted to
deep ecoregions (#3, 4, 8, 9) only.

Interestingly, despite contrasting species richness
and endemicity levels between Antarctic and Subant-
arctic ecoregions, the three main echinoid families of
the Southern Ocean (Echinidae, Cidaridae, and Schi-
zasteridae) are represented and ecologically diversi-
fied in the different ecoregions. Deep-sea ecoregions
#6 and #7 show very low suitability values for all spe-
cies, because the studied species are at the limit of
their distribution range. However, it can be assumed
that these ecoregions are suitable to deeper species that
could not be included in the present analysis due to the
limited number of occurrence records.

Merged Ecoregions

A Kappa Cohen coefficient of 0.42 (p < 0.001) was
computed between the respective ecoregions of the
two models, which means that the overall match
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between ecoregions is significantly better than what
can be expected by chance. This coefficient reaches a
value of 0.7 (p < 0.001) when Antarctic ecoregions
only are compared, which indicates a very good match
between methods in the Antarctic area. Despite a dif-
ferent number of ecoregions modeled with the two
approaches, a relative good match was independently
obtained with the RF-GMM and GDM.

Further, the distinct ecoregions defined by the two
approaches can be merged together into wider, general
ecoregions, which in turn, can be subdivided into
smaller/detailed areas depending on the modeling
procedure (Fig. 4a). The computed percentage of
common pixels between ecoregions (Fig. 4b) indicates
that the Antarctic is mainly structured into two main
ecoregions: the Antarctic shelf (GDMI, 2; GMM 1, 2,
5) and the deep slope (GDM 3, 4; GMM 3, 4). The
Subantarctic area comprises four main ecoregions: the
deep slope (GDM 4; GMM 6, 7), the deep shelf
(GMM 9), the Subantarctic islands and shelves
(GDM 6; GMM 8, 10, 11) and the Magellanic and
Campbell plateaus (GDM 7; GMM 11, 12). The deep
shelf (GMM 9) is here retained as a distinct ecoregion
as it is also present at the limit of the Antarctic zone,
south of the Polar Front (southern Kerguelen Pla-
teau), and corresponds to species assemblages associ-
ated to particular geomorphologic features (i.e. deep
shelf areas).

DISCUSSION
Sampling Effort and Taxonomic Biases

Sampling effort has long been heterogeneous in the
Southern Ocean. It has been the highest along the
Antarctic Peninsula and off New Zealand (>200 sam-
ples), two areas characterized by a high species num-
ber (25—30) (Fig. 1b). In contrast, the number of spe-
cies remains low (2—5 species) in the region of the
Kerguelen Plateau while it has been intensively sam-
pled as well (POKER 2 and PROTEKER cruises).
Our knowledge of genus and species distributions is
strongly biased by the quality of sampling effort. This
is evidenced by the comparison between the number of
collected samples and the recorded number of species
(Fig. 1d).

Several areas have been little sampled including
Antarctic waters close to the sea ice margin and deep
ocean basins, most records being concentrated in the
first 400 meters (Fig. 2b) and in the vicinity of scien-
tific stations like in the north of the Kerguelen Plateau,
in Adélie Land or along the Antarctic Peninsula. Con-
versely, the southern Kerguelen Plateau and eastern
sector of the Ross Sea have been little explored
(Fig. 1d). Overall, this holds true for latitudes comprised
between 55° and 60° S, and south of 70° S (Fig. 2d). These
under-sampled parts of the Southern Ocean consti-
tute challenging areas for future scientific cruises.
However, new sampling technics and standardizations
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over the last few years improved our knowledge of the
Southern Ocean biodiversity (Kaiser et al., 2013).
Common tools have been developed like ecological
niche modeling in order to interpolate occurrence
records to under-sampled areas and allow improving
our knowledge of species potential distribution areas.

Echinoid Biogeography

Former biogeographic studies (Hedgpeth, 1969,
David et al., 2005, Pierrat et al., 2013, Sauceéde et al.,
2014) suggest that echinoid faunas of the Southern
Ocean, south of 45° S and less than 1000 m depth, are
structured into three main faunal provinces: (1) south-
ern New Zealand, (2) southern South America and
the Subantarctic islands and (3) the high Antarctic.
Faunal affinities between Subantarctic and South
American regions had already been reported for a wide
range of taxonomic groups (Barnes and De Grave,
2001; Montiel et al., 2005; Linse et al., 2006; Rodri-
guez et al., 2007; Griffiths et al., 2009) and have been
interpreted as the result of larval dispersal through the
Antarctic Circumpolar Current. This hypothesis is
also supported by molecular analyses for echinoids
with planktonic larvae (Diaz et al., 2011, 2018),
although long-distance and either passive drafting
(Leese et al., 2010) or active motion of echinoids with-
out planktonic larvae cannot be excluded.

In the present work, a benthic ecoregionalization is
modeled based on a large dataset of echinoid species
albeit belonging to one single taxonomic class. These
ecoregions are also in good agreement with biogeo-
graphic patterns described in former studies on other
benthic taxa. Specifically, this is the case in sponges
(Downey et al., 2012), mollusks (Linse et al., 2006;
Pierrat et al., 2013), bryozoans (Barnes and Griffiths,
2007; Griffiths et al., 2009), and starfish (Moreau
etal., 2017). For instance, the main distinction
between Antarctic and Subantarctic ecoregions (Linse
et al., 2006; Barnes and Griffiths, 2007; Griffiths
et al., 2009; Downey et al., 2012; Pierrat et al., 2013),
as well as faunal affinities between Subantarctic
islands (Kerguelen, Crozet, Marion Prince Edward)
and southern South America were all emphasized in
previous biogeographic works on bivalves (Pierrat
et al., 2013), cheilostome bryozoans (Griffiths et al.,
2009) and starfish (Moreau et al., 2017). This can be
explained by the role of the Antarctic Circumpolar
Current, the main dispersal vector and biogeographic
barrier for benthic organisms of the Southern Ocean,
which alternatively isolate Antarctic and Subantarctic
fauna and connect distant regions inside the Antarctic
and Subantarctic provinces (Pearse et al., 2009; Moon
et al., 2017; Gonzélez-Wevar et al., 2018 ).

The good congruence between present, echinoid
ecoregions and biogeographic patterns observed in
other benthic organisms can also be explained by other
abiotic factors. Typically, depth, seafloor temperature
and sea ice concentration are important contributors

BIOLOGY BULLETIN  Vol. 47

No.6 2020

to ecoregions delineation; they are also important
drivers of the distribution of the benthos at large spa-
tial scale (Gutt, 2001; David et al., 2005; Pierrat et al.,
2012; Guillaumot et al., 2019). Interestingly, in the
present work, the Campbell and Magellanic plateaus
are grouped together into one single “Magellanic and
Campbell Plateau” ecoregion in the GDM approach
(ecoregion #7) while echinoid assemblages differ as
shown in the RF-GMM approach (Fig. 3, Table 2).
Overall, biogeographic studies also agree on that these
two regions clearly stand apart. The modeled GDM
ecoregion #7 results from the similarity of abiotic con-
ditions prevailing over the Magellanic and Campbell
plateaus, including similar depth, sea ice and sea sur-
face temperature ranges (Fig. 3). In contrast, the RF-
GMM approach is more sensible to faunal assem-
blages and biogeographic patterns, and the two
regions were included into distinct ecoregions (Fig. 3,
Table 2). Finally, general biogeographic patterns are
not just the result of present conditions but are also the
legacy of common evolutionary events triggered by cli-
mate history and the paleogeography of the Southern
Ocean (Saucede et al., 2013; Saucede etal., 2014;
Crame, 2018).

The Relevance of Marine Protected Areas (MPAs)

Fabri-Ruiz et al. (2020) recently reviewed that
Acted Marine Protected Areas (MPAs) of the South-
ern Ocean and current proposals brought by the Com-
mission for the Conservation of Marine Living
Resources (CCAMLR) for East Antarctica, the Ant-
arctic Peninsula and the Weddell, are representative of
benthic ecoregions. This is particularly true for Sub-
antarctic islands, which are of high conservation value
given the extreme isolation of small oceanic islands
and archipelagoes where unique habitats and endemic
species may be particularly at risk. This is exemplified
by the echinoid Abatus cordatus and its emblematic
populations that thrive in shallow coastal areas of the
Kerguelen Islands (Guillaumot et al., 2018; Saucede
etal., 2019). The associated MPAs preserve faunal
connectivity between populations and species of Sub-
antarctic islands and shelves. Connectivity is key in
conservation biology as it conditions the resilience of
populations under critical conditions or after local dis-
turbances (Carr et al., 2017).

In contrast, important gaps prevail in the current
network of existing MPAs as Antarctic ecoregions are
under-represented (Fabri-Ruiz et al., 2020). These
results highlight the need to improve the representativ-
ity of Antarctic MPAs as recently proposed by
CCAMLR in East Antarctica, the Weddell Sea and the
Antarctic Peninsula. East Antarctica (Drygalsky,
d’Urville-Sea Mertz, MacRobertson) remains unpro-
tected whereas a first plan was proposed to CCAMLR
in 2012 by the European Union and Australia. Tour-
ism is increasing (Lenihan et al., 1995; Aronson et al.,
2011) in Antarctica particularly in the Antarctic Penin-
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sula and the Weddell Sea due to the proximity of these
regions with South America. New MPA proposals
were also made for these two regions in 2013 and 2017
(Teschke et al., 2013; Capurro, 2017).

The present benthic ecoregionalization of the
Southern Ocean based on echinoid biogeography can
therefore constitute a useful and promising approach
to examine the ecological and biogeographic rele-
vance of existing and proposed Antarctic MPAs.
Beyond the echinoid case-study, the present approach
can be applied to other marine fauna and used to
address general conservation issues at large biogeo-
graphic scales.
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