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Abstract

Plankton plays an important role in the functioning of marine ecosystems, for example,
through their role as prey. It is therefore important to understand the spatial distribution
of assemblages of key taxa. This study aimed to determine the effect of hydrologic and
topographic features on two major macrozooplankton groups: euphausiids and amphipods,
which are important prey of seabirds and marine mammals. The biogeography of these
taxa’s species between the Southern Indian Ocean and the North Indian sector of the
Southern Ocean will be assessed by network analyses on species abundances. Our results
from the REPCCOALI surveys from 2017 to 2019 between Crozet, Kerguelen and St Paul
and New Amsterdam revealed a strong biogeographic separation between the subtropical
and subantarctic zones. Species assemblages for each major taxon revealed a distinction
between off shelf areas and the neritic zone and between high and low productivity areas,
underlining the role of the subantarctic islands and their effect on primary production in
the biogeography of the southern plankton. In the subtropical Indian Ocean, no significant
major distinction was observed with the network analysis, even if some sites seem to
show an influence of the Agulhas Return Current.
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Résumé

Le plancton joue un rdle important dans le fonctionnement des écosystémes marins,
notamment en tant que proie. Il est donc important de comprendre la distribution spatiale
des assemblages de taxons clés. Cette étude visait a déterminer 1’effet des caractéristiques
hydrologiques et topographiques sur deux grands groupes de macrozooplancton : les
euphausiacés amphipodes , qui constituent des proies importantes pour les oiseaux et les
mammiféres marins. La biogéographie des espéces de ces taxons entre le sud de 1’océan
Indien et le secteur nord de I’océan Indien dans I’océan Austral sera évaluée a 1’aide
d’analyses de réseau sur ’abondance des especes. Nos résultats issus des campagnes
REPCCOAI menées entre 2017 et 2019 entre Crozet, Kerguelen, Saint-Paul et
Amsterdam ont révélé une forte séparation biogéographique entre les zones subtropicales
et subantarctiques. Les assemblages d’espéces pour chaque taxon majeur ont révélé une
distinction entre les zones au large des cotes et la zone néritique, ainsi qu’entre les zones
a forte et faible productivité, soulignant le réle des iles subantarctiques et leur effet sur
la production primaire dans la biogéographie du plancton austral. Dans 1’océan Indien
subtropical, aucune distinction majeure n’a été observée a 1’aide de 1’analyse de réseau,
méme si certains sites semblent montrer une influence du courant de retour des Aiguilles.

AbcTpakt

[T1aHKTOH UrpaeT BaKHYIO pPoib B (YHKLIMOHUPOBAHUH MOPCKHX KOCHCTEM, HAIIPUMED,
BBICTyNasi B KauecTBE KopMma s JIPYyrux opraHu3MoB. IlosToMmy BakHO MOHHMMATh
IIPOCTPAHCTBEHHOE pacIpeiejIeHHe COOOIIECTB KIIIOUYEBBIX TAaKCOHOB. Llenbio maHHOTO
WCCIEeOBaHNs OBIJIO OMNpENeNUTh BIUSHUE THUAPOIOTHUECKUX M Tomorpaduiecknx
0COOEHHOCTEH Ha JIB€ OCHOBHBIE TPYIIIBI MAKPO300ILUIAHKTOHA: 3B(ay3u bl n aM(pUIONbI,
KOTOpBIC SIBJISIIOTCSI BOKHOM JI0OBIUEH MOPCKMX INTHII ¥ MOPCKHUX MIICKONUTAIOUIHX.
Broreorpadust BUIOB 3THX TaKCOHOB MEXIy IOKHOW 4YacThlo MHaMiCKOro okeaHa u
CEBEPO-BOCTOYHBIM ceKTOpoM HOKHOTO OKeaHa TMOJyYHT OIEHKY Ha OCHOBE CETEBOTO
aHalM3a MO YHCICHHOCTH BUAOB. Pesympratsl cheMok mo mporpamme REPCCOAIL
npoBeneHHbIx ¢ 2017102019 ronmexry octpoBamu Kpose, Keprenen, Cen-ITons n HoBbrit
AmcTepaam, BBISIBUIIN YeTKOe OHoreorpauieckoe pasiesieHue MeX Iy CyOTpOITnuecKoOr
1 cy0aHTapKTHYECKOH 30HaMU. BruoBsie coolmiecTBa Mo KakIoMy OCHOBHOMY TaKCOHY
MOKA3aJIM PA3IMYHOE paclpesielieHne MeX1y eabPOBbIMU U MPUOPEIKHBIMU 30HAMH,
a TaKKe MEX1y pailoHaMHU C BBICOKOW M HU3KOH NMPOIYKTUBHOCTBIO, YTO IOJUYEPKHUBACT
poib cyOaHTapKTHYECKHX OCTPOBOB M WX BIMSHHE Ha TEPBUYHYIO HPOAYKIMIO B
6moreorpaduu 10KHOTO TUTAaHKTOHA. B cyOTpommueckoii 30He MHIuiICKOro okeaHa mpu
IPOBEJCHUM aHAJIKM3a Ha OCHOBE CETH He ObUIO OOHAPYKEHO 3HAYUTEIBbHBIX Pa3IH4HiL,
XOTSI B HEKOTOPBIX TOYKax HaOmonaercst Bausnue OOpaTHOro TedeHus Mbica ATYIIbsC.

Resumen:

El plancton desempefia un papel importante en el funcionamiento de los ecosistemas
marinos, por ejemplo, como presa. Por esta razon, es importante conocer la distribucion
espacial de las agrupaciones de taxones clave. El objetivo de este estudio es determinar
el efecto de las caracteristicas hidrologicas y topograficas sobre dos grandes grupos de
macrozooplancton: los eufasidos y los anfipodos, que son presas importantes de aves
y mamiferos marinos. Se evalua la biogeografia de las especies de estos taxones en
la confluencia entre el Océano indico Meridional y el sector indico septentrional del
Océano Austral mediante un analisis de redes de la abundancia de las especies. Nuestros
resultados derivados de los estudios REPCCOAI (2017 a 2019) entre Crozet, Kerguelén
y St Paul y Nueva Amsterdam revelan una marcada separacion biogeografica entre las
zonas subtropical y subantartica. Las agrupaciones de especies de cada taxén principal
revelan una distincidn entre zonas fuera de la plataforma y la zona neritica y entre zonas
de alta y baja productividad, lo que subraya el papel de las islas subantarticas y su efecto
sobre la produccién primaria en la biogeografia del plancton austral. En el Océano Indico
subtropical, el analisis de redes no muestra diferencias significativas, aunque algunos
sitios parecen presentar influencia de la corriente de retorno de Agulhas.



Zooplankton assemblages of the South Indian and Southern Ocean

Introduction

The Biogeographic Atlas of the Southern Ocean
(De Broyer et al., 2014) synthesises knowledge of
the Southern Ocean’s biodiversity from historical
explorations to the Census of Antarctic Marine Life
(CAML) (2005-2010) which brought a tremen-
dous amount of knowledge during the International
Polar Year (2007-2009). CAML surveys did not
focus on the Subantarctic Zone, but the results of
the atlas showed the intensity of sampling efforts
and gaps per major taxa. The results of the atlas for
euphausiids (Cuzin-Roudy et al., 2014) and pelagic
amphipods (Zeidler and De Broyer, 2014), the
two taxa that we are studying showed that the area
around the Kerguelen Islands was well sampled, but
not the rest of the Indian Ocean and even less so the
Crozet Islands. The biogeographic atlas described
the latitudinal zonation of Southern Ocean fauna
according to the major northern fronts (Antarctic,
Subantarctic and Subtropical) separating pelagic
assemblages between the Southern Ocean and the
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Indian Ocean, as observed recently with a new
study on mesozooplankton (Vereshchaka et al.,
2021). However, in the oceanic areas of the Crozet
and Kerguelen Islands, the latitudinal biogeo-
graphic pattern is unusual, due to the geographical
narrowing of some of these fronts in the vicinity
of the archipelagos (Figure 1). This situation is
therefore of great interest for understanding the
biogeographical role of each of the fronts and of the
geomorphology. In this area, when studying fish
larvae assemblages, Koubbi (1993) showed that
the Subantarctic Front (SAF) was the major bio-
geographic barrier in this sector between the larvae
of subtropical species and the Southern Ocean spe-
cies. This was also supported by the biogeographic
analysis of myctophids carried out by Koubbi et al.
(2011). The present study therefore aims to test the
importance of the different hydrologic zones and
island shelves on the spatial distribution of macro-
zooplankton in the Indian subantarctic sector and
the Southern Indian Ocean.

10°E 80°E 90°E

Map of the Indian sector of the subantarctic. The lines represent the fronts resulting from the ACC. The subtropical

front is shown as a dashed line, the subantarctic front as a dotted line and the Antarctic polar front as a solid line.
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Material and methods

Field sampling

The Response of the pelagic ecosystem to cli-
mate change in the Southern and South Indian
Oceans (REPCCOALI) surveys were carried out
each January—February in 2017, 2018 and 2019.
During these surveys, macrozooplankton was sam-
pled at each station with an Isaacs-Kidd Midwater
Trawl net (IKMT). IKMT is a standard pelagic
trawl net used for collecting macrozooplankton and
micronekton. The net has a total length of 17 m, a
metal wing, an opening area of 7 m? and a decreas-
ing mesh size from 3.5 cm at the net entrance to 0.5
cm near the codend. The net was towed at a speed
of between 2 and 3 knots. The IKMT was deployed
obliquely from the surface to different water
depths, mainly 200 m, 600 m or 1000-1200 m in
order to sample both the epipelagic and the mes-
opelagic layers. The samples were preserved in a
5% buffered formalin solution. Macrozooplankton
was sampled at a total of 82 stations in January
and February 2017, 2018 and 2019 (Figure 1). The
sampling network crossed oceanographic regions
from the Indian subtropical zone to the Antarctic
zone. The network covered a geographical area

between 50°E and 85°E and 27°S and 60°S and
included the Crozet and Kerguelen archipelagos
in the Southern Ocean and the islands of St. Paul
and New Amsterdam in the Southern Indian Ocean.
Some stations were also sampled on the shelves
of Crozet, Kerguelen and Saint-Paul and New
Amsterdam, but other coastal programs were more
focused on this kind of study (Koubbi et al., 2009).

Laboratory analysis

The samples were rinsed, then split using a
Motoda box (Motoda, 1959), producing two equal
fractions. For each taxonomic group (i.e. euphausi-
ids and amphipods), counts were made in the frac-
tion in which more than 100 individuals could be
counted. Individuals were identified to species,
when possible, using different taxonomic keys
(Table 1). Count data were stored in a database
and linked to the GPS coordinates of the sample,
and converted to abundance (ind. 1000 m™) using
filtered seawater volume. The volume of filtered
seawater was estimated (1) from the distance trav-
elled by the net and its opening and (2) by flowme-
ters to calibrate calculations. Mapping of the main
species’ distribution of each taxonomic group is
described by Merland et al. (2025).
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Table 1:

Taxonomic keys used for the identification of zooplankton taxonomic groups.

Taxonomic group

Taxonomic keys used

Euphausiids

Amphipods

Kirkwood, 1982; Boltovskoy, 1999.

Boltovskoy, 1999.

Numerical analysis

We used biogeographic network analyses to
identify species assemblages from abundance data
independently for euphausiids and amphipods as
we wanted to evaluate if the biogeographic bound-
aries were the same between these two groups.
The ‘biogeonetworks’ R package by Leroy (ver-
sion 0.1.2, 2019) was employed for this purpose.
This approach, based on graph theory (Vilhena
and Antonelli, 2015), involved creating a network
with two types of nodes representing sampling sites
and species found at those sites. Links were drawn
between nodes when a species was identified at a
particular site. The ‘Map Equation’ community-
detection  algorithm  (www.mapequation.org,
version 0.19.12, Rosvall and Bergstrom, 2008),
known for its applicability in biogeographical
studies (Vilhena and Antonelli, 2015; Leroy et al.,
2019), was applied to the networks. This algorithm
grouped nodes into clusters based on high intra-
group and low inter-group connectivity, aligning
with the concept of biogeographic regions. The
algorithm was run with 1000 trials for each taxon
to find optimal clustering. The resulting networks
were visualised using the Gephi software (version
0.10, Bastian et al., 2009) with the ‘Force Atlas’
algorithm in order to group nodes that are strongly
interconnected (i.e. assemblages that share species
in common) and spread away from all other nodes
that are not interconnected. The coloration of links
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Figure 3:
identified by fPCA.

between nodes is the same as their source node,
highlighting intergroup connections. For each taxo-
nomic group, we grouped taxa if their taxonomic
identifications were close together (i.e. genus spe-
cies and genus cf. species) and excluded taxa that
grouped several species due to uncertainty in iden-
tification. Starting with 49 amphipod taxa and 44
euphausiid taxa (Merland et al., 2025), we refined
the dataset to 37 amphipod taxa and 32 euphausiid
taxa by also excluding genus-level identifications
(Supplementary table 1).

We mapped the spatial distribution of the sites
associated with the different species assemblages
in order to compare it to the mean and variation
of hydrologic regions’ spatial distribution over 10
years defined by Djian et al. (2025). We identi-
fied seven hydrologic regions (Figure 2a), four of
which are in the Southern Indian Ocean and three
in the Southern Ocean. In this study, the boundaries
of these regions were defined, showing the stabil-
ity of certain fronts (Polar Front, Subtropical Front,
and Subantarctic Front), particularly when con-
strained by topographic factors north of the Crozet
and Kerguelen Island shelves. At the opposite, the
boundaries of the observed regions are more diffuse
in the open subtropical and tropical ocean zones
(Figure 2b). Additional details on these hydrologic
regions are available in Table 2.
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Mapping of a) mean and b) standard deviation of hydrologic cluster value for each cell between 2010 and 2020
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Table 2: Hydrologic regions and their characteristics defined by Djian et al. (2025).

Region Region’s name Code Fronts/currents associated

number
1 Tropical Zone TZ South Equatorial Current
2 Eastern Subtropical zone ESTZ Indian Subtropical Gyre
3 Western Subtropical zone WSTZ East Madagascar Current
4 Subtropical Convergence Zone STCZ NSTF-SSTF
5 Subantarctic Zone SAZ SSTF-SAF
6 Polar Frontal Zone PFz SAF-APF
7 Antarctic Zone AZ APF

We used the IndVal metric by Dufréne and  Results

Legendre (1997) to determine indicator species for
clusters identified at more than one site. The IndVal
metric ranges from 0 to 1, with 0 indicating no
presence of a species in a cluster and 1 indicating
the presence of the species in all sites of the clus-
ter. Indicator species for a cluster were identified
as those with the maximum /ndVal in that cluster.
Abundance for the 15 most abundant species in
each cluster seen on more than one site was rep-
resented, with boxplot transparency being propor-
tional to their indicator value (i.e. indicator species
will have their boxplot more opaque). To describe
species assemblages in terms of diversity and
abundance distribution, Hill numbers (Hill, 1973)
were computed for each assemblage observed on
more than one site using the ‘vegan’ R package
(version 2.6, Oksanen et al., 2022). Hill numbers
are a diversity measure that depends on a param-
eter g, and different values of ¢ result in different
diversity indices (Chao et al., 2014). For example,
when g = 0, the Hill number simplifies to species
richness, counting all species equally. For g = 1,
the Hill number represents the effective number of
abundant species, considering species in propor-
tion to their abundances (i.e. Shannon Diversity).
For g = 2, the Hill number corresponds to Simpson
diversity, emphasising highly abundant species
in the assemblage. These diversity measures help
describe the total species richness, as well as the
number of abundant and highly abundant species
in the identified species assemblages.
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Euphausiid species assemblages

The Map Equation algorithm grouped
REPCCOATI’s sampling sites into 6 distinct groups,
with 3 being associated with distinct euphausiid
species assemblages (Figure 4). Euphausiid group
1 (Figure 4, in pink) is defined only by Euphausia
vallentini, this species being seen in the PFZ
(Merland et al., 2025). Euphausiid group 2 (Figure
4, in purple) is defined by an assemblage of spe-
cies found in the PFZ and the AZ, these species
being Thysanoessa macrura, Euphausia triacan-
tha, Euphausia frigida and Euphausia superba.
Euphausiid group 3 (Figure 4, in green) identi-
fies mainly tropical species, such as Thysanopoda
aequalis et Thysanopoda orientalis, and subtropical
species, such as Euphausia spinifera, Euphausia
similis v. armata or Stylocheiron maximum, into
another distinct assemblage. Euphausiid group 4
(Figure 4, in pale green) identifies Fuphausia simi-
lis and Euphausia longirostris, two species mainly
found in the subtropical and subantarctic (Merland
et al., 2025). Euphausiid group 5 (Figure 4, in blue-
green) only consists of one sampling site linked
to E. vallentini, E. triacantha and T. macrura,
and euphausiid group 6 (Figure 4, in dark blue)
only has one species, Euphausia tenera. Looking
at the network, we can see 34 links between
euphausiid group 1 and euphausiid group 2 (Table
3). Most of these links are between E. vallentini
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and euphausiid group 2’s sampling sites, meaning
that this species can be found outside of euphausiid
group 1. On the other hand, 16 links can be seen
between euphausiid group 3 and euphausiid group
2 and 11 links between euphausiid group 3 and
euphausiid group 1, meaning that finding a spe-
cies from euphausiid group 3 in a sampling site
from euphausiid group 1 and 2 is uncommon, and

vice-versa. For the remaining 3 euphausiid groups,
each unique sampling site shares several spe-
cies with the previously described assemblages.
Moreover, euphausiid group 6’s unique sampling
site is also the only site where Euphausia tenera
is present. As such, they are difficult to classify
objects for the Map Equation algorithm, resulting
in the creation of these groups.

N. tlhella 1
d @®:
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Figure 4: Biogeographic network of euphausiid raw abundance data. Colours indicate identified assemblages using the ‘Map
Equation’ algorithm. Node size and node name size are proportional to their number of links.
Table 3: Diagonal matrix of the number of links between euphausiid assemblages. Number of intra-group links are shown in
italic.
1 2 3 4 5 6
1 14 34 11 6 1 1
2 62 16 11 2 2
3 231 35 0 5
4 3 0 3
5 0 0
6 1

Mapping of the sampling sites according to
their euphausiid species group (Figure 5) allows
us to distinguish spatial patterns in their distribu-
tion, mainly a separation at the Subantarctic Front
(SAF). Euphausiid group 1 identifies sampling
sites with high euphausiid abundance close to
Crozet and Kerguelen islands (Figure 5, pink dots)
in the PFZ (Figure 5, in light blue). It also identifies
sites near the SAF between Crozet and Kerguelen.
Euphausiid group 2 is also seen in the Southern
Ocean, mainly in open ocean sampling sites (Figure
5, purple dots) from the PFZ and the AZ (Figure 5,

in blue). Euphausiid group 3 identifies all Indian
Ocean sampling sites North of the SAF (Figure 5,
green dots) the southern limit of the SAZ (Figure 5,
in lime). For the last 3 euphausiid groups, they are
only found at one sampling site each. Euphausiid
group 4 (Figure 5, pale green dot) is seen at a sam-
pling site close to the SAF, euphausiid group 5
(Figure 5, blue-green dot) is at a sampling site east
of Kerguelen Island shelf and euphausiid group 6
(Figure 5, dark blue dot) is seen at a sampling site
north of Crozet in the SAZ.
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Spatial distribution of euphausiid species groups compared to mean distribution of the hydrologic regions identified

by Djian et al. (2025). Colour represents the different species assemblages, and the size is proportional to quartile
classes of total euphausiid abundance. For each assemblage, their respective Hill numbers are shown in the legend.

Looking at abundance and diversity, we can
see that euphausiid assemblage 3 is by far the
most diverse assemblage, having the highest spe-
cies richness and the highest diversity. Its diver-
sity is explained by the co-dominance of several
subtropical species, the most abundant being
Euphausia spinifera and Nematoscelis megalops,
E. similis and E. similis v. armata (Figure 6, third
panel). However, only E. spinifera and E. similis
v. armata are indicative of this assemblage amidst
these abundant euphausiid species (with indicator
values being 0.82 and 0.61 respectively, see Table
4). On the other hand, some rare species, mostly
tropical ones such as Thysanopoda orientalis, show
high indicator values (of 0.60 for the latter). In
contrast, euphausiid assemblage 1 has the lowest
species richness and diversity of the study, which
can be explained by the dominance of E. vallentini
in euphausiid group 1’s sampling sites where this
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species shows its highest abundances, with 75% of
the sites showing an abundance varying between
1.3 and 40.2 ind. 1000 m™ (Figure 6, first panel)
and a maximum of more than 6000 ind.1000 m-3.
This species defines euphausiid assemblage 1, as
given by its indicator value of 0.99 for this assem-
blage (Table 4). Finally, euphausiid assemblage 2
shows higher species richness and diversity than
euphausiid assemblage 1 (Figure 6, second panel).
This higher diversity can be explained by the co-
dominance of E. triacantha, one of the indicator
species of euphausiid assemblage 2 (with an indi-
cator value of 0.53) and E. vallentini, the indica-
tor species of euphausiid assemblage 1. We can
also see significant abundances of E. frigida and
T. macrura in assemblage 2, who also have high
indicator value for this assemblage (0.55 and 0.43
respectively).



EL

Euphausia vallentini
Euphausia triacantha+
Euphausia spinifera<
Nematoscelis megalops-
Euphausia similis
Euphausia similis v. armata-
Thysanoessa macrura-
Euphausia frigida-
Euphausia longirostris
Stylocheiron maximum-
Nematobrachion flexipes
Stylocheiron abbreviatum-
Euphausia recurva
Thysanopoda aequalis

Thysanopoda orientalis

Euphausiid assemblages
11:°D=9,'D= 1and D =1
#2:°D=12,'D= 5and D =2
#3:°D=29,'D=13and2D = 4

Zooplankton assemblages of the South Indian and Southern Ocean

0 10 20 30 40 00 05 10 15 20 25 0 1 2 3
Abundance (ind/1000 m*)

Figure 6: Bar plots of the abundance of the 15 most abundant euphausiid species in euphausiid species assemblages identified
by the network analysis. Each bar plot is delimited by the first and third quartile, the black line being the median
abundance of the species in the species assemblage. Opacity is proportional to the indicator value of the species for
its assemblage. Only species assemblages with more than one sampling site are shown. For each assemblage, their
respective Hill numbers are shown in legend.

Table 4:  IndVal for Euphausiid assemblages.

Species assemblage Lowest IndVal Highest IndVal Species with highest
IndVal
1 0.016 0.998 Euphausia vallentini
2 0.001 0.556 Euphausia frigida
3 <0.0001 0.821 Euphausia spinifera
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Amphipod species assemblages

The Map Equation algorithm grouped
REPCCOAI’s sampling sites into 6 distinct
amphipod groups (Figure 7). Amphipod group
1 (Figure 7, in purple) is defined by a species
assemblage with Themisto gaudichaudii, a species
found in most Antarctic and subantarctic sites and
in some subtropical sites. This assemblage also
has species only found in the PFZ and AZ such as
Cyllopus magellanicus, Hyperoche medusarum,
Lanceola clausii, Pegohyperia princeps and
Orchomenella sp. Amphipod group 2 (Figure 7, in
pink) identifies several species found in the PFZ and
AZ into another assemblage, including Cyphocaris
richardi, Cyphocaris challenger, Parandania
boecki and Lanceola serrata. Amphipod group 3
(Figure 7, in green) identifies the species Vibilia
stebbingi, Vibilia viatrix, Phronima atlantica and
Hyperia sp, which are only found in 2 sampling
sites. Amphipod group 4 (Figure 7, in light blue)
is defined by an assemblage with Primno macropa,
a species found from the STCZ to the PFZ. It is
followed by Eurythenes obesus, which is found

E. abisus

Figure 7:

from the STCZ to the AZ, Harcledo curvidactyla
and Vibilia antarctica, which are both found in the
PFZ and AZ. Amphipod group 5 (Figure 7, in dark
green) is defined by an assemblage of subtropical
species, such as Phronima sedentaria, Phrosina
semilunata or Platyscelus ovoides. Finally,
amphipod group 6 (Figure 7, in light green) only
has one species, Paratyphis sp. at one sampling
site. When we look at the connectivity among the
Southern Ocean groups, we can see that amphipod
group 1 and amphipod group 2 are connected by 50
links between their respective nodes (Table 5). We
can see similar numbers of links between group 1
and group 3, and between group 2 and group 3. This
means that species of one assemblage can likely also
be found at sampling sites of other assemblages. On
the other hand, the number of links between these
3 Southern Ocean amphipod groups and group 5 is
only half the number of links between the Southern
Ocean groups. This means that it is less likely to
have species related to amphipod assemblages 1, 2
and 4 in amphipod assemblage 5’s sampling sites,
and vice-versa.

Biogeographic network of amphipod raw abundance data. Colours indicate identified assemblages using the ‘Map

Equation’ algorithm. Node size and node name size are proportional to their number of links.
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Table 5: Diagonal matrix of the number of links between euphausiid assemblages. Number of intra-assemblage links are shown
in italic.
1 2 3 4 5 6
1 53 62 31 69 34 19
2 6 21 50 29 17
3 2 19 12 3
4 11 33 17
5 99 4
6 1

Mapping of the sampling sites according to their
amphipod species groups (Figure 7) allows us to see
that a shift in assemblages is seen at the Southern
Subtropical Front (SSTF), the northern boundary
of the Subantarctic Zone (SAZ) (Figure 7, in lime).
Amphipod group 1 (Figure 8, purple dots) mainly
identifies sampling sites with high amphipod abun-
dance close to Crozet and Kerguelen Islands in the
PFZ (Figure 8, in light blue). On the other hand,
amphipod group 2 (Figure 8, pink dots) identifies
open ocean sampling sites from the PFZ in the
inter-island area and the AZ (Figure 8, in blue).
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40°S
45°S
50°S
55°S
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40°E 50°E 60°E 70°E

Figure 8:

80°E

Amphipod assemblage 3 (Figure 8, green dots) is
seen at one site in the Western Subtropical Zone
(WSTZ) (Figure 8, in orange) and another South of
the SAF. Amphipod group 4 (Figure 8, light blue
dots) is the last assemblage seen in the Southern
Ocean, in sampling sites from and near the south-
ern boundary of the SAZ (Figure 8, in lime). Out of
the Southern Ocean, all sampling sites north of the
SAF are grouped in the amphipod group 5 (Figure
8, dark green dots). Finally, amphipod group 6
(Figure 8, light green dot) is only found at a sam-
pling site above Crozet in the SAZ.

Amphipod assemblages
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Spatial distribution of amphipod species groups compared to mean distribution of the hydrologic regions identified

by Djian et al. (2025). Colour represents the different species assemblages, and the size is proportional to quartile
classes of total amphipod abundance. For each assemblage, their respective Hill numbers are shown in legend.
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Looking at abundance and diversity, we can
see that all amphipod assemblages show similar
diversity, except amphipod assemblage 1 (Figure 9,
first panel). This can be explained by the complete
dominance of 7. gaudichaudii in amphipod
assemblage 1’s sampling sites. This species
dwarves the other amphipod species found in this
assemblage in terms of abundance, with 75% of the
sites showing an abundance varying between 0.7
and 4.3 ind. 1000 m~ (Figure 9, first panel), with
maximum observed abundance reaching 652 ind.
1000 m™3. It defines amphipod assemblage 1, being
the only species with a high indicator value for this
assemblage (Table 6). All remaining assemblages
have similar diversity in terms of number of
dominant species and differ in species richness
and diversity. Amphipod assemblage 2 (Figure
9, second panel) shows a lower species richness
than amphipod assemblage 1 but a higher overall
diversity, which is explained by the increase in
abundance of P. boecki, the species with the highest
indicator values of this assemblage (Table 6), and C.
richardi, coupled with the decrease in abundance of
T. gaudichaudii compared to amphipod assemblage
1. Amphipod assemblage 4 (Figure 9, fourth panel)
has a similar species richness than amphipod
assemblage 2 with a slightly higher species

diversity. Their species composition is also similar,
but amphipod assemblage 4 distinguishes itself
from amphipod assemblage 2 by high abundance
of P. macropa, in similar values to 7. gaudichaudlii,
the first being the species with the highest indicator
value for amphipod assemblage 4 (Table 6). As
for amphipod assemblage 5 (Figure 9, fifth panel),
it shows the highest species richness and species
diversity despite having a similar number of
dominant species. This diversity can be explained
by the co-abundance of several subtropical species,
the most abundant being P. sedentaria, P. semilunata
and P ovoides, coupled with the presence of
subantarctic species from the previous amphipod
assemblages, such as 7. gaudichaudii, P. boecki or
P. macropa. Despite P. sedentaria being the most
abundant species, Phrosina semilunata shows the
highest indicator values for this assemblage (Table
6), where P. sedentaria has an indicator value of
only 0.24. Finally, amphipod assemblage 3 (Figure
9, third panel) is the one with the lowest species
richness and diversity, which can be explained by
the fact that it is seen on only 2 sampling sites.
These sites show the highest abundance of V. viatrix
(Figure 9, third panel) and Hyperia sp. and are the
only sites where P. atlantica is observed.
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Figure 9:

Amphipod assemblages
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Barplots of the abundance of the 15 most abundant amphipod species in amphipod species assemblages identified

by the network analysis. Each barplot is delimited by the first and third quartile, the black line being the median
abundance of the species in the species assemblage. Opacity is proportional to the indicator value of the species for
its assemblage. Only species assemblages with more than one sampling site are shown. For each assemblage, their

respective Hill numbers are shown in legend.
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Table 6: IndVal values for Amphipod assemblages.
Species assemblage Lowest IndVal Highest IndVal Species with highest
IndVal

1 0.006 0.879 Themisto gaudichaudii
2 0.001 0.643 Parandania boecki
3 0.044 0.947 Vibilia viatrix
4 0.009 0.44 Primno macropa
5 <0.0001 0.636 Phrosina semilunata

Discussion

The biogeographic network analysis reveals
that the Subantarctic Zone (SAZ) is a significant
biogeographic transition zone for euphausiids
and amphipods between the Indian Ocean and
the Southern Ocean. This confirms observations
described for myctophid (Koubbi, 2003; Koubbi et
al., 2011) and for mesozooplankton (Vereshchaka
et al.,, 2021), where marked changes in species
assemblages occur on either side of the SAZ.
However, there are slight differences of spatial dis-
tribution of assemblages between the two taxa. For
euphausiids, the change occurs south of the SAZ at
the SAF, while for amphipods, it happens north of
the SAZ at the SSTF. The barrier seems more sharp
for euphausiids, as hinted by the low number of
links between the subtropical and the subantarctic
assemblages with mainly subtropical species seen
North of the SAF. The observation of subtropical
species as far south as 47°S may result from either
mesoscale eddies from the fronts advecting alien
species into the region (Pakhomov and Froneman,
2000) or from the spatial variability of the SAF and
APF (Boden and Parker, 1986). Conversely, the
barrier seems less sharp for amphipods, as shown
by the links between the subtropical and subantarc-
tic assemblages, resulting from subantarctic species
being seen as far north as 35°S in the eastern part
of the STCZ. This absence of subantarctic species
only in the western part of the study area could be
related to the action of the ‘triple front’ to the north
of Crozet which includes the SAF, the STF and the
Agulhas Return Current Front (Belkin and Gordon,
1996).

Biogeographic networks and species assemblages

The biogeographic network analysis on
euphausiids and amphipods did not identify distinc-
tions in the Southern Indian Ocean but highlighted
distinction between neritic and open ocean sites in
the PFZ. Neritic sites are associated with the high-
est total abundance of all sites for each taxon, due
to high abundance of E. vallentini and T. gaudi-
chaudii respectively. Both species have been found
near island shelves with high abundance (Hunt and
Pakhomov, 2003; Hunt and Swadling, 2021; Cotté
et al., 2022), highlighting the strong productivity
seen around the subantarctic islands due to natu-
ral iron fertilisation and island mass effects (Doty
and Oguri, 1956; Blain et al., 2007). In the case
of amphipods, this distinction can be explained by
the more oceanic and mesopelagic distribution of P,
macropa (Bocher et al., 2000) and P. boecki (Hunt
and Swadling, 2021) compared to T. gaudichaudii,
which does not seem to undergo significant diel
vertical migration and occurs in the epipelagic layer
(Hunt and Swadling, 2021). Limited advection onto
shallow shelf waters of mesopelagic plankton may
also explain the limited abundance of both mesope-
lagic species in neritic sites (Hunt and Pakhomov,
2003). Moreover, the distinction in species assem-
blages between the subantarctic sites and the polar
front and Antarctic sites by the relative abundance
of P. macropa suggests that the latter may be an
indicator species for the Subantarctic Zone, even
though we didn’t find any studies addressing this
subject. However, the distinction between neritic
sites from the PFZ and open water sites observed in
euphausiids’ species assemblages does not seem to
be explained by differences in species spatial dis-
tribution. E. triacantha and E. vallentini are both
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typical species of the PFZ on the opposite of E.
frigida, which occurs in the AZ (Kirkwood, 1984;
Cuzin-Roudy et al., 2014). Moreover, all three spe-
cies occupy the same depth and seem to have the
same patterns of diel vertical migration (Hunt and
Swadling, 2021). The distinction in terms of spe-
cies assemblages in the Southern Ocean cannot be
explained like the amphipod species assemblages
in the same area by the difference in bathymetry.
We suggest that euphausiid assemblage 1 defined
by E. vallentini reflects areas of high productivity,
such as the subantarctic island shelves fertilised by
iron which induces phytoplankton blooms (Doty
and Oguri, 1956; Blain et al., 2007) and frontal
zones (Lutjeharms et al., 1985; Strass et al., 2002),
whereas the assemblage defined by E. triacantha,
T" macrura and E. frigida is indicative of less pro-
ductive open ocean zones. This opposition between
these euphausiid assemblages may be explained by
their dietary preference. The diet of E. vallentini
has a high proportion of phytoplankton, indicating
a tendency towards herbivory (Gurney et al., 2001;
Mayzaud et al., 2003), whereas E. triacantha and T.
macrura have a higher proportion of zooplankton in
their diet, indicating a tendency towards omnivory
or even carnivory (Phleger et al., 1998; Mayzaud
et al., 2003). We can assume that in areas of high
primary productivity, E. vallentini responds more
quickly to the bloom by feeding directly on phyto-
plankton, allowing its populations to have blooms
of high abundances, which allow them to dominate
the euphausiid assemblage in these productive
areas. Conversely, in areas of the open ocean where
chlorophyll concentrations are lower, euphausiids
with a carnivorous tendency are not solely depend-
ent on phytoplankton, allowing them to maintain
larger populations than E. vallentini.

Conclusion

This study confirmed the strong influence of
the latitudinal environmental gradient on the dis-
tribution of macrozooplankton species between
the Southern Indian Ocean and the North Indian
sector of the Southern Ocean, as well as the bio-
geographic importance of the Subantarctic Zone
(SAZ), which forms a relatively strong barrier
between the subtropical and subantarctic faunas
in the study area. The approach based on the two
major taxa, euphausiids and amphipods, analysed
separately also allowed us to identify similar global
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distribution patterns of assemblages with some
local differences observed. This study showed that
the biogeographic network method, coupled with
the ‘Map Equation’ clustering algorithm, is suit-
able for visualising regions separated by ecotones.
However, we have not observed subdivisions in the
subtropical area in terms of species assemblages
using this method, even though species distribution
hinted at some differences between the western and
the eastern part of the Indian sector of the Southern
Ocean (Merland et al., 2025). We suppose that
the differences between subtropical sites in terms
of amphipods and euphausiid species distribution
and abundance were not strong enough for the
Map Equation algorithm to identify distinct species
assemblages.

Macrozooplankton plays a key role in ecosys-
tem functioning as a food source for top predators.
The influence of the environment on their distribu-
tion is important in the context of global warming,
which is particularly affecting the Southern Ocean
(Frolicher et al., 2015; Meredith et al., 2019).
According to Reygondeau et al. (2020), these
changing environmental conditions would result in
a southward shift of the epipelagic biogeochemi-
cal provinces of Longhurst (2007). This could
lead to changes in the functioning of subantarctic
ecosystems. It would be interesting to investigate
the impact of global change on the distribution and
biogeography of the species assemblages identified
in this study.
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Appendix A

Table Al: Taxa retained for biogeographic network analysis.

Taxonomic order

Taxa name

Amphipoda Anchylomera blossevillei
Amphipoda Bathystegocephalus globosus
Amphipoda Brachyscelus crusculum
Amphipoda Cyllopus lucasii
Amphipoda Cyphocaris challengeri
Amphipoda Cyphocaris richardi
Amphipoda Eurythenes obesus
Amphipoda Eusirella elegans
Amphipoda Harcledo curvidactyla
Amphipoda Hyperia sp

Amphipoda Hyperoche medusarum
Amphipoda Lanceola clausii
Amphipoda Lanceola loveni
Amphipoda Lanceola sayana
Amphipoda Lanceola serrata
Amphipoda Orchomenella sp
Amphipoda Oxycephalus piscator
Amphipoda Parandania boecki
Amphipoda Parapronoe crustulum
Amphipoda Paratyphis sp
Amphipoda Pegohyperia princeps
Amphipoda Phronima atlantica
Amphipoda Phronima colletti
Amphipoda Phronima sedentaria
Amphipoda Phronima solitaria
Amphipoda Phrosina semilunata
Amphipoda Platyscelus ovoides
Amphipoda Platyscelus serratulus
Amphipoda Primno macropa
Amphipoda Rhabdosoma sp
Amphipoda Scina crassicornis
Amphipoda Streetsia challengeri
Amphipoda Themisto gaudichaudii
Amphipoda Vibilia antarctica
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Amphipoda Vibilia stebbingi
Euphausiacea Euphausia gibba
Euphausiacea Euphausia hemigibba
Euphausiacea Euphausia longirostris
Euphausiacea Euphausia lucens
Euphausiacea Euphausia recurva
Euphausiacea Euphausia similis
Euphausiacea Euphausia similis v. armata
Euphausiacea Euphausia spinifera
Euphausiacea Euphausia superba
Euphausiacea Euphausia tenera
Euphausiacea Euphausia triacantha
Euphausiacea Euphausia vallentini
Euphausiacea Nematobrachion bodpis
Euphausiacea Nematobrachion flexipes
Euphausiacea Nematobrachion sexspinosum
Euphausiacea Nematoscelis gracilis
Euphausiacea Nematoscelis megalops
Euphausiacea Nematoscelis tenella
Euphausiacea Stylocheiron abbreviatum
Euphausiacea Stylocheiron affine
Euphausiacea Stylocheiron carinatum
Euphausiacea Stylocheiron maximum
Euphausiacea Thysanoessa gregaria
Euphausiacea Thysanoessa macrura
Euphausiacea Thysanoessa vicina
Euphausiacea Thysanopoda acutifrons
Euphausiacea Thysanopoda aequalis
Euphausiacea Thysanopoda egregia
Euphausiacea Thysanopoda obtusifrons
Euphausiacea Thysanopoda orientalis
Euphausiacea Thysanopoda pectinata
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