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Abstract

Our understanding of the ecology of the hadal zone (> 6000 m depth) is based solely on subduction trenches, leaving other
geomorphological features, such as fracture zones, troughs, and basins, understudied. To address this knowledge gap, the
Wallaby-Zenith Fracture Zone, Indian Ocean (WZFZ; ~22°S, 102°E; maximum depth 6625 m measured during Expedition
S0258) was studied using free-fall baited landers. We assessed the amphipod distribution and community assemblage of
this non-subduction hadal feature and compared it to subduction hadal features. Eleven species were identified across the
abyssal-hadal transition zone using a paired morphological and DNA barcoding approach. The community composition was
found to change gradually from abyssal to hadal depths, which contrasts with the ecotone shift characteristic of subduction
trenches. A large population of Bathycallisoma schellenbergi (Birstein & Vinogradov, 1958), a quintessential hadal amphipod,
was present at the flat bottom of the WZFZ. Further, an mtDNA phylogeny resolved a degree of phylogeographic structure
between the B. schellenbergi WZFZ population and four previously sampled Pacific Ocean subduction trench populations,
indicating these features are not interconnected through ongoing gene flow. Combined, these data indicate that some amphi-
pods have far broader distributions than previously understood, with some species present in both hadal subduction trenches
and non-subduction fracture zones and basins interspersed across the abyssal plains. This initial exploration highlights that
whilst non-subduction features are an overlooked minor fraction of the total hadal area, they are essential to our understand-
ing of the ecological and evolutionary dynamics across the hadal zone.
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The hadal zone comprises 47 known, geographically dis-
junct, marine features that extend deeper than 6000 m below
sea level. Of these, 27 are subduction trenches situated at
tectonic plate subduction boundaries and account for 93.7%
of the total hadal area (~750,000 km?; Jamieson 2015).
The remaining features are troughs, fracture zones, trench
faults, and other features that are not necessarily associated
with plate convergence zones and can span across the abys-
sal plain interiors (~ 50,500 km?; Jamieson 2015). Whilst
these features all experience high hydrostatic pressure, low
temperature, and limited food availability, the geomorpho-
logical characteristics, such as total depth, total area, geo-
graphic isolation, seismicity, geologic age, and topographic
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complexity, vary widely between each habitat (Stewart and
Jamieson 2018).

These deep marine regions host faunal communities with
a high degree of endemism, comprised crustaceans, echi-
noderms, polychaetes, molluscs, foraminifera, cnidarians,
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and fishes (Wolff 1960, 1970; Beliaev 1989). Patterns of
population and community structure, and species distribu-
tion are being uncovered with an increase in the number of
hadal sampling expeditions since 2000 and the preferential
use of baited landers to visualize the seafloor and study bait-
attending fauna (Lacey et al. 2016; Jamieson 2018). Much of
our recent understanding has largely focused on scavenging
amphipods (Fujii et al. 2013; Eustace et al. 2016; Lacey
et al. 2016). Scavenging amphipods, primarily from the
Lysianassoidea and Allicelloidea superfamilies, are abun-
dant in the deep sea benthic community and dominate at
depths greater than 8000 m (Ritchie et al. 2015; Lacey et al.
2016). As scavenging amphipods can be readily and con-
sistently recovered in large numbers via baited trap landers,
they represent model taxa to study the ecological dynamics
of the abyssal and hadal zones across the wide variation of
geomorphic settings (Fujii et al. 2013; Duffy et al 2016;
Lacey et al. 2016).

The faunal community at hadal subduction trenches is dis-
tinct from, and not merely an extension of, the abyssal fau-
nal community (Wolff 1970; Beliaev 1989; Jamieson et al.
2011). At the Kermadec, New Hebrides, and Peru—Chile
trenches, the scavenging amphipod communities have been
documented to abruptly shift from an abyssal to hadal com-
munity (Jamieson et al. 2011, Fujii et al. 2013; Lacey et al.
2016), with similar shifts documented in sediment micro-
bial (Hiraoka et al. 2020) and bait-attending fish (Linley
et al. 2017) communities. This shift has been interpreted to
reflect the presence of an ecotone boundary between zones
(Jamieson et al. 2011). Whilst the hadal zone is bluntly
defined to begin at 6000 m, the community shift occurs at
some depth between 6000 and 7000 m depending on the
feature (Jamieson et al. 2011, Fujii et al. 2013; Lacey et al.
2016). For instance, this shift has been documented to occur
between 6097 and 6709 m in the Kermadec Trench (Lacey
et al. 2016) and 6173-7050 m in the Peru—Chile Trench
(Fujii et al. 2013). The amongst-trench variation coincides
with the break-in slope between the abyssal plain and the
subduction trench (Lacey et al. 2016). This further indicates
that rapid changes in environmental factors and topogra-
phy at the trench boundary, differing between the trenches,
contribute to the distinct faunal change. Additionally, there
are inter-trench assemblage differences (Eustace et al. 2013;
Lacey et al. 2016; Jazdzewska and Mamos 2019), which may
be attributed to the amount of particulate organic carbon
flux (Ichino et al. 2015) and species evolutionary history
and physiological pressure tolerance (Downing et al. 2018).

The trench scavenging amphipod communities at hadal
depths appear to be largely dominated by a few species.
These species include Hirondellea gigas (Birstein & Vino-
gradov, 1955) in the northwest Pacific Ocean trenches
(Hessler et al. 1978; France 1993; Eustace et al. 2013;
Jazdzewska and Mamos 2019), Hirondellea dubia Dahl,
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1959 largely in the southwest Pacific Ocean trenches (Blank-
enship et al. 2006; Lacey et al. 2016), and Eurythenes sp.
and Hirondellea thurstoni Kilgallen, 2015 in the Peru—Chile
Trench (Eustace et al. 2016; Lacey et al. 2016). Bathycal-
lisoma schellenbergi (Birstein & Vinogradov, 1958) is a cos-
mopolitan hadal species found in trenches across four oceans
(Kilgallen and Lowry 2015). Populations of these species
have been observed to exhibit ontogenetic vertical strati-
fication, whereby juveniles inhabit the shallower depths,
and adults, primarily females, reside in the deeper depths
(Blankenship et al. 2006; Eustace et al. 2013, 2016; Lacey
et al. 2018). Further, this intra-specific partitioning has been
found to scale to the topography of the trench (Lacey et al.
2018). This consistency of ontogenetic vertical stratifica-
tion indicates that the population structure of scavenging
amphipods in trenches is not solely driven by depth but also
the physiological constraints involving hydrostatic pres-
sure, predator avoidance, and food distribution driven by
topography.

Hadal subduction trench ecosystems are often purported
to be evolutionarily and demographically independent units.
Whilst this holds for certain species, like Eurythenes sp.
from hadal depths of the Peru—Chile Trench (Eustace et al.
2016) and some hadal snailfish (Linley et al. 2016), a grow-
ing body of evidence challenges this traditional understand-
ing, e.g., H. dubia (Ritchie et al. 2015) and B. schellenbergi
(Kilgallen and Lowry 2015). Indeed, population genetic
analysis has shown that occasional gene flow does occur
between five disparate, abyssal populations of Paralicella
spp. across the Pacific Ocean (Ritchie et al. 2017). How this
is mediated over such large geographical expanses remains
unclear.

The study of hadal amphipod ecology has so far been
limited to subduction trenches and whether the diversity
and community composition patterns are reflective across
the hadal zone remains unresolved. Specifically, are species
diversity and community structure patterns at hadal depth
simply a function of being ‘hadal’ (depth) or driven by geo-
morphic and seismic processes? Resolving this requires
sampling across the abyssal-hadal transition zone of non-
subduction features, specifically areas that have few topo-
graphical and seismic similarities to subduction trenches.

To begin to address this knowledge and sampling gap, we
present the first biological investigation of a non-subduction
hadal feature, the Wallaby-Zenith Fracture Zone (WZFZ) in
the Indian Ocean and the abyssal base of the Afanasy Nikitin
Seamount as a comparative Indian Ocean reference point.
In this study, we describe the geomorphology of the WZFZ
based on multibeam mapping and include characterisation
of the seafloor habitat based on in situ imaging. We examine
three aspects of the amphipod community for both features,
namely the community composition across the abyssal-
hadal transition zone, demographics of the dominant hadal
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species B. schellenbergi, and the phylogeographic relation-
ships between the WZFZ B. schellenbergi population and
four previously sampled Pacific Ocean subduction trench
populations.

Materials and methods
Study region

The WZFZ is part of the larger Wharton Basin and Perth
Basin complex. The nearest hadal features are the Java
Trench, 2100 km north, and the Diamantina Fracture Zone,
1300 km south (Fig. 1a; Daniell et al. 2010). The WZFZ
formed as a transform fault between 130 and 124 Ma with
the opening of the Indian Ocean during the breakup of the
Greater India and Australia (Veevers and Cotterill 1978;
White et al. 2013; Olierrok et al. 2015). Extending south of
the Zenith Plateau, the WZFZ spans an area of 12,960 km?.
Two elongated depressions account for 32% of the total area,
in addition to four other geomorphic features (i.e., terrace,
non-incised slope, ridge, and scarp; Daniell et al. 2010). The
WZFZ is positioned under the Indian Ocean South Subtropi-
cal Gyre biogeochemical province (Longhurst et al. 1995).
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Fig.1 a Map of two study sites in the East Indian Ocean with major
features labelled and areas with a depth of 6000-6500 m in black
and > 6500 m in red. b Subset of multibeam bathymetry data acquired
over the Zenith Plateau and Wallaby-Zenith Fracture Zone [for loca-
tion see (a)], lander deployments where amphipods were collected
(black circles), lander deployments with only camera data acquired
(white circles) are shown. Regional bathymetric data displayed in

The Afanasy Nikitin Seamount is part of the Central
Indian Basin and located at the southern end of the 85°E
Ridge (Fig. 1a; Sclater and Fischer 1974; Sborshchikov
et al. 1995). Formed 80-73 Ma by the Conrad Rise hot-
spot, the main plateau rises to~ 1200 m above the sur-
rounding 4800 m ocean floor (Krishna et al. 2014). The
Afanasy Nikitin Seamount is positioned under the Indian
Ocean Monsoon Gyres biogeochemical province (Long-
hurst et al. 1995).

Physical mapping

The WZFZ and Afanasy Nikitin Seamount were studied
as part of the R/V SONNE Expedition SO258 Leg 1 in
June—July 2017 (Werner et al. 2017). Prior to the expedi-
tion, satellite altimetry estimated the WZFZ to have a max-
imum depth of 7883 m (Smith and Marks 2014; Marghany
et al. 2016). Although, recent studies have demonstrated
that the error associated with satellite altimetry measure-
ments is elevated at depths exceeding 3000 m (e.g., Weath-
erall et al. 2015; Mayer et al. 2018; Stewart and Jamieson
2019). The R/V SONNE is equipped with a Kongsberg
EM122 full ocean depth multibeam echosounder, which
was operated by onboard operators. Werner et al. (2017)
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(a) sourced from the Global Multi-Resolution Topography Synthe-
sis (Ryan et al. 2009). Multibeam bathymetric data displayed in (b)
sourced from R/V SONNE Expedition SO258 (Werner et al. 2017).
ANS is Afanasy Nikitin Seamount, and WZFZ is Zenith Plateau &
Wallaby-Zenith Fracture Zone. Multibeam bathymetric map for ANS
can be found in Fig. S2
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include details on system acquisition parameters and data
processing of the multibeam bathymetry data.

Biological sampling and processing

Five autonomous landers (three imaging and two baited trap
landers; Jamieson et al. 2009b) were launched and recovered
nine times from the top of the Zenith Plateau, along the
northern ridge, to the base of the WZFZ from June 10 to 12,
2017 (Fig. 1b) and three times to the base of the Afanasy
Nikitin Seamount on June 29, 2017 (Fig. S2; Table 1). The
sampled depth ranges spanned from 4747 to 6546 m at the
WZFZ and 4724-4757 m at the Afanasy Nikitin Seamount.
Landers remained at depth for 7-10 h and were equipped
with a temperature and pressure sensor (SBE-39, SeaBird
Electronics, US). Pressure (dbar) was converted to depth (m)
following Saunders (1981). Imaging landers were outfitted
with bespoke HD video and still cameras to characterise the
substrate. The cameras were located 2 m above the seafloor
looking vertically down. Specimens were collected with the
baited trap landers, which were equipped with 2-L funnel
traps baited with whole mackerel (Scombridae; Jamieson
et al. 2011). Upon recovery and initial sorting, amphipods
were preserved using 70% ethanol.

An integrated taxonomic approach was taken as deep sea
amphipod identification is challenged by phenotypic plas-
ticity, and intra-specific and ontogenetic variation (Ritchie
et al. 2015; Weston et al. 2020). Amphipods were morpho-
logically identified to lowest rank possible, following Bar-
nard and Ingram (1990) and Barnard and Karaman (1991),
with updates after Lowry and De Broyer (2008), Lowry and
Kilgallen (2014), d’Udekem d’Acoz and Havermans (2015),
Kilgallen (2015), and Kilgallen and Lowry (2015).

A total of 25 amphipods were selected for DNA barcod-
ing to support morphological identification. The individuals

were chosen to represent at least one individual of each
species or morphospecies and, where possible, cover-
age at multiple depths. Total genomic DNA was extracted
using the Bioline ISOLATE II Genomic DNA Kit. Partial
regions of the mitochondrial 16S rRNA gene (16S) and
cytochrome c oxidase subunit I (COI) were amplified with
published primer sets: AMPH1 (France and Kocher 1996)
and ‘Drosophila-type’ 16SBr (Palumbi et al. 2002) for 16S
and LCO1490 and HCO12198 (Folmer et al. 1994) for COL.
PCR protocols were followed as described in Ritchie et al.
(2015). Sequences were cleaned enzymatically using New
England Biolabs Exonuclease 1 and Antarctic Phosphatase
and sequenced with an ABI 3730XL sequencer (Eurofins
Genomics, Germany).

Electropherograms were examined in MEGA v7 (Kumar
et al. 2016), primer and ambiguous sequences were clipped
by eye, and COI sequences were translated into equivalent
amino acid sequences to confirm an absence of stop codons.
Each sequence was compared with species diagnostic bar-
codes on NCBI using BLASTn with default parameters.
Individuals were identified to species-level with a 98—-100%
match and to genus-level with >90%. Final identifications
were determined by accounting for both morphological and
DNA barcoding identifications.

Amphipod community composition

The amphipod community was characterised using a cluster
analysis and non-metric dimensional scaling (nMDS) ordi-
nation approach to identify structure and trends across the
abyssal-hadal transition zone. Amphipod counts by depth
were first divided by the deployment time (h) to standard-
ize for sampling effort and then fourth root-transformed
to account for the influence of highly abundant species.
The transformed data were converted into a Bray—Curtis

Table 1 Imaging and baited trap

. Depth (m) Latitude Longitude Station Date Location Lander
lander stations
4767 22 11.898S 102 30.221E L6 11/6/2017 zp Imaging
4932 22 12.579S 102 30.347E L7 11/6/2017 zp Trap
5724 22 13.741S 102 29.515E L3 10/6/2017 WZFZ Imaging
5990 22 14.574S 102 28.262E L4 10/6/2017 WZFZ Trap
6068 22 14.628S 102 28.037E L8 11/6/2017 WZFZ Trap
6084 22 14.730S 102 27.919E L11 12/6/2017 WZFZ Imaging
6162 22 14.939S 102 27.554E L10 12/6/2017 WZFZ Trap
6537 22 15.931S 102 26.477E L5 10/6/2017 WZFZ Imaging
6546 22 14.887S 102 25.415E L9 11/6/2017 WZFZ Trap
4724 308.9328 82 26.007E L12 29/6/2017 ANS Imaging
4733 309.236S 82 25.986E L13 29/6/2017 ANS Trap
4757 309.542S 82 25.993E L14 29/6/2017 ANS Trap

Location abbreviations: ZP Zenith Plateau, WZFZ Wallaby-Zenith Fracture Zone, ANS Afanasy Nikitin

Seamount
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similarity matrix and a hierarchical cluster analysis
(group-average linkage) was performed (Fujii et al. 2013;
Lacey et al. 2016). A similarity profile analysis permuta-
tion test (SIMPROF; Clarke et al. 2008; significance level
of p<0.05) was conducted to identify the number of sig-
nificant clusters or ‘communities’. A similarity percentage
analysis (SIMPER) was applied to identify the species of
greatest similarity within a community and those species
most responsible for the differences between the SIMPROF
communities. Standardization by deployment time was con-
ducted in Excel, and subsequent analysis was conducted in
PRIMER v7 (Clarke and Gorley 2015).

The WZFZ and Afanasy Nikitin Seamount data were
assessed and compared with abundance data from 32 sites
at bathyal to hadal depths (1488-9908 m) at the South Fiji
Basin and the Kermadec, New Hebrides, and Peru—Chile
trenches (Fujii et al. 2013; Lacey et al. 2016). The identifica-
tion of Eurythenes gryllus (Lichtenstein in Mandt 1822) pre-
sented in Fujii et al. (2013) was updated to reflect the three
morphospecies of Eurythenes present in the Peru—Chile
Trench (Eustace et al. 2016). The multivariate analysis was
conducted at species-level and genus-level identifications.
Assessment with genus-level identification was done to
remove identification bias due to lack of intact specimens,
cryptic speciation, and/or specimens requiring description.

Bathycallisoma schellenbergi demographics
and phylogeography

The biometric data of the dominant hadal species, B. schel-
lenbergi, were analysed to characterise the sex and stage
structure of the population. Specimens were classified as a
male with the presence of penile papillae, female with the
presence of oostegites, juvenile with the lack of penile papil-
lae and oostegites, and intersex with the presence of both
penile papillae and oostegites (Eustace et al. 2013; Lacey
et al. 2018). Total body length was measured from the tip of
the rostrum to the end of the telson with straightened posture
using digital callipers (Fisher Scientific with a resolution of
0.1 mm+0.2 mm; Lacey et al. 2018). The coxa 4 length was
measured diagonally across the coxa and used as a proxy
for total body length for damaged individuals. Deviations
from an expected 1: 1 ratio for sex (female versus male) and
maturity (adult versus juvenile) at 6537 m and 6546 m were
evaluated using a one-tailed binomial test (o =0.05). The
intersex individual was included in the maturity bias analy-
sis but excluded from the sex bias analysis. The number of
cohorts or stages based on coxa 4 length was assessed with
the mixdist package v0.5-5 (Duffy et al. 2016; Macdonald
2018). The analysis was conducted in R v3.4.2 with the stats
package (R Core Team 2017).

A concatenated 16S and COI dataset was constructed
to investigate phylogeographic relationships between B.

schellenbergi hadal populations from the WZFZ and four
Pacific Ocean populations, specifically the Kermadec,
Tonga, New Hebrides, and Massau (also known as Mussau)
trenches. The comparative sequences comprised seven indi-
viduals, which represent the only 16S and COI sequences
publicly available on GenBank for B. schellenbergi
(Table S3; Ritchie et al. 2015; Blankenship et al. unpub-
lished data; Chan et al. unpublished data). The phylogeny
was rooted by H. dubia and H. gigas (Table S3; Ritchie et al.
2015), as they are both hadal scavengers and the Hirondellei-
dae family is sufficiently distant from the Scopelocheiridae
family (Ritchie et al. 2015).

Nucleotide sequences were aligned with MAFFT v7
(Katoh et al. 2017). The optimal evolutional model for
each 16S and COI alignment was identified by modeltest in
the phangorn v2.4.0 package (Schliep 2011; Schliep et al.
2017) in R v3.4.2. The optimal Akaike Information Crite-
rion and the Bayesian Information Criterion indicated the
best-fit models as the Hasegawa, Kishino, and Yano model
(HKY) for 16S and the HKY with gamma distribution for
COI (Hasegawa et al. 1985). Phylogeographic relationships
were constructed via a maximum-likelihood approach
using PhyML v3.1 (Guindon et al. 2010) and a Bayesian
approach using the Bayesian Evolutionary Analysis by Sam-
pling Trees (BEAST) software package v1.8.4 (Drummond
et al. 2012). Maximum-likelihood analyses were conducted
with a neighbour-joining starting tree and nearest neighbour
interchange branch swapping using the model of sequence
evolution and parameters estimated by PhyML. The stability
of nodes was assessed from bootstrap support based upon
10,000 iterations. Bayesian analyses were undertaken in two
independent runs, which were performed for 40,000,000
generations sampling every 10,000 generations using the
respective evolutionary models and an uncorrelated relaxed
clock. Outputs were assessed with Tracer v1.7 to ensure con-
vergence (effective sample size >200; Rambaut et al. 2018)
and combined in LogCombiner v1.8.4. The first 4,000,000
states were discarded. The maximum clade credibility tree
was generated through TreeAnnotator v1.8.4, viewed in
FigTree v1.4.3, and annotated using Inkscape v0.92.2. A
Bayesian Poisson Tree Processes (bPTP) model was used to
delineate species (Zhang et al. 2013).

Results

Habitat and environmental conditions

The WZFZ was flat-bottomed. The deepest point, at 6625 m,
was located approximately 12 km south of Station L9
(6546 m; Fig. S1). The surface area of the WZFZ deeper

than 6000 m was 2798 km? and only 1059 km? for areas
deeper than 6500 m.
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At the WZFZ, the near-bottom temperatures varied from
1.14 °C at 4767 m to 1.32 °C at 6537 m. At the Zenith
Plateau, a manganese nodule field comprising nodules up
to~7 cm in diameter were located within a fine-grained
matrix (Fig. S3). At 5274 m in the WZFZ, a poorly sorted
substrate was encountered comprising irregularly shaped
gravel and cobble-sized material within a fine-grained
matrix (Fig. S3). Some of this material could be comprised
manganese nodules. Similarly, at 6084 m, the substrate com-
prised fine-grained sediments with lesser amounts of gravels
and cobbles up to~6 cm in diameter of mixed composition
(Fig. S3). At the Afanasy Nikitin Seamount, the bottom tem-
perature was 1.42 °C at 4724 m and the seafloor was com-
posed of predominantly fine-grained sediment with a small
number of gravel-sized fragments of unknown composition
(Fig. S3).

Amphipod community composition

A total of 3864 amphipods were sampled from the Zenith
Plateau and WZFZ, and 203 amphipods were samples from
the Afanasy Nikitin Seamount comprising 13 species from
eight families: Alicellidae (4), Uristidae (3), Cylocaridae (1),
Eurytheneidae (1), Eusiridae (1), Hirondelleidae (1), Scope-
locheiridae (1), and Valettiopsidae (1) (Fig. 2; Table S1).
Two species have been formally described from material
collected by this sampling effort, Stephonyx sigmacrus
Weston, Peart, & Jamieson, 2020 (Lysianassoidea: Uristi-
dae) and Civifractura serendipia Weston, Peart, & Jamie-
son, 2020 (Allicelloidea: Alicellidae; Weston et al. 2020).
Further, four additional species have not been previously

Fig.2 Relative abundance of c
amphipod species identified by g = 4733
depth from the Zenith Plateau & Z é
Wallaby-Zenith Fracture Zone, § g
and the Afanasy Nikitin Sea- 8 D) 4757
c 1w i 1 <
mount. The asterisks indicate
potentially undescribed species
_ 4932
E
<
(0]
5y S| 5990
o N
bl g
c |32
2 |8 3| eoes
S |z«
o | g
J |g B
T N| 6162
N 2B
2
®©
=| 6537
6546

described. The 25 16S and 21 COI sequences used to inform
species identification were deposited into GenBank (16S:
MN251311-MN251335 & COI: MN26162-MN262182;
Table S2).

Five species were present at both the WZFZ and Afa-
nasy Nikitin Seamount, specifically Eurythenes maldoror
d’Udekem d’Acoz & Havermans, 2015, Alicella gigantea
Chevreux, 1899, Paralicella caperesca Shulenberger &
Barnard, 1976, Paralicella. tenuipes Chevreux, 1908, and
Cyclocaris sp. nov. Whilst Abyssorchomene gerulicorbis
(Shulenberger & Barnard, 1976), Civifractura serendipia, B.
schellenbergi, Valettietta sp. nov., S. sigmacrus, and Cleon-
ardo sp. indent. were only present at the Zenith Plateau and
WZFZ, and Hirondellea sp. nov. and Abyssorchomene dis-
tinctus (Birstein and Vinogradov 1960) were only recovered
from the Afanasy Nikitin Seamount. At abyssal depths, P.
tenuipes and P. caperesca were numerically dominant, with
P. tenuipes present at every depth. The relative abundance
of P. tenuipes decreased from 96.5% at 6162 m to 61.7%
at 6537 m, which coincided with the presence of B. schel-
lenbergi. Bathycallisoma schellenbergi was only present at
6537 and 6546 m and accounted for 32.6% and 55% of the
catch, respectively. Cluster analysis between the Zenith Pla-
teau, WZFZ, and Afanasy Nikitin Seamount did not iden-
tify any significant groupings (average similarity 57.23%;
Table S4).

Six distinct communities were identified in comparing the
eight East Indian Ocean sites with 32 Pacific Ocean sites at
species-level identification (Fig. 3a; Fujii et al. 2013; Lacey
et al. 2016). The East Indian Ocean sites were delimited
within Cluster 4. The comparative sites comprised Clusters
1,2,3,5, and 6. The comparative site clustering was nearly

Species
Abyssorchomene distinctus
Abyssorchomene gerulicorbis
Alicella gigantea
Bathycallisoma schellenbergi
Civifractura serendipia
Cleonardo sp.*
Cyclocaris sp.*
Eurythenes maldoror
Hirondellea sp.*
Paralicella caperesca
Paralicella tenuipes
Stephonyx sigmacrus
Valettietta sp.*
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Fig.3 Community structure and amphipod abundance in abyssal and
hadal environments using non-metric multidimensional scaling ordi-
nation (nMDS): a Species-level identifications, and b Genus-level

equivalent to those identified by Lacey et al. (2016), with a
slight exception to Clusters 3, 5, and 6 due to more accurate
identification of Eurythenes spp. from the Peru Chile Trench
(Eustace et al. 2016). Cluster 1 comprised two deep hadal
sites from Peru Chile Trench. Cluster 2 contained the three
hadal sites from New Hebrides Trench, and the eight sites
deeper than 6097 m from Kermadec Trench. Cluster 3 com-
prised two abyssal sites and one shallow hadal site (6173 m)
from Peru Chile Trench. Cluster 5 included the four bath-
yal sites, one abyssal site (4192 m), and one shallow hadal
(6097 m) from Kermadec Trench. Cluster 6 comprised the
four bathyal and five abyssal stations from New Hebrides
Trench, all stations from South Fiji Basin (4100 m), and one
abyssal site (5242 m) from Kermadec Trench. The average
dissimilarity between Cluster 4 and the comparative clusters
was 81.51%, where the lowest dissimilarity was to Cluster
6 (New Hebrides Trench bathyal and abyssal; 71.88%) and
highest dissimilarity was to Cluster 1 (Peru—Chile Trench
hadal; 97.52%) (Table S4). The dissimilarity was attributed
to at least five different species, where P. tenuipes consist-
ently contributed the greatest to the difference in community
assemblage (Table S4).

Two distinct communities were resolved when identifica-
tion was to the genus-level (Fig. 3b). Cluster A comprised
all the East Indian Ocean sites, the bathyal and abyssal
comparison sites, and two hadal sites from the Kermadec
and New Hebrides trenches. Cluster B contained 13 of the
14 hadal subduction trench sites. Similarity within Clus-
ter A (60.01%) was attributed to Paralicella and Abyssor-
chomene (Table S5). Whilst Cluster B had a lower similarity

identifications. Colour denotes location, and shapes denote depth
range of sampling sites. Encircling lines denote community grouping
identified by SIMPROF

(55.63%) and was defined by Hirondellea and Bathycalli-
soma. Between the two clusters, the dissimilarity level was
80.42% (Table S5). The near-exclusive presence of Hiron-
dellea in Cluster B and Paralicella and Abyssorchomene in
Cluster A accounted for 18.92%, 17.92%, and 15.69% of
the dissimilarity, respectively (Table S5). Bathycallisoma
(14.97%) and Eurythenes (10.96%) also contributed to the
dissimilarity between clusters, as presence and abundance
varied at some depths (Table S5).

Bathycallisoma schellenbergi demographics
and phylogeography

A total of 146 females, 138 males, 367 juveniles, and a sin-
gle intersex individual were identified (Table S6). None of
the females were ovigerous. Females were proportionally
more abundant at 6537 m at 33.3% versus 19.7% at 6546 m.
A higher percentage of males were at the slightly deeper
depth (22.4% at 6546 m as compared to 16.3% at 6537 m).
Juveniles consisted of 49.6% of the population at 6537 m
and 57.9% at 6546 m. The male: female ratio was biased
towards females at 6537 m (p <0.01). At 6456 m, there
were significantly more juveniles than mature amphipods
(p <0.001). At each depth, there was one juvenile cohort
peak, two male cohort peaks, and three female cohort peaks
(Fig. S4).

Species-delimitation analysis based on a concatenated
topology resolved one species of B. schellenbergi across
the five populations (acceptance rate: 0.1683, merge:
49,976, split: 50,024, mean number of species: 3.67; Fig. 4).
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Fig.4 Bayesian tree showing
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Geographic structuring of samples was apparent, with the
WZFZ population and the four Pacific Ocean trench popu-
lations forming reciprocally monophyletic clades (posterior
probability 0.85). Within the Pacific Ocean trench clade, two
sub-groups were present: (1) the New Hebrides and Massau
trenches (posterior probability 0.96), and (2) the Tonga and
Kermadec trenches (posterior probability 1).

Discussion

The WZFZ was the first non-subduction hadal feature to be
studied allowing us to further elucidate the effect of total
area, topography, and total depth on scavenging amphipod
community structure. This initial description of a hadal
fracture zone highlights that whilst non-subduction features
only account for a minor fraction of the global hadal area,
sampling them is important to gain a more comprehensive
understanding of drivers of community ecology and distribu-
tion of species at hadal depths.

Non-subduction hadal habitat

Whilst the geological and environmental survey of WZFZ
showed similarities in temperature and seabed substrate to
subduction trenches, there were also distinct habitat dif-
ferences with respect total area and depth, and topogra-
phy. The Zenith Plateau and WZFZ’s temperature ranges
and the seabed substrate, comprised fine-grained sediment
and cobble-sized material, were comparable to subduction

@ Springer

trenches (Lacey et al. 2016; Stewart and Jamieson 2018).
However, the geomorphology of the WZFZ differed from
subduction trenches concerning the total area, topography,
and total depth (Jamieson et al. 2009a). When compared
with hadal trenches, the WZFZ is small, with only 2.3%
and 43.4% of the total area of the Kermadec Trench and
New Hebrides Trench, respectively (Stewart and Jamieson
2018). Multibeam bathymetry mapping confirmed that the
WZFZ was a flat-bottomed feature, lacking the characteristic
V-shape cross-section of a subduction trench (Fig. S1). Map-
ping further showed the WZFZ to be 1158 m shallower than
reported elsewhere (e.g., Smith and Marks 2014), albeit still
hadal. The variation between satellite altimetry and multi-
beam measurements is not unique to the WZFZ, instead it
is another instance highlighting the lack of fine-resolution
topography data for the deep sea (Weatherall et al. 2015;
Mayer et al. 2018; Stewart and Jamieson 2019).

Scavenging amphipod community

This study at the WZFZ and Afanasy Nikitin Seamount
adds to the limited sampling of abyssal and hadal depth
amphipods in the Indian Ocean (Birstein and Vinogradov
1964; Treude et al. 2002; Cousins et al. 2013), expands
the known occurrence of some species and uncovers
ultra-deep sea diversity. The two locations showed strong
comparability in community assemblages possibility
reflecting the same abyssal biogeographical province
and comparability in abiotic conditions (Watling et al.
2013). The amphipods were from the Alicelloidea and
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Lysianassoidea superfamilies, which are both well-rep-
resented scavengers at these depths (Lacey et al. 2016).
The only non-scavenger species identified was a single
Cleonardo sp. indent. (Eusiroidea: Eusiridae) specimen
from 6162 m in the WZFZ. This adds to the limited dis-
tribution data for this genus, with Cleonardo biscayen-
sis Chevreux, 1908, Cleonardo maxima Birstein & M.
Vinogradov, 1964, and Cleonardo longipes Birstein & M.
Vinogradov, 1964 documented at abyssal depths in the
northern Indian Ocean (Birstein and Vinogradov 1964;
Hendrycks and Conlan 2003). From these two superfami-
lies, cosmopolitan species in the genera Paralicella, Abys-
sochromene, Eurythenes, and Cyclocaris were abundantly
present (Duffy et al. 2016; Lacey et al. 2016). This study
expanded the distribution of A. distinctus, A. gerliocoribis,
P. tenupies, and P. caperesa from the Pacific and Atlantic
Oceans and into the East Indian Ocean (Duffy et al. 2016;
Lacey et al. 2016). Two species were found with their first
known occurrence in the Indian Ocean: E. maldoror from
the Weddell Sea, Argentinian Basin, and North Pacific
Ocean (d’Udekem d’Acoz and Havermans 2015) and A.
gigantea from the Pacific Ocean (Jamieson et al. 2013).
The presence of E. maldoror and A. gigantea support the
hypothesis that dispersal of these large amphipods across
wide geographic distances could partially be attributed
to deep-water circulation patterns, like the Antarctic Bot-
tom Water, and their strong swimming ability (Havermans
2016). Bathycallisoma schellenbergi was abundantly pre-
sent at the two deepest WZFZ sampling sites. In addition
to common and cosmopolitan species, rare and possibly
endemic species, such as S. sigmacrus and C. serendipia
from 4932 m at the WZFZ (Weston et al. 2020) and the
two specimens of Hirondellea sp. nov. from 4733 m at the
Afanasy Nikitin Seamount, were also present. Valettietta
sp. nov. was found in low numbers at both abyssal and
hadal depths in the WZFZ. Whilst outside the scope of
this study, Valettietta sp. nov. is likely to be a vicarious
species with Valettietta gracilis Lincoln & Thurston, 1983
and Valettietta anacantha (Birstein & Vinogradov, 1963),
which are considered to have disjunct distributions in the
Atlantic and Pacific Oceans, respectively (Lincoln and
Thurston 1983).

When compared to the South Fiji Basin and the
Peru—Chile, Kermadec, and New Hebrides trenches, the
amphipod community of the WZFZ and Afanasy Nikitin
Seamount was found to be distinct at species-level identi-
fication (Cluster 4, Fig. 3a) and part of a bathyal and abys-
sal community assemblage with genus-level identifications
(Group B, Fig. 3b). This highlights that community com-
position analysis can vary based on level identification as
different genera have species with either broad or restricted
geographic and or bathymetric distributions. Furthermore,
the cluster analysis indicated the amphipod community at

hadal depths of the WZFZ was an extension of the abys-
sal community, even with a large population of B. schel-
lenbergi. This seemingly abyssal community was driven by
the consistent abundance of P. tenuipes and the presence of
Cyclocaris sp. nov. and P. caperesca, which are considered
abyssal species with the physiological capability to live at
shallow hadal depths (Lacey et al. 2016).

We interpret these results to indicate that the WZFZ
exhibited a transitional amphipod community composition,
with the abyssal community extending to hadal depths and
with select hadal species, B. schellenbergi, present below
6500 m. This gradual shift across the abyssal-hadal transi-
tion zone contrasts the ecotone community shifts observed
in the Peru—Chile, Kermadec, and New Hebrides trenches
between 6000 and 7000 m (Jamieson et al. 2011; Lacey
et al. 2016). Jamieson et al. (2011) hypothesised that this
biological shift between the two zones is not strictly driven
by hydrostatic pressure but primarily by the change in sea-
floor topography from flat abyssal plains to the steep-sloped
trench. The differences in topography and seismic activity
between the abyssal plain and trenches result in distinct
depositional environments and habitats (Ichino et al. 2015).
Here in the WZFZ, the gradual change in the community
assemblage across the abyssal-hadal transition zone is likely
attributed to the similarities in the topography and deposi-
tional environments between the Zenith Plateau and the shal-
low, hadal basin. Further exploration is required to assess
whether other similar hadal geomorphic features are also
characterised by abyssal fauna with select hadal species.

Whilst the rate of community change across the abys-
sal-hadal transition zone contrasts between the WZFZ and
hadal trenches, competitive exclusion appears to also occur
in non-subduction systems. Bathycallisoma schellenbergi
and E. maldoror show evidence for competitive exclusion,
which prevents both large amphipod species with similar
feeding ecologies to cohabitate at the WZFZ’s maximum
depths (Ingram and Hessler 1983; Blankenship and Levin
2007; Lacey et al. 2016). With E. maldoror being recovered
across the entire sampling depth of WZFZ this suggests that
E. maldoror is physiologically able to withstand the higher
hydrostatic pressures (Downing et al. 2018). However, with
the low number of E. maldoror individuals at the deepest
depth (6546 m), B. schellenbergi potentially outcompetes it
for food. Alternatively, the pressure adapted enzymes of B.
schellenbergi (Downing et al. 2018) may be more efficient
at increased pressure and/or E. maldoror may tolerate hadal
pressure but pay a greater physiological cost.

Bathycallisoma schellenbergi demographics
and phylogeography

Bathycallisoma schellenbergi were found at the 6537 m and
6546 m stations and comprised multiple stages of juveniles
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and adults, except for ovigerous females as consistent with
other studies (Perrone et al. 2002, Blankenship et al. 2006;
Eustace et al. 2013, 2016; Lacey et al. 2018). Whilst there
were some significant differences between the sex ratios
between the two depths, such a small difference in depth
(9 m) is unlikely to drive the observed differences. This
precludes drawing comparisons to ontogenetic vertical
stratification patterns displayed by populations inhabiting
hadal subduction trenches (Lacey et al. 2018). Differences in
makeup could be explained by a combination of small-scale
and non-depth related factors, such as topography, slope, and
sediment type.

The WZFZ B. schellenbergi population does pose as an
initial contrast with the lack of depth distribution of sub-
duction trench populations (Blankenship et al. 2006; Lacey
et al. 2018). Curiously, the WZFZ population’s bathymetric
range appeared to be compressed to less than 200 m from the
floor of the fracture zone. It is unclear why B. schellenbergi
were not present along the slope from the Zenith Plateau, as
they have been known to have a shallower bathymetric range
(~5600 m, Lacey et al. 2016). A possible explanation is that
the slope does not provide suitable habitat as individuals
were not recovered at intermediate depths. Future studies
should consider increasing the number of sampling points
on a transect or decreasing the vertical distance between
sites to resolve the restricted bathymetric distributions in
shallow hadal habitats.

Whilst B. schellenbergi has been recovered from several
trenches (Kilgallen and Lowry 2015; Lacey et al. 2018),
finding it in the relatively remote and small WZFZ was
unexpected, and questions whether it is the same species.
Indeed, B. schellenbergi has a complex systematic history,
with a recent synonymization of Bathycallisoma pacific and
Scopelocheirus schellenbergi (Kilgallen and Lowry 2015).
However, in this case, individuals did not show morphologi-
cal differences from the Dahl (1959) description and Kilgal-
len and Lowry (2015) re-description. DNA sequencing and
phylogenetic analysis indicated that the species within the
WZFZ is indeed B. schellenbergi (Fig. 4).

Whilst the mtDNA phylogeny resolved a single species, a
degree of phylogeographic structure was observed between
the five B. schellenbergi populations. There is a clear dis-
continuity between the WZFZ and the Pacific Ocean popula-
tions. A level of genetic differentiation is expected for the
same species residing in two ocean basins, irrespective of
whether they are demographically isolated or interconnected
by unsampled intermediate populations (Ritchie et al. 2017).
The low level of divergence between these clades is perhaps
more suggestive of some connectivity given the amount of
geological separation and hence the time required to accu-
mulate more genetic differences, if not speciate entirely
(Hendry et al. 2009). Additionally, there was a suggestion
of phylogeographic structuring by distance between the
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Pacific Ocean trenches, but this is less pronounced than
might be expected given the reduced levels of geographic
separation to facilitate even occasional gene flow (Ritchie
et al. 2017). Whilst these phylogeographic patterns are pre-
liminary and based on a relatively low number of individu-
als and genes, this finding does merit further investigation.
A future genomics study should be aimed at assessing the
extent to which hadal features represent demographically
and evolutionary independent units, by leveraging high-
throughput sequencing methods, such RAD-seq or micro-
satellites (Ritchie et al. 2017; Taylor and Roterman 2017).
Bathycallisoma schellenbergi, H. dubia, H. gigas could be
model species for this study, as they are found in several
disjunct hadal features (Ritchie et al. 2015).

As B. schellenbergi are known from the Java Trench (Kil-
gallen and Lowry 2015), an obvious question is how they
are present in the WZFZ, ~2100 km south of Java Trench.
Given this dataset indicates intra-specific levels of diver-
gence amongst five populations, there are two plausible
hypotheses for the presence of a population in the WZFZ.
Firstly, the WZFZ may represent a spillover population from
the larger Java Trench. This is plausible given that B. schel-
lenbergi are strong swimmers and can tolerate shallower
depths (~5600 m; Lacey et al. 2016). There are ~ 1.4 mil-
lion km? of discrete features deeper than 5600 m between
the Java Trench and Diamantina Fracture Zone that could
provide a complex corridor network for gene flow in the East
Indian Ocean (Fig. 1a). A second possibility is that B. schel-
lenbergi ancestrally had an abyssal-centric cosmopolitan dis-
tribution, analogous to A. gigantea or Paralicella spp., but
subsequently became restricted to hadal depths (Jamieson
et al. 2013; Corrigan et al. 2014). This is now reflected by
allopatric populations in subduction trenches and non-sub-
duction features, including the WZFZ. Whilst determining
the mechanism the present-day distribution of B. schellen-
bergi is outside the scope this study, B. schellenbergi does
present as a model taxon for future work to understand how
the geological age and historical position of features, deep-
water current patterns, and species’ life history shape hadal
fauna distributions and connectivity between features.

Significance for hadal ecology

Finding B. schellenbergi at hadal depths in the WZFZ
indicates that characteristically hadal fauna, or fauna
that are exclusively hadal elsewhere, has the potential
to be found in non-subduction features. We now would
expect to find B. schellenbergi populations at the Dia-
mantina Fracture Zone and within the 5748 km? of sea-
floor deeper than 6500 m in the Wharton Basin (Fig. 1a).
Moreover, this finding in the East Indian Ocean could
suggest there are other large swathes of seafloor hosting
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quintessentially hadal fauna, such as the North West
Pacific Basin (~ 6500 m), which is located between the
Northern Mariana and Izu-Bonin trenches. Likewise, the
Philippine Basin, between the Ryukyu and Philippine
trenches, reaches hadal depths and may help explain why
H. gigas is present in each of these trenches (France 1993).
Non-subduction features could also explain the present
distribution of other hadal fauna, such as the holothurian
Prototrochus bruuni (Hansen, 1956) and the sea star Erem-
icaster vicinus Ludwig, 1907, found in many Pacific Ocean
trenches (Jamieson 2015).

By concentrating sampling efforts on subduction
trenches, the definition of hadal has been unintentionally
restricted. The WZFZ indicates that from a biological
perspective the hadal zone is more than the 27 subduc-
tion trenches and does encompass any location exceeding
6000 m regardless of geomorphic setting or total area. The
community and population dynamics in these habitats are
shaped not only by topography and total depth but also by
resource limitations and physiological constraints. Thus,
to unravel the ecological patterns of the ocean’s deepest
zone, sampling efforts and research programmes need to
extend past the deepest point of large and often geographi-
cally isolated subduction trenches. Future efforts should
focus on, or include, adjoining features such as fracture
zones, troughs, and basins, as well as more detailed genet-
ics studies to further disentangle the complexities of con-
nectivity and species distribution in the hadal zone.
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