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ARTICLE INFO ABSTRACT
Keywords: The hadal zone, the deepest part of the global ocean, encompasses several extreme ecosystems with elevated
Hadal biological activity, contrasting the general trend of declining biomass and biodiversity with increasing water
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depth. These bathymetrically isolated habitats act as depocenters and are characterized by high hydrostatic
pressure and unique environmental conditions that provide an opportunity to fundamentally explore biogeo-
graphic patterns and the genetic diversity of deep-sea meiofauna, which remain poorly understood. In this study,
we compared nematode communities in two geographically distant trench systems, the Aleutian Trench (North
Pacific) and the South Sandwich Trench (South Atlantic), separated by 17 000 km. Environmental DNA (eDNA)
sequencing targeting the ribosomal 18S region was combined with a metaphylogeography approach. Compar-
ative analyses were performed for intra- and inter-trench, biodiversity and genetic differentiation across envi-
ronmentally characterised trench-specific habitats. Our findings reveal evidence for the meiofauna paradox in
hadal settings, demonstrating distinct nematode communities that appear to be shaped by availability and
quality of food. Furthermore, environmental filtering appeared to contribute to assembly of habitat specific
communities according to localised environmental condition. Finally, we observed shared haplotypes among
some dominating nematode genera, suggesting potential connectivity between habitats associated within or even
across hadal trenches might exist. Overall, this study provides valuable insights on how environmental factors
drive nematode biodiversity and genetic diversity in the hadal realm. Environmental heterogeneity plays a
pivotal role in shaping nematode communities, influencing their population structure and connectivity by
creating spatially variable habitats that drive diversification, local adaptation, and gene flow patterns.

1. Introduction water depth due to reduced food availability (Rex et al., 2006). The
limitation in nutritious energy may reduce the potential of diversifica-
Abundance and biomass of fauna generally decline with increasing tion and endemism within the bathyal and abyssal realm (Rex et al.,
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2006; Smith et al., 2008). However, in the hadal realm, these patterns
seem to be inverted (Jamieson, 2015; Zeppilli et al., 2018). Trenches,
accounting for 94 % of the area of hadal habitats (Weston and Jamieson,
2022), stretch thousands of kilometres along tectonic subduction zones
(Jamieson et al., 2010), and include depths between 6 to 11 km, ac-
counting for 45 % of the oceanic depth range (Liu et al., 2018). Trenches
function as deep-sea depocenters, where downslope focusing of mate-
rial—amplified by intensified seismic activity—enhances the accumu-
lation of organic matter along the trench axes (Bao et al., 2018) where it
sustains elevated biological activity (Glud et al., 2021; Glud et al.,
2013). The trenches represent bathymetrically isolated environments
and host many endemic species or genera adapted to high hydrostatic
pressure (Blankenship-Williams and Levin, 2009; Jamieson, 2015;
Jamieson and Stewart, 2021). However, trench environments are het-
erogeneous and highly variable, shaped by factors such as regional ba-
thymetry, proximity to land, and varying physical and chemical
conditions—all of which play a crucial role in structuring the biological
communities within individual trenches. (Jamieson et al., 2010; Kita-
hashi et al., 2013; Liu et al., 2018). The high degree of endemism in
hadal trenches is likely associated with the adaptation to extreme hy-
drostatic pressure, that confines vertical movements of well adapted
species, restricts communities’ distribution area (Lan et al., 2017), and
limits connectivity to the ambient ocean and other trench systems (Fujii
et al., 2013). Thus genetical, morphological, behavioural or physiolog-
ical modifications during hadal colonization reduce the potential for
dispersal and genetic exchange outside a trench area (Chan et al., 2020;
Gerringer et al., 2018). However, current concepts on hadal endemism
are primarily based on epibenthic macro- and megafaunas as well as
mobile species inhabiting the benthic boundary layer (Chan et al., 2020;
Gerringer et al., 2018), while biogeographic patterns of meiofaunal or
microbial communities are rarely considered (Leduc and Rowden, 2018;
Zeppilli et al., 2018).

Meiofauna are microscopic metazoans passing through a 1 mm mesh
but retained by a 32 um mesh. They are ubiquitous and recognized as an
important component of marine benthic ecosystems, yet described as
sedentary (Giere, 2009; Giere and Schratzberger, 2023; Rosli et al.,
2018; Schratzberger and Ingels, 2018; Zeppilli et al., 2018). This phe-
nomenon — a fact that is known as the “meiofauna-paradox”- is observed
in almost all meiofaunal taxa, including but not limited to harpacticoid
copepods, gastrotrichs, kinorhynchs and nematodes (Cerca et al., 2018;
Giere, 2009; Vanreusel et al., 2023). Nematodes represent the most
abundant and diverse meiofauna group, and clearly dominate deep-sea
meiofaunal communities throughout the global oceans (Miljutin et al.,
2010; Zeppilli et al., 2018). As noted, the high standing stock of hadal
nematodes is likely sustained by elevated or nutritious food supply as
expressed by tight correlation between microbial metabolic activity and
nematode biomass — both at local, inter and intra trench spatial scale
(Glud and Schauberger, 2024; Shimabukuro et al., 2022). Generally,
studies on nematode communities in the deep sea tend to focus on the
composition, density or biomass, and to a lesser extent on biogeographic
patterns or potential genetic endemism within or between trenches
(Schmidt et al., 2018; Zeppilli et al., 2018). Investigations on coastal
margins and continental slopes concluded that some nematode genera or
species can have wide geographic distributions, as seen by Litoditis
marina (Bastian, 1865), and express little diversification even between
distant populations (Derycke et al., 2013). However, is the “meiofauna
paradox” also prevalent in nematodes from the extreme and bathymet-
rically isolated environments of the hadal realm?

To unveil the potential of nematode dispersal in the deepest part of
the global ocean, we compared nematode assemblages in two distant
trenches separated by 17 000 km: the Aleutian Trench (AT) in the North
Pacific Ocean, and the South Sandwich Trench (SST) in the South
Atlantic Ocean. Intra-and-inter habitat comparisons in the two trench
areas were conducted according to trench related habitats based on
location, water depth, total organic carbon content and microbial
abundance. The investigations were based on environmental DNA
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(eDNA) extracted from recovered sediments and the Amplicon Sequence
Variants (ASVs) of metazoans/nematodes as expressed by the ribosomal
18S region exposed to a metaphylogeography bioinformatic pipeline
(Turon et al., 2020).

The main goal of our study was to utilise genetic data of nematode
assemblages to investigate the meiofauna-paradox in deep-sea settings: Is
everywhere different, but something is everywhere? The specific objectives
were to 1) compare the intra-and-inter trench nematode communities
and the respective diversity of the two targeted trenches, 2) explore
potential endemism of nematode communities in each of the two
trenches and, 3) examine the genetic differentiation within widespread
and abundant nematode genera within and across the trench systems.
The insight gained is used to assess and discuss genetic diversity and
whether geographical isolation of trenches affect nematode population
structure and connectivity.

2. Materials and methods
2.1. Sediment collection

Sediment cores from the Aleutian and the South Sandwich Trenches
were collected by multiple corers (MUC) during two separate seagoing
expeditions with RV Sonne, (Cruise No. SO293, 2022) (Brandt, 2023;
Brandt et al., 2025) and RV Polarstern, (Cruise No. PS133/1, 2022)
(Klaas et al., 2023), respectively. Upon recovery, sediment cores
(diameter: 95 mm) were brought to a thermoregulated laboratory kept
at 4 °C, and surface sediment slices (0-1 cm) were stored in plastic bags
at —80 °C until analysis.

In total 14 stations were visited in the Aleutian Trench area (Fig. 1b).
The three stations at the Northern slope (NS) ranged from 4.3 to 4.6 km
of depth, had relatively high Total Organic Carbon (TOC) content and
relatively high microbial abundance (Sindlev et al., 2025). The three
stations at the Southern slope (SS) ranged from 4.8 to 5.3 km of depth,
were deprived in TOC and had very low microbial abundance (Sindlev
et al., 2025). The seven stations inside the trench ranged from 6.3 to 7.2
km of depth and most sites were covered by a 2 to 25 cm layer of fine-
grained glacial erosion material — that appeared like a “fluid mud
layer” (FML) (Sindlev et al., 2025) (Table 1). One reference station at 3.6
km of depth was located in the Bering Seas (BS), separated from the
trench system by the Aleutian archipelago and a distance of 500 km. In
total four stations were visited in the South Sandwich Trench area
(Fig. 1c). These included i) one 5 km deep station at the trench slope,
that had moderate TOC content and high microbial abundances, ii) one
station within the actual trench, at 8 km water depth, that had relatively
high TOC content but relatively low microbial abundances, iii) finally,
two distinct reference stations located at 3.5 km and 3.8 km of depth,
1500 km to the northeast and northwest of the trench system, respec-
tively (Klaas et al., 2023). The northeast reference station was charac-
terised by low TOC content and relatively low microbial abundances,
while the northwest reference station had high TOC content and rela-
tively higher microbial abundances (Table 1). The 18 stations were
grouped into nine sampling habitats depending on their location,
depths, TOC content and microbial abundances for further biogeo-
graphic investigations: Aleutian Trench reference (AT-Ref), Aleutian
Trench northern slope (AT-NS), Aleutian Trench southern slope (AT-SS),
Aleutian Trench axis with and without FLM respectively (AT+FML,
—FML), South Sandwich Trench northeast reference (SST-Refl), South
Sandwich Trench northwest reference (SST-Ref2), South Sandwich
Trench eastern slope (SST-S) and South Sandwich Trench axis (SST-A)
(Table 1). Bathymetry data were extracted from the GEBCO online
database and maps were constructed using the software packages ggmap
and QGIS v3.42.3. The trench locations and, details for each sampling
stations are shown in Fig. 1 and Table 1.
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Fig. 1. Map of the two-sampling trench, and the respective sampling station. 1a. Location of the trench systems on world map. Yellow grid indicates the Aleutian
Trench sampling area and purple grid indicates the South Sandwich Trench sampling area. 1b. The 14 stations in the Aleutian Trench area. 1c. The four stations in

the South Sandwich Trench area.

Table 1

Details of 18 sampling stations, the trench system and corresponding sampling habitats in this study.
Stations Water Depth (m) Latitude Longitude TOC (wt %)* Cell Counts (1 x 10)* Remarks
Aleutian Trench (AT) - habitats
Aleutian Trench reference (AT-Ref)
S0293_2-8 3652 54.53 —174.62 0.80 3.41 Bering Seas (BS)
Aleutian Trench northern slope (AT-NS)
S0293_4-7 4642 51.67 —170.48 0.69 10.80 Northern Slope (NS)
S0293_8-6 4610 52.37 —167.08 0.64 1.73 Northern Slope
S0293_12-8 4304 51.67 —170.47 1.08 19.80 Northern Slope
Aleutian Trench southern slope (AT-SS)
S0293_6-6 5316 50.63 —169.80 0.44 14.00 Southern Slope (SS)
S0293_10-7 5098 51.68 —166.54 0.26 6.39 Southern Slope
S0293_14-7 4871 52.71 —161.84 0.42 13.00 Southern Slope
Aleutian Trench axis with fluid mud layer (AT+FML)
S0293_5-6 7237 51.22 —170.16 1.04 4.21 + FML
S0293_9-5 7137 52.07 —166.80 0.90 3.46 + FML
S0293_9-9 6475 52.15 —166.95 0.74 2.76 + FML
S0293_13-6 6342 53.09 —162.05 0.78 1.72 + FML
S0293_15-4 6265 53.54 —161.21 1.02 15.40 + FML
Aleutian Trench axis without fluid mud layer (AT-FML)
S0293_7-6 7212 51.37 —168.94 0.78 16.10 — FML
S0293.9-14 6500 51.91 —166.86 0.51 14.60 — FML
South Sandwich Trench (SST) - habitats
South Sandwich Trench northeast reference (SST-Refl)
PS133/1.3-21 3421 —49.07 -9.99 0.24 16.50 Northeast reference
South Sandwich Trench northwest reference (SST-Ref2)
PS133/1.9-22 3795 —51.30 —39.93 0.69 202.00 Northwest reference
South Sandwich Trench eastern slope (SST-S)
PS133/1_16-1 5002 —55.23 —26.19 0.40 257.00 Eastern slope
South Sandwich Trench axis (SST-A)
PS133/1.15-5 8066 —55.80 —24.84 0.23 65.80 Trench axis

#Measurement data for 0-1 cm layer.

2.2. Environmental parameters collection

During both expeditions, numerous chemical, physical and biolog-
ical benthic parameters were analysed according to Sindlev et al. (2025)
and Schauberger et al. (2021). For the current study we selected

parameters that we considered of relevance for the assembly of meio-
fauna and nematode communities. These included: Mean grain size,
sand content, silt content, clay content, total organic carbon (TOC)
content, total nitrogen (TN) content, and cell counts (Table S1). Pearson
correlation was used to statistically test the significance of linear-
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relationships among environmental factors, using the R packages Fac-
toMineR and corrplot (Le et al., 2008; Wei et al., 2017). Highly inter-
correlated environmental factors were excluded during subsequent
analysis as described in Trouche et al. (2021).

2.3. DNA extraction, PCR amplification and sequencing

In the laboratory, 10 g of sediments from each of the surface slices
were processed for extraction of meiofaunal DNA (Gielings et al., 2021).
Two parallel sediment cores from the same MUC-cast, were used as
biological duplicates (total sediment samples, n = 38). We applied the
DNAeasy PowerMax Soil Kit (QIAGEN, USA) for extraction according to
the manufacturer protocol and the final elution volume was adjusted to
1 mL to ensure a concentrated DNA extracts for PCR. Negative extraction
controls were performed with 10 mL sterile Mili-Q water instead of
sediment samples. The DNA concentration of the extracts was measured
with the ds-DNA Quantitation, HS kit (ThermoFisher, USA) on a Qubit 4
Fluorometer (ThermoFisher, USA) according to the manufactory pro-
tocol. The DNA extracts were then kept at —20 °C prior to PCR ampli-
fications (n = 39, including extraction negative).

The metabarcoding library preparation was done using primer pair
SSU_04F and SSU_22R which amplifies a 360 bp DNA target region of the
ribosomal 18S V1-V2 (Ahmed et al., 2019; Blaxter et al., 1998; Schenk
et al., 2020). PCR reactions of each duplicate sediment sample were run
as technical triplicates. We used 12.5 uL. KAPA Taq HotStart polymerase
ReadyMix (Kapa Biosystems, USA) with nuclease proofreading, 0.5 pL
(concentration: 10 pmol/uL) of the forward and reverse primer, 0.5 pL
BSA (ThermoFisher, USA), 9 uL of PCR Water (ThermoFisher, USA) and
2 uL of template for the 25 uL PCR reaction mix. Negative control for
PCR was performed by replacing the template with PCR Water. The
initial PCR amplifications were performed at the following condition: 2
mins at 95 °C, 30 cycles: 30 s at 95 °C, 60 s at 68 °C and 30 s at 72 °C,
then 3 mins at 72 °C for final extension. The purified PCR products were
then used for a second-step PCR with MiSeq adapter together with the
primer’s sequences for 12 cycles. The PCR products were purified as
described above. A 3rd PCR for Illumina indexing was performed ac-
cording to the manufactory protocol. Same index was used for the PCR
products originated from the same sediment eDNA. In all three runs the
PCR products were purified by 0.8x AMPure XP beads (Beckman
Coulter, USA) and the DNA concentration of the final product was
measured and normalized to same concentration and sequenced on a
desktop Illumina MiSeq sequencer (Illumina, USA), with the MiSeq re-
agent kit v3 (Illumina, USA) for the 2x300 bp paired-end run with a
target to generate 50,000 reads per sample (n = 40, including PCR
negative control).

2.4. Sequence data analysis

The successfully base-called and demultiplexed raw sequenced data
(n = 29) were first processed with Cutadapt v1.12 (Martin, 2011) for
adapter and primer sequence removal. The following bioinformatic
analysis was performed in R studio with various R packages in default
settings and visualised with the R package ggplot (Villanueva and Chen,
2019) unless settings were specified individually. The truncated se-
quences were then used for ASVs generation following the DADA2
pipeline (Callahan et al., 2016) including the pipeline for the denoising,
quality filtering, paired-end reads merging and chimera removal. The
number of reads and ASVs per samples for each step were recorded
(Supplementary Table II). Taxonomical assignment for these ASVs was
done using the 18S_Silva_Nematoda_marine_18991 reference database
containing manually validated free-living marine nematode taxa (no. of
reference sequences = 18991, no. of nematodes reference sequences =
971; database retrieved from: Macheriotou et al. (2019); Macheriotou
et al. (2020). The taxonomic information and the environmental pa-
rameters were then stored in phyloseq (McMurdie and Holmes, 2013) or
ampvis2 (Andersen et al., 2018) format unless the analysis required a
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specific alternative data input. All the ASVs detected in the extraction
negative and PCR negative controls were removed. The ASV table was
then rarefied to the lowest sequencing counts and singletons were
removed. The rarefaction curves were plotted to ensure that all samples
reached a diversity plateau. All ASVs that did not receive a taxonomical
assignment at Kingdom level were removed from the dataset.

2.5. Community composition and diversity analyses

The community compositions of all metazoans were plotted by
transforming the corresponding ASVs read counts into relative abun-
dance. For the Nematoda relative abundance, we only used the reads
from the ASVs assigned to Nematoda (rarefied total reads = 630 000,
nematode filtered reads = 63 809). The alpha-diversity indices
(observed richness for genus and ASVs level) were computed using the R
package phyloseq, according to the nine sampling habitats. Pairwise
permutation test (n = 1000) and Bonferroni correction were used to
indicate significant differentiation among sampling locations. The
NMDS plots of the nematode communities were computed using the R
package ampvis2, using Bray-Curtis dissimilarity distance of the nema-
tode communities in each sequencing replicates (Somerfield, 2008). To
validate the grouping rationale of the nematode communities in AT, the
Bray-Curtis distance for northern slope and southern slope against sta-
tions at the trench axis were compared. T-test was used for statistically
significant differentiation.

2.6. Environmental factors correlation and co-occurrence modules
analyses

PCA was used to investigate sampling regions structuring according
to environmental conditions by Euclidean distance matrix. R package
Envfit was used to estimate the linear explanatory relation of selected
environmental factors on the PCA. The same R package was also used for
the linear explanatory relation of the filtered environmental factors with
nematodes communities using RDA. Pseudo-F and significance level of
the RDA was computed with permutation test (n = 1000). A co-
occurrence network was computed to inspect the significance between
co-occurring nematode ASVs using the R package SpiecEasi (settings:
method = glasso, lambda.min.ration = le-1, nlambda = 100, rep.num
= 20 and thresh = 0.2) (Kurtz et al., 2015), and only the positively co-
occurring edges from the network were selected. R package igraph was
used in module detection and clustering with Louvain algorithm (Csardi
and Nepusz, 2006). Each module’s relative abundance in the sampling
locations, and their correlation with the filtered environmental factor
were statistically examine using the R package WGCNA (Langfelder and
Horvath, 2008).

2.7. Metaphylogeography analyses

Shared nematode genera and ASVs across sampling locations were
examined using the R package ComplexUpset (Krassowski, 2020). The
ASVs sequences and respective counts of the nematode genera Halalai-
mus de Man, 1888 (Hal), Chromadorita Filpjev, 1992 (Chr), Desmoscolex
Claparede, 1863 (Des), Acantholaimus Allgen, 1933 (Aca), Molgolaimus
Ditlevsen, 1921 (Mol), and Oxystomina Filipjev, 1918 (Oxy) were
extracted from the phyloseq object. To minimise potential artifacts from
read counts variation in our samples, only sampling habitats with more
than 50 reads in all ASVs belonging to these genera were kept. The
filtered reads counts were transformed into five semiquantitative index
ranks as described in Turon et al. (2020) and then used for population-
structure analysis. Haplotype-based pairwise Fst calculations were
computed using the R packages hierfstat, with permutation test (n =
1000) performed and Bonferroni correction applied for p-value correc-
tion to distinguish significant genetic differentiation among populations
(Goudet, 2005; Mehta et al., 2019). For haplotype network, the ASVs
sequences belonging to the same genus were aligned using Clustal-W
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v.2.0 (Larkin et al., 2007) under default settings. The reads counts in-
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3. Results

formation were visualised in POPART v1.7 (Leigh et al., 2015) with a

median-joining network algorithm. Lastly, the percentages of haplo-

3.1. Overall sequencing results

types found across the two trench systems, within one trench, and

unique haplotypes, together with the corresponding read counts were

also summarised.

The bioinformatic scripts for data handling and processing for this
study are available on the GitLab Page (https://hadal.pages.sdu.
dk/nematodes_edna). This includes all self-written computational
scripts and R scripts for the analysis and will be publicly available upon

publication for the reader’s information.

Q

All nine sampling habitats had at least one successful sequencing
replicate, totalling 28 amplicon sequencing data from 15 stations. The
28 rarefied samples generated a total of 5991 ASVs, and the rarefaction
curve from each sample documented that successfully sequenced sam-

ples reached diversity plateau (Supplementary Fig. 1). When excluding
all of the Kingdom-level unclassified ASVs, 4240 (70.8 %) could be
classified with an eukaryotic origin, of which 1356 (22.6 %) ASVs could
be taxonomically assigned to Metazoan (40.0 % of all sequencing reads).
Phylum Nematoda was the majority of these phylum-assigned ASVs
(16.1 % of all sequencing reads) across the samples, where relative
abundance varied from 88.9 % to 6.7 % in different replicates. The
highest relative abundance of Nematode ASVs was detected in PS133/
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1.16-1-1 (SST-S) and lowest was detected in SO293_13-6-1 (AT+FML)
(Fig. 2a).

For nematodes, a total of 979 ASVs were obtained (72.2 % of all
metazoans; 16.3 % of all identified ASVs) and were used in all down-
stream bioinformatic analysis. Within the nematode ASVs, 297 ASVs
(30.3 %) were not able to be resolved at species level with the current
taxonomical database, resulting in 682 ASVs that were assigned to
species level as highest taxonomical rank. These ASVs belonged to 58
genera, and only 4 genera were detected across all stations
(Supplementary Fig. 3). Halalaimus was the most abundant genus and
was detected in all sequencing replicates, consisting of an average
relative abundance of 33.7 %, where the highest occurrence 68.7 %
appears in SO293_15-4-1 (AT+FML) and lowest occurrence of 0.3 % in
S$0293_5-6-2 (AT+FML). Aside from this exception, the relative abun-
dance of Halalaimus did not show great differences among stations in the
AT sampling habitats and was two times higher in the overall AT sam-
pling habitats (average of 28.6 %) than the overall SST sampling habi-
tats (average of 14.3 %). The variation of Halalaimus relative abundance
was more apparent in the SST sampling habitats with highest relative
abundance of PS133/1-21-1 at SST-Refl, while a minimum relative
abundance of Halalaimus was encountered at both replicates in PS133/
1.9-22 at SST-Ref 2. Relative abundance of Desmoscolex was two times
higher in AT sampling habitats than in SST sampling habitats (an
average of 18.2 % in AT compare to 9.3 % in SST, respectively). In both
trenches, the occurrence of Desmoscolex increased with water depth with
average relative abundances of: 6.1 % at reference sampling habitats;
11.0 % at slope sampling habitats; and 25.1 % in trench axis sampling
habitats. The third most abundant genus, Chromadorita had highest
relative abundance in S0293_5-6-2 (AT+FML). It was found most
abundant in AT+FML in AT and in SST-Refl in SST, but with lower
relative abundance in SST in general. The average relative abundance of
Chromadorita did not differ much between the two trenches (15.9 % and
19.5 %, in AT and SST regions, respectively) (Fig. 2b).

When comparing the relative abundance of nematodes within AT
slopes sampling habitats, the nematode composition in the AT-NS sta-
tions was associated with higher relative abundance of Halalaimus,
while in AT-SS the relative abundance of Halalaimus and Desmoscolex
were similar to each other. Syringolaimus de Man, 1888 was also only
found in the AT-SS but not in AT-NS. When comparing between
AT+FML and AT-FML, the composition in the stations of AT-FML were
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more homogenised, both stations and replicates suggesting a similar
relative abundance of nematode genera in general. While in AT+FML,
each replicate and station had a different dominating genera according
to the highest relative abundance, suggesting the heterogeneity of
nematodes composition in this sampling habitat. In SST, the variation
between the replicates of stations was less. Yet, the dominating genus in
each sampling habitats in SST was distinct. Overall, although the nem-
atode composition occasionally varied among replicates within each
station and between stations within the same habitat, the relative
abundance and composition of nematodes were generally distinct across
the different sampling habitats (Fig. 2b).

3.2. Nematodes communities structure and correlation with
environmental data

The NMDS analysis of nematode communities showed a distinct
clustering of most sampling habitats, based on Bray-Curtis dissimilarity
(Fig. 3). The only exception was the overlapping of AT-NS and AT-SS.
This implies that the sampling habitats among the two trenches host
distinct nematode communities. Furthermore, the inter comparison of
Bray-Curtis dissimilarity for AT-SS and AT-NS indicated the slope sam-
pling habitats in AT were not significantly differentiated in terms of
nematode communities (Supplementary Fig. 2). The overall alpha di-
versity for observed ASVs richness and observed genera richness
expressed no significant difference between the nine sampling habitats
(Supplementary Fig. 4). The PCA that was constructed only using the
benthic environmental conditions in the sampling habitats, indicated a
clear separation between AT and SST, differences that apparently were
statistically related to microbial abundances, TN and TOC content
(Fig. 4a). In AT, TOC and TN content further separated the groupings
into stations with and without FML. At the SST, the four habitats were
mainly separated by the sand and silt content.

According to correlation between environmental parameters, sand
and clay were excluded for the RDA analysis since they were highly
correlated with other variables. (Supplementary Fig. 5). The RDA plot
provided an overall significant correlation (Pseudo-F: 1.73, p-value
0.001), and microbial abundances were the major factor for an overall
separation across the nine sampling habitats at AT and SST (Fig. 4b).
However, SST-Refl and AT+FML were clustered closer with both AT-NS
and AT-SS on the RDA, suggesting the variance between the nematode
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Fig. 3. NMDS and sampling-location clustering. The NMDS plots clustered by the Bray-Curtis dissimilarity of the nematode communities (NDMS stress-level =
0.21; n = 28). Solid-lined ovals indicate the confidence eclipsing (n > 2), dash-lined ovals indicate no confidence eclipsing due to small sample size (n = 2).
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communities in these sampling habitats were influenced by similar
environmental factors. For AT-FML, water depth became the primary
environmental parameter that separate these stations from all other
sampling habitats.

3.3. Shared nematodes genera and co-occurring nematodes correlations
with environmental factors

A large number unique nematodes ASVs (n = 812) were found across
all sampling habitats (Supplementary Fig. 6). There were also no shared
ASVs across all sampling habitats. When considering shared nematodes
genera, four genera were found to be shared across all sampling habitats
(Supplementary Fig. 7). No unique genera were found in AT+FML and
SST-A, while the other sampling habitats had a total of nine genera that
were unique to a single sampling habitat. Overall, a high proportion of
nematodes genera (n = 50) were found shared across at least two
sampling habitats.

Co-occurrence network and module analyses were conducted to
investigate the correlations between potential environmental drivers
and co-occurring nematode species (Fig. 5). Overall, the co-occurring
nematode ASVs were classified into 15 different modules. These 15
modules were distributed across all sampling habitats, and none of them
were unique to any single habitat. Moreover, there were also no module
found dominating in more than one habitat (relative abundance > 50
%). However, module 3, 13 and 15 were restricted to AT, while no
exclusive modules existed in SST. AT-Ref, AT-FML, SST-Refl, SST-Ref2,
SST-S and SST-A were composed by more than 50 % of module 4, 7, 8, 9,
1 and 2 respectively. SST-A was also found to have the least module
composition with only 5 modules. For AT-NS and AT-SS, they almost
shared the same module composition, except module 9 which was only
found in AT-NS. For the taxonomical composition of modules, Desmo-
scolex was the most common genera present in every module, which was
distinctly clear in module 9 with more than 50 % of relative abundance.
Halalaimus and Chromadorita were the second and third most common
genera, with the highest relative abundance in module 8 and module 2,
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respectively. Module 4 was composed of most unique taxa, Dip-
lolaimelloides Meyl, 1954, Praeacanthonchus Micoletzky, 1924 and Anti-
coma Bastian, 1865 were only found here (Supplementary Fig. 8). When
examining the correlation of environmental factors with modules,
modules 3, 5, 6, 8, 13 and 14 had no significant correlation with any of
the environmental factors. Only module 2 was found to correlate with
two environmental factors, positively with water depth, and negatively
with porosity. Although TOC content had no significant correlation with
any of the modules, other factors may mediate its influence on nema-
todes. Microbial abundance (indicated as cell counts in Fig. 5) were
positively correlated with modules 1, 9 and 12, while TN content was
positively correlated with modules 10, 11 and 15. These correlations
with multiple modules possibly indicated food availability and food
quality were critical in assembling the nematode community.

3.4. Metaphylogeography analysis for dominating genera

The population structure and potential connectivity of the six
dominating genera in the nine sampling habitats were examined with
haplotype network (Fig. 6a—6c), haplotype-based pairwise Fst with
corrected p-values (Supplementary Table 3-8) and the percentage of
shared and unique haplotypes with percentage of assigned reads
(Table 2).

For Halalaimus and Desmoscolex, the genetic diversity was the highest
among the six genera of interest, with 134 and 163 haplotypes found,
respectively. There were 8.2 % and 4.3 % of shared haplotypes found
across and within trenches. The pair-wise Fst values for both genera
were low in general (<0.1) and mostly not significantly different.
However, significant differentiation between some populations were
found, both within habitats in the trench and across the two trenches.
We observed that shared haplotypes were found within and between
trenches. The unique haplotypes found in one habitat did not cluster
together in their respective networks, but instead originated from hap-
lotypes that were undetected in the same habitat. Additionally, the
comparatively low number of mutational differences between
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Fig. 5. Co-occurrence network modules analysis. Upper panel. The module clustering of the co-occurring ASVs across all sampling habitats. Relative abundance of
each module represented by the size of the circle. Mid panel. Heat map of taxonomical composition of each clustering module. Each column represents a module and
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Table 2

Progress in Oceanography 239 (2025) 103594

The percentage and total number of shared and unique haplotypes, between and within trench(es) respectively, and the associated read counts of the six nematode

genera of interest after minimal reads filtering.

Genus Shared haplotypes between trenches Shared haplotypes within trench Unique haplotypes Total

% of haplotype % of reads % of haplotype % of reads % of haplotype % of reads Haplotype Reads
Hal 8.2 20.9 11.2 17.8 80.6 61.3 134 14,210
Des 4.3 24.4 5.5 22.3 90.2 53.3 163 7835
Chr 13.8 44.6 20.7 16.4 65.5 40.0 29 10,891
Aca 14.3 55.4 9.5 19.9 76.2 24.7 21 858
Mol 0 0 25.0 72.3 75.0 22.7 16 1612
Oxy 0 0 9.1 3.0 90.9 97.0 11 3195

haplotypes indicated that their evolutionary history has not created
large genetic divergence between haplotypes. These observations indi-
cated an intermediate degree of connectivity between the populations
within and across trenches.

The connectivity of Chromadorita was potentially stronger compared
to Halalaimus or Desmoscolex. The Fst values of Chromadorita between
populations were not significantly differentiated, except between SST-A
and other habitats (pairwise Fst value for SST-A to others: >0.1). The
overall genetic diversity was also lower, only 29 haplotypes were found.
Together, these results suggested the population connectivity within and
across trenches for this genus was more substantial, except for the
populations in SST-A. Acatholaimus’s connectivity dynamics might be
similar but potentially weaker to the Chromadorita since 14 % of shared
haplotypes were found, low Fst values (<0.1) and significant differences
were only found between AT-SS and AT-FML.

For Molgolaimus, the connectivity of this genus may be limited within
trenches and with no connectivity across trenches, resulting in localized
connectivity within a trench system only. Since only four haplotypes
were shared, Fst values were high (>0.1) and the pairwise comparison
indicated significant differences between all population. In Oxystomina,
connectivity was very low between populations across the sampling
habitats. None of the haplotypes were found shared between trenches
and 90 % of them were found to be uniquely in one habitat. The SST-A
population was significantly different from the AT populations, and the
genetic diversity in SST was extremely low since only two haplotypes
were found. Within AT, Fst comparison revealed no significant differ-
ences but in fact only one haplotype was shared, which may have been
an artifact from the low statistical power for this genus. Overall, the
metaphylogeography analysis reflected the genetic diversity and sug-
gested different connectivity dynamics of hadal nematode populations
within and across trenches.

4. Discussion

It is challenging to recover full benthic metazoans biodiversity in
sediments using eDNA metabarcoding approaches (Dell’Anno et al.,
2015). Yet, the amplicon sequencing results obtained from this study
reveal the nematode-diversity patterns in AT for the first time. In gen-
eral, results can be compared with other previous diversity analyses
based on classic taxonomical investigations both in the abyssal deep sea
and in hadal trenches (Cordier et al., 2022; Lejzerowicz et al., 2021). In
most samples, Nematoda is the most dominating eukaryotic phylum.
The relative abundances were, however, lower than previously reported
values of hadal studies that were based on morphological traits. Here the
relative abundance of nematodes accounted for >90 % of the benthic
community (Leduc et al., 2016). A possible explanation is the fact that
deep-sea sediment itself represents an ideal environment for preserving
eDNA which might originate from segment or body parts of deposited
organism from the surface water (Lejzerowicz et al., 2013; Rivera Rosas
et al., 2024). Microbial DNA in the sediment would also be amplified
alongside with the nematodes DNA, thereby reducing the relative
nematodes ASVs being detected (Hugerth et al., 2014). Such eDNA
fragments also contribute to the large proportion of ASVs that could not
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be taxonomically assigned at phylum level. We do not expect that
unassigned ASVs represent new phyla, but rather attributable to
incomplete genetic and morphological baseline data of the deep-sea
benthos (Cordier et al., 2022). Yet, the benthic communities at great
water depths are dominated by meiofauna, and especially dominated by
the phylum Nematoda (Zeppilli et al., 2018).

The dominating nematode genera detected in our data were also
reported as common genera in other trench systems and their adjacent
deep-sea habitats, such as in Tonga Trench, Atacama Trench and Ker-
madec Trench (Gambi et al., 2003; Horacek III et al., 2022; Leduc and
Rowden, 2018; Leduc et al., 2016). However, most of the available
studies were based on morphological approach and hence lack the ge-
netic information to directly compare with our metabarcoding results.
Thus, our discussion focuses on metabarcoding data for characterizing
and investigating nematode communities in the two hadal trench sys-
tems under the framework of the meiofauna paradox. As inspired by Giere
(2009), the following sections split the paradox into two questions: 1) Is
every habitat in the trenches different? and 2) could some haplotypes be
everywhere in the trench?

4.1. Every habitat in the trenches is different

The Aleutian Trench and South Sandwich Trench harbour distinct
hadal habitats with different environmental conditions. The two trench
systems are located in different hemispheres and in two different oceans,
the North Pacific Ocean and the South Atlantic Ocean. The contrasting
environmental conditions are shaped by differences in surface-ocean
productivity, seafloor bathymetry and depositional dynamics all
resulting in different benthic biogeochemical environments. As
expressed by the NMDS clustering, the nematode-community composi-
tion is also very different when comparing sampling habitats. However,
one exception is that the communities are similar in AT-NS and AT-SS
despite these two habitats exhibiting differences in environmental
conditions. Given the lack of mobility of nematodes, we expected that
the FML at the AT trench axis, which is anticipated to be a hostile
environment for metazoans (Sindlev et al., 2025), would present a
spreading barrier for nematodes. Remarkably, the nematodes appear to
be capable of colonising both slopes of AT, despite the FML barrier along
the trench axis. These observations could be due to selective pressure or
the presence of nematodes that have adapted to similar environments
despite being separated, or, to a lesser extent, the lack of taxonomic
species level resolution.

Similar environmental factors contributing to the close clustering of
AT+FML, SST-Refl and AT slopes habitats in the RDA analysis was
unexpected. The clustering could imply that microbial abundances,
which indicate nematode food availability and quality, could be a key
driver in shaping nematode diversity in the deep sea (Shimabukuro
etal., 2022) and overrule the importance of other environmental factors
such as water depth or sediment texture. When food supply is limited,
population size, genetic exchange, and ecological interactions become
restricted due to the insufficient nutritious-energy supply (Herman and
Vranken, 1988; Moens and Vincx, 2000; Sibly and Calow, 1983). A
similar observation is evident in our AT-Ref sampling habitats, where
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microbial abundances are relatively low. When food availability or food
quality is elevated, as reflected by the increased microbial abundances in
our dataset, environmental factors seems to affect distinct habitats more
similarly (e.g., AT slopes and SST-Refl). With more food available
supporting larger population sizes, greater reproductive activity is
feasible, possibly accompanied by a higher frequency of genetic ex-
change or mutation events (Dos Santos et al., 2008; Jiang et al., 2010;
Moore, 1979). This can enhance genetic diversity, which, over time,
promotes higher species diversity within the ecosystem. The nematode
communities in the hadal trench habitats presumably originate from the
seafloor plains and are transported by passive dispersal into these hab-
itats, as described by Ptatscheck and Traunspurger (2020). However,
when food becomes abundant and the quality is elevated at the trench
axes, habitat-specific communities may emerge. As discussed in McPeek
(1996), speciation, promoted by niche partitioning, could also shape
distinct communities that are specific to each habitat. This is reflected in
the communities of SST-Ref2, SST-S, and SST-A, which were charac-
terised by high food availability. However, the effect of environmental
filtering might be critical, as seen in AT-FML, where microbial abun-
dances were similar to AT slopes habitats but not at hadal water depth.
The nematode communities here remained distinct from communities at
other habitats. Furthermore, the clustering of AT+FML could suggest
that when food availability and quality decline, community composition
may also be reverted back to a nutritious-limited community structure.
Our results would suggest that each trench harbours their own habitat
specific nematode community primarily driven by availability and
quality of food and subsequent environmental filtering.

To further investigate the specific environmental drivers that may
explain the dissimilarity of community composition in these nine habi-
tats, we explored the correlation of the environmental factors with co-
occurring nematode modules. The absence of any single module domi-
nating in more than two habitats implied that the nematode community
are specific to given habitats. A ubiquitous nematode community for
trenches (or related habitats) does not exist. Our genetic data confirm
that the habitats in each trench system host unique nematode assem-
blages, supporting the observation that nematode community compo-
sition can differ markedly even between adjacent trench systems as
shown with morphology by Leduc and Rowden (2018). The TOC content
has no correlation with any of the clustered modules. It has previously
been argued that rather than TOC content, the TOC-quality, as expressed
by activity and biomass of microbes, better defines favourable habitats
for deep-sea nematodes (Shimabukuro et al., 2022). Although we did not
directly measure microbial activity in the sediment, microbial abun-
dance and TN content each displayed a strong positive correlation with
three distinct modules. There appears to be only a minor correlation
between water depth and community structure, suggesting that hydro-
static pressure plays a relatively limited role in shaping hadal nematode
communities directly. A substantial proportion of modules showed no
correlation with any of the measured environmental parameters, sug-
gesting that other, as yet unexplored, ecological drivers may be influ-
ential. Potential factors could include seafloor topography, bottom
currents, episodic or mass wasting deposition events that passively
transport nematodes into the trench, or trophic interactions such as
consumer-mediated processes (Duffy, 2002; Zajac, 2008; Zeppilli et al.,
2016). While the overall taxonomic composition at the genus level
appeared relatively consistent across habitats, the lack of clear associ-
ations with individual environmental factors suggests that stronger
environmental filtering likely occurs at the species level. The hetero-
geneity of deep-sea environments may favour endemic speciation,
indicating that each habitat supports a distinct community composition.

4.2. Some haplotypes could be everywhere in the trench
Some nematode genera, including Halalaimus, Desmoscolex and

Chromadorita are widespread and dominant across the two trenches.
These three genera are found in every module with high relative

11

Progress in Oceanography 239 (2025) 103594

abundances (in top 10 of all genera), albeit they cannot be classified into
an individual module. In systematic investigations these deep-sea genera
are often considered as widespread (and cosmopolitan) (Leduc and
Rowden, 2018; Leduc et al., 2016; Vanhove et al., 2004; Vanreusel et al.,
2010), and our findings suggest that these genera may exhibit an
enhanced ability to tolerate diverse deep-sea environments. For
instance, Halalaimus appears to have undergone multiple invasion
events between shallow and deep-sea habitats over the course of its
evolutionary history (Bik et al., 2010). These findings also indicate that
each nematode species may exhibit different levels of resilience towards
different environmental selection pressures. In addition to the shared
haplotypes found across all sampling habitats, a substantial proportion
of unique haplotypes was identified. This aligns with the observation of
many habitat-specific ASVs, suggesting that the genetic diversity within
the source populations from the seafloor plains—or the broader meta-
community—is already considerable (Leibold et al., 2004). When pas-
sive dispersal occurs, the population are transported into new habitats,
for example from the seafloor plains to the slope or even into the trench
axis. The population is likely to experience new environmental filtering
and selective pressures due to shifts in environmental conditions
(Macheriotou et al., 2023). For species with limited resilience capacity
to new selective forces, less resilient individuals (or haplotypes) will
presumably be eliminated, leaving only the resilient individuals (or
haplotypes) to survive in the colonized environment. Meanwhile, the
population in the new environment becomes isolated again. Over
evolutionary timescales, these resilient individuals are adapted to the
new conditions and reproduce, resulting in an apparent reduction in
connectivity with the original source population. Conversely, species
with higher resilience capability experience weaker selective pressure,
allowing them to survive, colonise and reproduce in new habitats. This
maintains genetic diversity within the population and reflects higher
connectivity with the source population. It is also important to consider
that nematodes are very small and lack long-distance mobility, making
active dispersal unlikely (Derycke et al., 2013; Ptatscheck and Traun-
spurger, 2020). Therefore, environmental filtering is likely the most
critical factor shaping their population structure in hadal trench
environments.

The observed variation in genus-connectivity presumably reflect
variations in adaptability among the genera or even on species level. The
connectivity on another meiobenthic taxon, single-celled foraminiferan
species has also demonstrated gene flow between distant populations in
the Antarctic and the Arctic (Darling et al., 2000). A more mobile hadal
macrofaunal amphipod species, Alicella gigantea Chevreux, 1899, has
been suggested to exhibit gene flow between distant trenches spanning
half of the global ocean (Maroni et al., 2025). In contrast, other
amphipod species, such as Paralicella Chevreux, 1908 (RFLP species 2),
display a more restricted distribution with only marginal gene flow
between trench systems (Ritchie et al., 2017). Similar species-level
variation could be evident in our study. For example, genera like
Halalaimus, Desmoscolex, Chromadorita and Acantholaimus have greater
adaptability to diverse deep-sea environments, as indicated by the
observed connectivity patterns. Conversely, Molgolaimus, and Oxy-
stomina appear to exhibit lower environmental adaptability, reflected in
large proportions of localized haplotypes. Since most nematode
dispersal is passive, some nematode population may successfully endure
environmental stresses during sequential long-distance transport and
colonize different habitats. Therefore, hadal trenches should be viewed
as dynamic regions connecting adjacent habitats by dispersal of nema-
tode populations. It is essential to examine nematode population
structures and connectivity on a species-by-species basis. Our results
provide evidence that some nematode haplotypes are present across
multiple habitats due to their high resilience capacity to varying envi-
ronments, even in extreme settings such as hadal trenches.

The population structure of hadal nematodes examined in this study
may be either overestimated or underestimated due to the gene copy
number variations, intragenomic polymorphisms, PCR bias and the



Y.H. Kwan et al.

relatively short and conserved 18S ribosomal DNA gene fragment used
(Ahmed et al., 2019; Liu et al., 2022; Pereira et al., 2020; Tang et al.,
2012). Combining multiple gene markers (e.g. COI, 28S or ITS) for
metabarcoding could enhance our understanding of nematode-diversity
patterns and distribution, provided the existence of comprehensive
reference databases (Gielings et al., 2021). However, establishment of
such databases for meiofauna is still limited and requires additional
sampling and sequencing effort. Given the lack of an adequate reference
database, inclusion of an additional gene marker would likely not
improve the resolution on genetic diversity in our study—as we
observed with a COI marker—and hence these data were not further
considered. Thus, the 18S marker remains a preferable choice due to its
wide taxonomic coverage and reliable reference database for deep-sea
nematodes (Charrier et al., 2024). Nonetheless, our results demon-
strate that community composition correlates with various environ-
mental drivers, supporting its use as a proxy for population structure in
investigating the meiofauna paradox through molecular insights. Most
importantly, there is a pressing need to develop and apply more
advanced molecular tools—such as mitochondrial or whole-genome
sequencing—on individual deep-sea nematode specimens, alongside
traditional morphological methods, to better understand how hadal
trenches are connected to the global ocean ecosystem.

5. Conclusion

Sequencing techniques are powerful tools for uncovering deep-sea
meiofaunal diversity. In this study, we employed a metabarcoding
approach to investigate the distribution and connectivity of nematode
genera across two distant trench systems. Our analyses reveal that
nematode communities in the Aleutian and South Sandwich trenches are
distinct and endemic, likely driven by differences in food availability,
food quality and other environmental factors. However, certain shared
nematode haplotypes were found in both trench systems, indicating
some degree of connectivity and no clear evidence of geographic isola-
tion. These findings provide the first molecular evidence supporting the
meiofaunal paradox in the hadal realm: while communities differ
everywhere, some taxa are indeed found everywhere.
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