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An understanding of the forces controlling community structure in the deep
sea is essential at a time when its pristineness is threatened by polymetallic
nodule mining. Because abiotically defined communities are more sensitive
to environmental change, we applied occurrence- and phylogeny-based
metrics to determine the importance of biotic versus abiotic structuring
processes in nematodes, the most abundant invertebrate taxon of the
Clarion—Clipperton Fracture Zone (CCFZ), an area targeted for mining.
We investigated the prevalence of rarity and the explanatory power of
environmental parameters with respect to phylogenetic diversity (PD). We
found evidence for aggregation and phylogenetic clustering in nematode
amplicon sequence variants (ASVs) and the dominant genus Acantholaimus,
indicating the influence of environmental filtering, sympatric speciation, affi-
nity for overlapping habitats and facilitation for community structure. PD
was associated with abiotic variables such as total organic carbon, chloro-
plastic pigments equivalents and/or mud content, explaining up to 57%
of the observed variability and providing further support of the prominence
of environmental structuring forces. Rarity was high throughout, ranging
from 64 to 75% unique ASVs. Communities defined by environmental
filtering with a prevalence of rarity in the CCFZ suggest taxa of these
nodule-bearing abyssal plains will be especially vulnerable to the risk of
extinction brought about by the efforts to extract them.

1. Introduction

The abyssal plains of the Clarion—Clipperton Fracture Zone (CCFZ) in the
northeastern Equatorial Pacific (figure 1) contain the densest known aggrega-
tion of polymetallic nodules; mineral concretions abundant in commercially
important metals (e.g. Ni, Cu, Co). Due to the increasing global demand for
these metals in high-tech industries (e.g. electric car batteries, smartphones
etc.), geopolitical matters potentially limiting their availability and the
depletion of large, high-grade ore deposits, deep-sea mining of polymetallic
nodules in the CCFZ is emerging as an alternative to land-based extraction
[1]. Spanning 4.5 million km? between Mexico and the Hawaiian islands, this
vast deep-sea ecosystem (approx. 4-5 km depth) is oligotrophic with an east-
ward increasing particulate organic carbon (POC) gradient [2] and remains
largely unexplored, with most biological studies limited to a single licence
area [3-6]. Concurrently, the mechanisms underlying community assembly in
the CCFZ are all the more elusive as investigations of phylogenetic structure
have rarely been applied to the deep sea [7-9]. The inclusion of phylogenetic
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Figure 1. Areas sampled in the Clarion—Clipperton Fracture Zone (BGR, Bun-
desanstalt fiir Geowissenschaften und Rohstoffe; RA/PA, Reference/Prospective
Area, respectively; IOM.C, InterOcean Metal-Control; GSR, Global Seabed
Resources, IFREMER; Institut Francais de Recherche pour I'Exploitation de la
Mer; APEI3, Area of Particular Environmental Interest 3). Circles indicate

sampling location within each area.

data enables the exploration of the nature of species inter-
actions, their causality, and how these affect the ecological
and evolutionary dynamics of taxa.

The establishment of species in a community is thought to be
mediated by (i) neutral forces in which taxa are ecologically
equivalent and thus persistence is governed by stochastic pro-
cesses (e.g. dispersal), (i) historical factors (e.g. starting
conditions) which predominate over local dynamics and (iii)
niche-related processes [10,11]. Species pairs exhibit positive
associations when they co-occur more often than expected by
chance, forming ‘aggregations’. Conversely, ‘segregations’
develop when species pairs are found to co-occur less than
expected by chance. These deviations from randomness are
thought to be the result of species interactions, habitat preferences
and/or speciation processes [12,13]. Moreover, competition is
expected to be strongest between closely related and thus ecologi-
cally similar taxa, limiting their co-occurrence, termed the
‘competition-relatedness hypothesis’ [14,15]. From a phyloge-
netic perspective, co-occurring species being more closely
related than would be expected by chance (clustering) results
from environmental filtering due to one or more shared con-
served trait(s), which allow them to persist in that locality in the
absence of resource limitation and associated competitive inter-
actions (although see [16]). The ‘environment’ in this instance
consists of the abiotic characteristics of the location (e.g. elevation,
grain size, temperature, geochemistry) as well as microscopic
biotic components such as bacteria, viruses and fungi, while the
relevant traits are those conferring persistence in that particular
locality (e.g. body shape, the presence of precloacal supplements,
buccal cavity). Alternatively, locally co-occurring species being
less closely related to each other than expected by chance (over-
dispersion) results from competitive exclusion of conserved
traits and/or convergent evolution of the traits defined by the
environmental filter. Random structuring is thought to arise via
local exclusion of convergent traits [17]. Consequently, assem-
blages that exhibit environmental filtering are thus more likely
to show high sensitivity to changes in the environment than
those structured mainly by intra- and interspecific interactions.

Rare species, which are inherently at a higher risk of
extinction [18], are common in morphological assessments
of deep-sea infaunal taxa, elevating biodiversity estimates
and contributing substantially to variability in community
composition [5,19,20]. Given the predicted extent of deep-
sea mining impacts on the CCFZ biota [21], the prevalence
of rare taxa, and the (mostly undescribed) high species rich-
ness of abyssal invertebrates in general, it becomes crucial
to understand community assembly processes and how
these contribute to the maintenance of diversity in the context
of mining mitigation. Here, we focus on free-living marine
nematodes which are found in deep-sea sediments world-
wide [22] and constitute the most abundant benthic
invertebrate phylum in the CCFZ [3,5,23,24]. We apply a
metabarcoding approach to gain insights regarding the fol-
lowing questions:

—Is the distribution of deep-sea nematodes in the CCFZ
non-random with respect to co-occurrence (aggregation/
segregation) and phylogeny (clustering/overdispersion)?
If so, what are the tentative mechanisms defining
community structure?

—How does phylogenetic diversity (PD) vary across
the CCFZ? Are the observed patterns attributable to
environmental characteristics (e.g. POC gradient)?

—Is rarity a dominant feature of CCFZ nematode assemblages
with respect to genetic variability (ASVs)?

2. Material and methods

(a) Sample collection

Sediment cores were collected during the EcoResponse campaign
(Assessing the Ecology, Connectivity and Resilience of Polyme-
tallic Nodule Field Systems) aboard the German Research
Vessel SONNE from 11 March 2015 to 30 March 2015. Four
license areas across 1300 km were targeted (figure 1; BGR, Bun-
desanstalt fiir Geowissenschaften und Rohstoffe; IOM.C,
InterOcean Metal-Control; GSR, Global Seabed Resources; IFRE-
MER, Institut Francais de Recherche pour I’Exploitation de la
Mer) and one Area of Particular Environmental Interest
(APEI3). The BGR area was sampled at two sub-regions; the
‘Reference area’ and ‘Prospective area’ (BGR.RA: limited
mining, BGR.PA: intensive future mining). Samples were col-
lected using the Octopus multicorer (inner diameter: 94 mm) at
23 stations (electronic supplementary material, table S1). Repli-
cates of each area were retrieved from separate multicorer
deployments (1 core/deployment, BGR.PA: n=5, BGR.RA: n=
4, IOM.C: n=2, GSR: n=4, IFREMER: n =5, APEI3: 1 =3). The
top 5 cm of each core were sliced and frozen in sealed plastic
bags at —20°C. Meiofauna was extracted from half of the sedi-
ment into sterile Milli-Q water by density-gradient
centrifugation (3 x 12 min, 1905 rcf) with the colloidal silica poly-
mer Ludox HS-40 as a flotation medium (specific density
1.18 g cm™) [25]. Cores for environmental variables were sliced
(0-1cm and 1-5cm) and stored at —20°C; a 1ml was sub-
sampled from the 0-1cm layer and stored at —80°C for
pigment analysis (chlorophyll-a, phaeopigments). Extraction
was completed using 90% acetone and concentrations were
measured fluorometrically using the Trilogy Laboratory Fluo-
rometer at the Max Planck Institute for Marine Microbiology.
Grain size analysis was completed using laser diffraction (Mal-
vern Mastersizer Hydro 2000 G). Total organic carbon (TOC)
and total nitrogen (TN) was quantified by combustion of
freeze-dried samples with the Flash 2000 NC Sediment Analyser.
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(b) Sequence data analysis

A full description of DNA extraction and HTS library prep-
aration protocols are available in electronic supplementary
material. Gene-specific adapter sequences were truncated from
the 5" and 3’ read ends using Cutadapt [26] (v. 1.12; electronic
supplementary material, ‘Cutadapt output’). ASVs were gener-
ated with DADA2 [27] under default settings with the
exception of truncation of forward and reverse reads at 225
and 250 bp, respectively (electronic supplementary material,
‘DADA2 output’). Taxonomic assignment of ASVs was com-
pleted in QIIME1 [28] (assign_taxonomy.py) with the Naive
Bayesian RDP [29] classifier (confidence estimate: 0.80) in two
steps: first, a large eukaryotic reference training set was used
(Silva release 123 for QIIME1, 99% OTUs and UGent nematode
Sanger sequences; 1 =20201). Second, all ASVs that received a
‘Nematoda’ label were extracted; to these taxonomic assignment
was completed using a smaller, nematode-exclusive training set
(2178 sequences, 27 Orders). Samples were rarefied to the
lowest sequence count (1=25258) for subsequent analyses
(QIIMEL1, alpha_rarefaction.py). ASVs lacking a taxonomic
assignment beyond Nematoda were included in our analyses to
investigate whether these (presumably) unknown taxa exhibit
patterns similar to those identified at genus-level.

(c) Diversity analyses

Normality and homoscedasticity of the number of genera
assigned to Nematoda ASVs were assessed with the Shapiro-
Wilk and Levene test respectively while statistically significant
differences were determined via analysis of variance (ANOVA).
Normality could not be determined for IOM.C due to insufficient
replication. Shared /unique Nematoda ASV plots were generated
with the R package “‘UpSetR’ [30]. Phylogenetic beta-diversity
was assessed with the unweighted UniFrac [31] distance in
Nematoda ASVs and visualized by means of principal
coordinates analysis (PCoA).

(d) Community structure analyses

We tested for non-random co-occurrence patterns at the regional
(CCFZ) and local (area) level in Nematoda ASVs (= Genus-
assigned + Unassigned, n=1981) and within the three most
abundant genera: Acantholaimus (n=234), Desmoscolex (n=286)
and Halalaimus (n=142). Where possible analyses were com-
pleted with replicates pooled and unpooled to determine
whether patterns are consistent at a finer spatial scale:

CCFZ Replicates: data matrix includes all areas, replicates not
pooled (i.e. 23 columns).

CCFZ.areas: data matrix includes all areas, replicates pooled by
area (i.e. six columns).

Local: data matrix includes replicates of each area separately (i.e.
six data matrices, analysis cannot be completed with replicates
pooled).

The number of Checkerboard Pairs (CPs) and C-score [32]
were compared against a null model (sim2, 10 000 replicates) in
the R package ‘EcoSimR’ [33]. The sim2 algorithm randomizes
a presence-absence matrix by reshuffling elements within each
row equiprobably. The C-score quantifies the average number
of CPs across all possible paired combinations; in a matrix with
sites as columns and taxa as rows, for each unique pair, the C-
score is equal to Cjj=(R;— S)(R;—S) where R; and R; are row
sums of taxa 7, j and S is the number of shared sites in which
both i and j are present. Thus, for any particular species pair,
the C-score is a numerical index that ranges from a minimum
of zero (maximally aggregated) to a maximum of R;x R; (maxi-
mally segregated with no shared sites). Departures from
randomly co-occurring assemblages were assessed via the

standardized effect size (ses, see below) as well as upper- and
lower-tail one-sample t-tests. An assemblage that is structured
mainly by competitive interactions (segregation) is expected to
have more CPs and higher C-scores than would be expected by
chance (i.e. ses>0) [13].

Reads were aligned with the R package DECIPHER’ [34]
using a chained guide tree; alignments were subsequently
adjusted with the adjust.alignment command. The software
‘ModelTest-ng’ [35] was used to determine the appropriate
model of nucleotide evolution for tree construction for each
ASV set. In all instances the general time reversible (GTR)
model was selected according to the Bayesian and/or the
Akaike information criterion. Approximately ~maximum-
likelihood phylogenetic trees were constructed using FastTree
[36] under the GTR + CAT model; midpoint rooting was com-
pleted with the R package ‘phangorn’ [37]. PD (see below) and
ses of the following phylogenetic metrics were quantified for
Nematoda, Genus-assigned (n=978), Unassigned (n=1003),
Acantholaimus, Desmoscolex and Halalaimus ASVs using the R
package “picante’ [38].

—PD [39]: sum of branch lengths between the root and all
species in a sample phylogeny.

—Mean Pairwise Distance (MPD [40]): mean pairwise phylo-
genetic distance between all taxa in a local assemblage.

—Mean Nearest Taxon Distance (MNTD [40]): mean phylo-
genetic distance between each taxon and its nearest
neighbour on the phylogenetic tree with which it co-occurs
in the local assemblage.

The observed metric (obsMetric) was compared to that
obtained from 999 randomizations (nullMetric) of the assem-
blage generated using all null models (i.e. taxa.labels, richness,
frequency, sample.pool, phylogeny.pool, independentswap,
trialswap, see electronic supplementary material, table S12 for
full description). The ses was calculated as follows:

(obsMetric-nullMetric)

ses.Metric = -
stdev.nullMetric

7

where stdev equals the standard deviation; negative ses values
indicate phylogenetic clustering while positive values suggest
phylogenetic  overdispersion [41]. Statistically significant
departures from a zero mean for ses.PD/ses.MPD/ses. MNTD
at a=0.05 were tested using a one-sample two-tailed t-test
when normally distributed as determined by the Shapiro-Wilk
test. Alternatively and in the event of fewer than three replicates
per area (i.e. IOM.C and Desmoscolex ASVs for APEI3), the
Wilcoxon signed-rank test was used. These metrics have com-
monly been used to reveal phylogenetic structure in bacterial,
protist, plant, bird and mammal assemblages [40-45].

Linear regressions were performed to investigate the relation-
ship between (independent) environmental variables (%total
organic carbon [%TOC], %Mud [less than 4 pm] and chloroplastic
pigment equivalent [CPE, X chlorophyll-a + phaeopigments]) and
(dependent variable) PD for Nematoda, Genus-assigned, Unas-
signed, Acantholaimus, Desmoscolex and Halalaimus ASVs using
the Im’ function. Homoscedasticity of the independent variables
was assessed with the Levene test; %Mud was square-root trans-
formed. Multicollinearity between independent variables was
assessed with the Pearson correlation coefficient and the variance
inflation factor (VIF <10 indicating absence of multicollinearity);
these indicated that the correlation was fair to moderate [46]
and within the permissible range for the subsequent regression
analyses. In all instances the full model including 2-way and
three-way  interactions  (PD ~ TOC + CPE + Mud.sqrt + TOC:
CPE + TOC:Mud.sqrt + CPE:Mud.sqrt TOC:CPE:Mud.sqrt) was
used as starting point. Terms with the highest p-values were
sequentially removed to arrive at the final model including only
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Figure 2. Taxonomic assignments and generic richness of Nematoda ASVs. (a,b) Absolute/relative abundance of genus-level taxonomic assignments of rarefied
Nematoda ASVs for each replicate sampled in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 areas. (c) Generic richness of ASVs in each area, error bars

represent standard deviation.

statistically significant terms. Outliers (defined as data points
whose absolute value exceeded three times the standard devi-
ation) were removed and normal distribution of the residuals
assessed with the Shapiro test a posteriori. Unless indicated other-
wise, all analyses were completed in RStudio. A diagram of our
sampling design and analysis is provided in electronic
supplementary material, figure S1.

3. Results

The 23 rarefied samples generated 5574 ASVs of which a large
fraction (41%) were ‘Unassigned’, 1981 were assigned to
‘Nematoda’ (35%), followed by ‘Arthropoda’ (12%) with each
of the remaining 33 phyla being represented by less than 2%
relative abundance (electronic supplementary material,
figure S2). The most abundant nematode genera were Desros-
colex, Acantholaimus and Halalaimus with 286, 234 and 142
ASVs, respectively, while the remaining 44 were represented
by less than 40 ASVs each (figure 2). These three genera were
also the most widespread with Acantholaimus dominant (rela-
tive abundance greater than 5%) in all 23 samples,
Desmoscolex in 22 and Halalaimus in 21. One ASV assigned to
Acantholaimus_sp., in particular, was virtually ubiquitous
throughout the CCFZ, occurring in all but one replicate. Only
12 nematode genera in total were restricted to a single area
(2—4 per area), while 13 (28%) were common to all six.

(a) Nematode assemblages

Generic richness of genus-assigned ASVs differed signifi-
cantly between areas (p=0.0001) and was lowest in APEI3
(mean: 9.00, s.d.. =#3.61) and highest in BGR.PA
(mean: 20.60, s.d.: #2.07; figure 2; electronic supplementary
material, tables 52 and S3). Pairwise comparisons indicated
APEI3 had significantly fewer nematode genera than

IOM.C, BGR.RA, BGR.PA while IFREMER had significantly
fewer genera than BGR.RA and BGR.PA (electronic sup-
plementary material, table S4). Over 63% of Nematoda
ASVs were restricted to one area, with APEI3 exhibiting
over 75% unique ASVs (electronic supplementary material,
figure S3). Just two Nematoda ASVs were ubiquitous in the
CCFZ (Acantholaimus_sp., Daptonema_sp.) while the two
areas nearest to each other (BGR.RA, BRA.PA) shared the lar-
gest number of ASVs (1 =43). Notably, five ASVs were shared
between the most distant areas APEI3 and BGR.PA.

PD was consistently lowest in APEI3 and increased
gradually to maximum values in IOM.C (figure 3; electronic
supplementary material, table S5), exhibiting statistically sig-
nificant differences between areas (p=0.0039, electronic
supplementary material, table S6). Pairwise comparisons
indicated APEI3 had lower PD than IOM.C, BGR.RA and
BGR.PA (electronic supplementary material, table S7). Unas-
signed ASVs had the greatest contribution to total PD. At the
generic level, Desmoscolex exhibited the highest PD (mean:
0.733, s.d.: +0.230) followed by Halalaimus (mean: 0.377,
s.d.: £0.095) and Acantholaimus (mean: 0.281, s.d.: £0.072).

A correlation matrix and correlation chart of the environ-
mental variables are included in electronic supplementary
material, figure S4. The regression analyses indicated a differ-
ential importance of environmental variables in explaining
PD within each ASV set (electronic supplementary material,
table S8). In Nematoda ASVs, the combined effect of CPE,
%TOC and their interaction accounted for 48% of the
observed variability; the former two were positively related
to PD while the latter negatively. TOC and CPE described
57% of the variability of Genus-assigned PD, with a negative
and positive association respectively, while TOC content was
positively related to PD in Unassigned ASVs, describing 33%
of the variability. Mud content alone explained ca one-third
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Desmoscolex and Halalaimus ASVs (bottom panel) in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 areas. Circles and error bars represent mean and standard

deviation, respectively.

of the variability in Halalaimus ASVs and was negatively
associated with PD; no significant models could be generated
for Acantholaimus and Desmoscolex ASVs.

The topology of the UniFrac-based PCoA approximately
matched the geographical distribution of the different areas
in the CCFZ (electronic supplementary material, figure S5).
The more eastern areas (BGR.PA, BGR.RA, IOM.C, GSR) exhib-
ited a high degree of overlap with the two BGR areas being
virtually superimposed. Contrastingly, the western areas IFRE-
MER and APEI3 were most segregated. No statistical testing
could be completed on this metric (PERMDISP < 0.05).

(b) Patterns of co-occurrence

The number of CPs and C-score for Nematoda ASVs were
lower than expected by chance at both the Regional and
Local level for all areas excluding IOM.C and BGR.RA, the
latter two exhibiting random co-occurrences and an excess
of CPs (segregation), respectively (figure 4; electronic
supplementary material, table S9). Moreover, patterns were
consistent whether replicates were pooled or not. Co-
occurrence patterns within the genera Acantholaimus and
Desmoscolex were nearly identical, exhibiting fewer CPs and
lower C-scores than expected by chance, which was observed
at the Regional (CCFZ.Replicates, CCFZ.areas) and Local
level in 3 and 4 out of six areas, respectively. Co-occurrence
in Halalaimus ASVs was idiosyncratic; at the Regional level
(CCFZ.Replicates) CPs and C-score did not differ from the
null model, yet both metrics indicated higher than expected
co-occurrences when replicates were pooled by area. Within
each area, the number of CPs and C-score in GSR and
BGR.RA were higher than expected by chance, while the
remaining areas were random.

() Phylogenetic community structure

The vast majority of ses.PD, sess MNTD and ses.MPD were
negative pointing to an increased tendency towards phyloge-
netic clustering (figure 5). Nematoda ASVs exhibited the
most clustering across areas, as well as the highest consist-
ency between the three metrics (electronic supplementary
material, table S10). The strongest signal came from
ses.MPD where all areas but IOM.C differed significantly
from zero, followed by ses. MNTD in which all areas exclud-
ing GSR and IOM.C exhibited clustering, and finally, ses.PD
in which IFREMER, and BGR.RA, BGR.PA were clustered
(electronic supplementary material, table S11). In Genus-
assigned ASVs, APEI3, IFREMER and IOM.C exhibited phy-
logenetic clustering in ses.PD and ses. MNTD while ses. MPD
suggested the assemblages did not differ from the null
model. Clustering in Unassigned ASVs was restricted to
BGR.RA, BGR.PA (ses.PD/ses. MNTD) and BGR.RA with
ses.MPD. Clustering was discordant between genera; Desrmos-
colex ASVs did not differ from a randomly structured
assemblage in all areas and for all metrics while Halalaimus
exhibited clustering only in APEI3 with ses.MPD while
Acantholaimus ASVs were clustered in all areas excluding
IOM.C, BGR.RA (ses.MPD), in APEI3, GSR, BGR.PA
(ses.MNTD) and in IFREMER, GSR (ses.PD).

4. Discussion

(a) Taxon co-occurrence, phylogenetic community
structure and diversity

Overall nematode ASVs were characterized by aggregation,
with CPs and C-scores that were lower than expected by
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chance, both at the regional level (CCFZ) and within each area
in all ASV sets. Moreover, this was generally consistent at the
scale of individual replicates, suggesting that small-scale habitat
heterogeneity was minimal (electronic supplementary material,
figure S6) with no effect on the overarching patterns of co-occur-
rence. Segregation, on the other hand, was very rarely observed
in our data, despite being common in terrestrial nematodes [47],
but also in microbial plankton, reptiles and birds [48]. Aggre-
gated nematode assemblages in the CCFZ are most likely the
result of facilitative interactions, affinity to similar habitats
and/or sympatric speciation [13,48]. Given that anthropogenic
disturbance can generate shifts in co-occurrence patterns [49],
the investigation thereof offers an additional means for detect-
ing the impacts of deep-sea mining which go beyond
conventional community abundance and diversity.

From a phylogenetic perspective nematode assemblages in
the CCFZ were characterized by relatedness that was higher
than expected by chance (clustering), which has also been docu-
mented in deep-sea octocorals [7], peracarid crustaceans [8] and
bacterioplankton [9]. Although analysis at finer taxonomic res-
olution has been shown to increase the signal of overdispersion
[50,51], this was absent in our data. Clustering was predomi-
nantly observed in Nematoda, Genus-assigned and
Acantholaimus ASVs, while Desmoscolex and Halalaimus were
randomly structured. This differential response indicates that
factors controlling phylogenetic structuring, or the relative
dominance thereof, can differ between genera. Moreover, clus-
tering was observed in sesMPD, a ‘basal’ metric more
sensitive to deeper (older) branching, as well as ses.PD/
ses.MNTD which are ‘terminal’, best at detecting more recent
processes at tree tips [52]. Thus, at each locality, increased phy-
logenetic similarity is the result of both historical and more
recent evolution. Currently, two processes are considered to
result in phylogenetic clustering: (1) environmental filtering of

conserved traits [17], and (2) competitive exclusion of conserved
and/or convergent traits [16]. The proposition that deep-sea
benthic communities are not structured by competition was
originally explained with the ‘stability-time hypothesis’ [53]
which attributed the coexistence of many species to the environ-
mental stability of the deep-sea, allowing evolutionary
processes to generate intense niche partitioning. Contemporary
communities are thus the result of past competitive interactions.
Competitive exclusion has been shown to be rare in shallow
soft sediments, which if extended to the deep-sea realm can
help explain its high diversity [54]. In addition, the oligotrophic
nature of the CCFZ and the resulting low population densities
may themselves inhibit competition [54]. To the extent to which
such interactions would manifest in checkerboard pairs, we
find little evidence to support competitive exclusion in defining
nematode assemblages in the CCFZ. Moreover, the small size of
each sample (347 cm®) and genus-level analysis, falls within the
‘Darwin-Hutchinson zone’, coined by Prof. Michael Donoghue
(unpublished) which is the plane of taxonomic and spatial res-
olution where competition is expected to operate [55].
Concurrently, the combined effect of limited dispersal and gen-
etic drift cannot be dismissed as an explanation for the
observed clustering. Nonetheless, taken together, both our
phylogenetic and co-occurrence data are in support of the
long-held belief that deep-sea communities are predominantly
defined by environmental characteristics [56-58] rather than
biotic competitive interactions.

In the absence of competition, clustering can be attributed to
environmental filtering by which closely related species coexist
due to shared conserved trait(s) related to tolerance of the local
conditions, dictated by said filter. Additional support for the
deterministic influence of the environment on nematode assem-
blages was provided by the regression analysis showing that
approximately half of the observed variability in PD could be
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Figure 5. Standard effect size (ses) of phylogenetic diversity (ses.PD), mean nearest taxon distance (ses.MNTD) and mean pairwise distance (ses.MPD) of Nematoda,
Genus-assigned, Unassigned, Acantholaimus, Desmoscolex and Halalaimus ASVs in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 areas. Symbols represent
outcome of the relevant t-test: squares, asterisk indicate statistically significant clustering and random phylogenetic structure, respectively.

explained as a function of organic content, pigment concen-
trations and sedimentary characteristics for the different ASV
sets. The increased availability of primary production (CPE)
and its by-products (TOC) in the eastern CCFZ (electronic sup-
plementary material, figure S6), was associated with higher
PD values, suggesting that food availability leads not only to
higher species richness but also to more phylogenetically vari-
able assemblages. In this way, nematode communities in the
eastern CCFZ could be considered food-limited, yet we main-
tain that this limitation does not promote intense competitive
interactions between individuals.

Random co-occurrence patterns within Desmoscolex and
Halalaimus ASVs were commonly associated with random
phylogenetic structure, providing two lines of evidence to
support the dominance of stochastic processes in these
assemblages. Keeping in mind that at a given spatial scale
communities are the result of several processes that are diffi-
cult to isolate [10], non-random phylogenetic structure could
be obscured by opposing and nullifying forces, the inconse-
quentiality of phylogeny in defining these assemblages
[45,59] and/or sampling limitations.

An additional striking difference between genera was aver-
age PD, which nearly doubled in Desmoscolex ASVs. Both
Acantholaimus and Halalaimus are thought to have originated
in the deep sea [60] whose relative stability and extreme con-
ditions may be decelerating evolutionary rates and even
limiting evolutionary opportunity [61,62]. Thus, it may be
that Desmoscolex represents a successful, yet relatively recent
shallow-water addition to the CCFZ fauna. PD values were
between Unassigned
suggesting the former were composed of multiple genera.
Although similar PD could arise from any number of tree con-
figurations resulting in nearly equal branch length sums, the

comparable and Genus-assigned,

most parsimonious explanation would be that ASV sets of

approximately equal PD and ASV richness exhibit similar phy-
logenetic tree structure due to the presence of common genera.

(b) Rarity in the CCFZ

All six areas showed a high degree of rarity represented by a
large proportion of unique ASVs, collectively representing
85% of the entire ASV assemblage (electronic supplementary
material, figure S3). Concurrently, one needs to interpret such
patterns while taking into account sampling limitations and
the spatio-temporal microhabitat heterogeneity of abyssal
plains, one of the driving forces of deep-sea diversity [56].
Small-scale differences in environmental characteristics could
result in a taxon being rare in one patch of sediment yet abun-
dant in another adjacent to it; most ASVs were unique not
only to each area but also to each replicate (electronic sup-
plementary material, figure S7). Moreover, rarity is a
combination of both abundance and occurrence, and can be
classified into three types of geographical distribution: (1) low
abundance species that are continuously distributed and wide-
spread, (2) low abundance species occurring at scattered
localities over a large area, and (3) species with such a restricted
geographical range that are considered rare even though they
may be abundant at each locality [63]. Intraspecific variation
in copy number in combination with intragenomic variation
of the 18S locus preclude a quantitative assessment of nematode
assemblages [64—66]. Moreover, given the impediments to accu-
rate taxonomic assignment of highly similar reads by RDP
(following section) and the single-nucleotide resolution of the
DADA?2 algorithm [27], we expect some non-trivial fraction of
unique and/or Unassigned ASVs to be attributable to this vari-
ation. Nonetheless, our data suggest that rarity of Nematoda
ASVs, just as of nematode species [24], is a prominent feature
of the CCFZ and characterized by both widely scattered and
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highly localized taxa. The importance of rarity is inherently
challenging to define; however, rare species have been shown
to sustain high-diversity ecosystems by carrying the least
redundant trait combinations, possibly representing the
most vulnerable ecological functions [67]. Despite their small
size, meiofaunal taxa, which in the CCFZ are represented
primarily by nematodes, have a large effect on sedimentary
properties which consequently influence various ecosystem
services (e.g. denitrification, heavy metal removal) [68-70].
Our data suggest that one of the nine Areas of Particular
Environmental Interest (APEI3), whose location was in part
defined by its capacity to protect ‘a full range of habitats’ [71],
differs most from the investigated license areas in terms of
nematode assemblages and environmental characteristics.
This fact undoubtedly renders it even more worthy of protec-
tion, while simultaneously stressing the need for a revaluation
of the localities excluded from future mining on the premise
of their presumed representativeness of areas that are desti-
ned to be mined. In light of the severe and, in some ways,
irreversible impacts of these operations (e.g. sediment compac-
tion and plume, nodule removal), as well as the increased
vulnerability of rare species to extinction [18], we feel it is
imperative to adopt the precautionary principle and to empiri-
cally assess the functionality and representativeness of the
selected APEIs.

(c) Metabarcoding nematode assemblages

Genus-assigned ASVs identified assemblages that were simi-
lar to morphological assessments [4-6,24,72] typically
exhibiting a dominance of Acantholaimus, Desmoscolex and
Halalaimus. Genera belonging to the family Monhysteridae,
specifically Thalassomonhystera and Monhystrella which are
known to be abundant in abyssal plains including the
CCFZ [22,24], were a notable exception as these were
absent and represented by a single ASV respectively. Com-
paratively generic richness was reduced which, in
combination with the large proportion of Unassigned ASVs,
highlights bottlenecks encountered in the analysis of HTS
data. First is the inevitable bias introduced by the chosen
primer set, which may fail to amplify certain species; the
22 R primer does in fact have a C - T mismatch at the 3rd
base pair (5 —3') in Monhystrelln sequences. Although
DNA transitions are generally more benign than transver-
sions, single nucleotide mismatches can have severe
impacts on the effectiveness of PCR amplification, especially
when located in the 3’ region [73], thus strongly reducing the
relative amount of DNA available for sequencing. Second, the
choice of taxonomic assignment method can influence which
taxa are identified [74]. Both Monhystrella and Thallassomon-
hystera belong to the polyphyletic order Monhysterida [75],
which includes the Xyalidae family, represented by 40 ASVs
in our assemblage (Theristus: 14, Manganonema: 14, Dapto-
nema: 12). In addition, 250 of the 1003 Unassigned ASVs
lacked a taxonomic label beyond ‘Monhysterida’. To test the
effect of RDP we re-assigned taxonomy with a reference
database excluding all Monhysterida sequences except
Monbhystrella, which increased the abundance of the latter
from a single ASV to 82, making it the fourth most abundant
genus. Taken together, these facts suggest that the reduced
abundance/absence of Monhystrella and Thalassomonhystera
in our data is primarily due to the degree of sequence
similarity within Monhysterida, which prohibits RDP from

assigning a taxonomic label beyond order at the chosen con- [ 8 |

fidence level. Consequently, the large proportion of
Unassigned ASVs in our data is not solely the result of an
admittedly incomplete deep-sea nematode reference data-
base, but also of the chosen taxonomic assignment method.
Nematoda, Genus-assigned and Unassigned ASVs all exhib-
ited phylogenetic clustering, suggesting that the latter
represents high congeneric richness within the genera that
were successfully identified, rather than newly discovered
ones. The chosen primer set will inevitably introduce a bias
in our analysis, potentially over- and/or underestimating
genus-level richness. Concurrently, given that the overall
co-occurrence/ phylogenetic patterns described herein are
consistent at both phylum and genus level, and the most
abundant genera found in morphological assessments of
the same CCFZ samples [24] overlap with those identified
in our ASVs, we believe our metabarcoding protocol is well
suited to describing these deep-sea nematode assemblages.

5. Conclusion

Our data show that free-living deep-sea nematodes of the
CCFZ are phylogenetically clustered and predominantly struc-
tured via the influence of the environment rather than intra-
and interspecific interactions; these assemblages are thus
more likely to be vulnerable to environmental changes, such
as the perturbations brought about by large scale deep-sea
mining operations. The suppressed role of competition in
nematodes of the CCFZ conforms to the ‘stability-time’
hypothesis in which environmental stability over evolutionary
timescales has enabled niche diversification in the present and
thus high numbers of co-occurring taxa. ASV rarity was high
throughout, represented by both low numbers of common and
a substantial amount of unique ASV, highlighting the singular
nature of each area. This fact calls into question the representa-
tiveness and effectiveness of the selected APEIs as source
locations for preserving and replenishing biodiversity in the
CCFZ. Rare taxa have been shown to carry unique functional
traits [67]; concurrently the sustained provision of ecosystem
services via such traits is dependent upon recolonization
capacity and an absence of extinctions [18]. Sediment plumes
released into the water column of the CCFZ from mining
activities are expected to persist for many years and alter
epi- and mesopelagic bacterioplankton communities, which
are themselves structured by environmental filtering [9,76].
Interconnectedness of benthic and pelagic realms [77,78],
suggests this indirect aspect of mining alone will have major
consequences at the abyssal seabed.

Data accessibility. Environmental variables: Pangea, https://doi.org/10.
1594 /PANGAEA.873274; high-throughput sequencing data: NCBI
BioProject accession no. PRINA544999

Authors” contributions. L.M. and A.V. collected the field data, L.M. and
AR. carried out the molecular work, L.M. completed all data analysis
and composed the manuscript. S.D. participated in defining the analyses
performed. S.D. and A.V. participated in the design of the study
and critically revised the manuscript. All authors gave final approval
for publication and agree to be held accountable for the work
performed therein.

Competing interests. We declare we have no competing interests.
Funding. This study was supported by Fonds Wetenschappelijk Onder-
zoek (FWO), grant no. 3F015515.

Acknowledgements. This work was completed within the framework of the
‘Mining Impact’ research project of the Joint Programming Initiative
Healthy and Productive Seas and Oceans (JPI Oceans) action on

99976107 :£8T7 § 205 "y 20id  qdsi/jeuinol/bio buiysigndAianosiefos


https://doi.org/10.1594/PANGAEA.873274
https://doi.org/10.1594/PANGAEA.873274
https://doi.org/10.1594/PANGAEA.873274

‘Ecological Aspects of Deep-Sea Mining’ and additionally funded by the
Flanders Research Foundation (FWO, grant no. 3F015515). The molecu-
lar research was carried out with infrastructure funded by EMBRC
Belgium (FWO project GOH3817N). The authors thank the captain,
crew, chief scientist and all scientific staff for their invaluable help

References

Petersen S, Krétschell A, Augustin N, Jamieson J,
Hein JR, Hannington MD. 2016 News from the
seabed: geological characteristics and resource
potential of deep-sea mineral resources. Mar. Policy
70, 175-187. (doi:10.1016/j.marpol.2016.03.012)
Vanreusel A, Hilario A, Ribeiro PA, Menot L, Arbizu
PM. 2016 Threatened by mining, polymetallic
nodules are required to preserve abyssal epifauna.
Sci. Rep. 6, 1-6. (doi:10.1038/srep26808)
Renaud-Morant J, Gourbault N. 1990 Evaluation of
abyssal meiobenthos in the eastern central Pacific
(Clarion-Clipperton Fracture Zone). Prog. Oceanogr.
24, 317-329. (d0i:10.1016/0079-6611(90)90041-Y)
Lambshead PJD, Brown CJ, Ferrero TJ, Hawkins LE,
Smith (R, Mitchell NJ. 2003 Biodiversity of
nematode assemblages from the region of the
Clarion-Clipperton Fracture Zone, an area of
commercial mining interest. BMC Ecol. 3, 1-12.
(doi:10.1186/1472-6785-3-1)

Pape E, Bezerra TN, Hauquier F, Vanreusel A. 2017
Limited spatial and temporal variability in
Meiofauna and Nematode communities at distant
but environmentally similar sites in an area of
interest for deep-sea mining. Front. Mar. Sci. 4,
1-16. (doi:10.3389/fmars.2017.00205)

Miljutin D, Miljutina M, Messié M. 2015 Changes in
abundance and community structure of nematodes
from the abyssal polymetallic nodule field. Tropical
Northeast Pacific. Deep. Res. Part | Oceanogr. Res.
Pap. 106, 126-135. (doi:10.1016/j.dsr.2015.10.009)
Quattrini AM, Gomez CE, Cordes EE. 2017 Environmental
filtering and neutral processes shape octocoral
community assembly in the deep sea. Oecologia 183,
221-236. (doi:10.1007/500442-016-3765-4)

Ashford 0S et al. 2018 Phylogenetic and functional
evidence suggests that deep-ocean ecosystems are
highly sensitive to environmental change and direct
human disturbance. Proc. R. Soc. B 285, 20180923.
(doi:10.1098/rsph.2018.0923)

Lindh MV, Maillot BM, Smith R, Church MJ. 2018
Habitat filtering of bacterioplankton communities
above polymetallic nodule fields and sediments in
the Clarion-Clipperton zone of the Pacific Ocean.
Environ. Microbiol. Rep. 10, 113-122. (doi:10.1111/
1758-2229.12627)

Cavender-Bares J, Kozak KH, Fine PVA,

Kembel SW. 2009 The merging of community
ecology and phylogenetic biology. Ecol.

Lett. 12, 693-715. (doi:10.1111/j.1461-0248.2009.
01314.x)

Emerson BC, Gillespie RG. 2008 Phylogenetic
analysis of community assembly and structure over
space and time. Trends Ecol. Evol. 23, 619—630.
(doi:10.1016/j.tree.2008.07.005)

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Diamond JM. 1975 Assembly of species
communities. In Ecology and evolution of
communities (eds ML Cody, JM Diamond),

pp. 342-444. Cambridge, MA: Harvard University
Press.

Gotelli NJ, McCabe DJ. 2002 Species co-occurrence:
a meta-analysis of J. M. Diamond’s assembly rules
model. Ecology 83, 2091-2096. (doi:10.1890/0012-
9658(2002)083[2091:SC0AMA]2.0.€0;2)

Darwin C. 1859 On the origin of species by means of
natural selection. London, UK: Murray.

Cahill JF, Kembel SW, Lamb EG, Keddy PA. 2008
Does phylogenetic relatedness influence the
strength of competition among vascular plants?
Perspect. Plant Ecol. Evol. Syst. 10, 41-50. (doi:10.
1016/j.ppees.2007.10.001)

Mayfield MM, Levine JM. 2010 Opposing effects of
competitive exclusion on the phylogenetic structure
of communities. £col. Lett. 13, 1085-1093. (doi:10.
1111/j.1461-0248.2010.01509.x)

Webb €O, Ackerly DD, McPeek MA, Donoghue MJ.
2002 Phylogenies and community ecology. Annu.
Rev. Ecol. Syst. 33, 475-505. (doi:10.1146/annurev.
ecolsys.33.010802.150448)

Naeem S. 1998 Species redundancy and ecosystem
reliability. Conserv. Biol. 12, 39-45. (doi:10.1046/j.
1523-1739.1998.96379.x)

Miljutina MA, Miljutin DM, Mahatma R, Galéron J.
2010 Deep-sea nematode assemblages of the
(larion-Clipperton Nodule Province (Tropical North-
Eastern Pacific). Mar. Biodivers. 40, 1-15. (doi:10.
1007/512526-009-0029-0)

Bianchelli S, Gambi C, Zeppilli D, Danovaro R. 2010
Metazoan meiofauna in deep-sea canyons and
adjacent open slopes: a large-scale comparison

with focus on the rare taxa. Deep. Res. Part |
Oceanogr. Res. Pap. 57, 420-433. (doi:10.1016/j.
dsr.2009.12.001)

Levin LA et al. 2016 Defining ‘serious harm’ to the
marine environment in the context of deep-seabed
mining. Mar. Policy 74, 245-259. (doi:10.1016/j.
marpol.2016.09.032)

Vanreusel A et al. 2010 The contribution of deep-
sea macrohabitat heterogeneity to global nematode
diversity. Mar. Ecol. 31, 6-20. (doi:10.1111/}.1439-
0485.2009.00352.x)

Radziejewska T. 2002 Responses of deep-sea
meiobenthic communities to sediment disturbance
simulating effects of polymetallic nodule mining.
Int. Rev. Hydrobiol. 87, 457—477. (doi:10.1002/
1522-2632(200207)87:4<457::AID-IROH457>3.0.
(0;2-3)

Hauquier F, Macheriotou L, Bezerra TN, Egho G,
Martinez AP, Vanreusel A. 2019 Distribution of free-

25.

26.

27.

28.

29.

30.

3N

32.

33

34.

35.

36.

37.

living marine nematodes in the Clarion—Clipperton
Zone: implications for future deep-sea mining
scenarios. Biogeosci. Discuss. 16, 3475-3489.
(doi:10.5194/bg-16-3475-2019)

Burgess R. 2001 An improved protocol

for separating meiofauna from sediments using
colloidal silica sols. Mar. Ecol. Prog. Ser. 214,
161-165. (doi:10.3354/meps214161)

Martin M. 2014 Cutadapt removes adapter

sequences from high-throughput sequencing reads.
EMBnet.journal 17, 10-12. (doi:10.14806/€j.17.1.200)
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW,
Johnson AJA, Holmes SP. 2016 DADA2: high-
resolution sample inference from Illlumina amplicon
data. Nat. Methods 13, 581-583. (doi:10.1038/
nmeth.3869)

(aporaso JG et al. 2010 QIME allows analysis of
high- throughput community sequencing data.
Nature 7, 335-336. (doi:10.1038/nmeth.f.303)
Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007 Naive
Bayesian dlassifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl.
Environ. Microbiol. 73, 5261-5267. (doi:10.1128/
AEM.00062-07)

Conway JR, Lex A, Gehlenborg N. 2017 UpSetR: an
R package for the visualization of intersecting sets
and their properties. Bioinformatics 33, 2938—2940.
(doi:10.1093/bioinformatics/btx364)

Lozupone C, Knight R. 2005 UniFrac: a new
phylogenetic method for comparing microbial
communities. Appl. Environ. Microbiol. 71,
8228-8235. (doi:10.1128/AEM.71.12.8228-8235.
2005)

Stone L, Roberts A. 1990 The checkerboard score
and species distributions. Oecologia 85, 74-79.
(doi:10.1007/BF00317345)

Gotelli NJ, Hart EM, Ellison AM. 2015 EcoSimR: null
model analysis for ecological data. See https://cran.
r-project.org/web/packages/EcoSimR/citation.html.
Wright ES. 2016 Using DECIPHER v2.0 to analyze
big biological sequence data in R. R J. 8, 352-359.
(doi:10.32614/RJ-2016-025)

Darriba D, Posada D, Kozlov AM, Stamatakis A,
Morel B, Flouri T, Crandall K. 2019 ModelTest-NG: a
new and scalable tool for the selection of DNA and
protein evolutionary models. Mol. Biol. Evol. 37,
291-294. (doi:10.1093/molbev/msz189)

Price MN, Dehal PS, Arkin AP. 2010 FastTree 2:
approximately maximum-likelihood trees for large
alignments. PLoS ONE 5, 9490. (doi:10.1371/
journal.pone.0009490)

Schliep KP. 2011phangorn: phylogenetic analysis in
R. Bioinformatics 27, 592-593. (doi:10.1093/
bioinformatics/btq706)

during the SO239 campaign (funding by the German Federal Ministry n
of Education and Research BMBE grant no. 03F0707 A-G). The assistance
of Bart Beuselinck and Niels Viaene in the analysis of environmental
variables is greatly appreciated. We also thank Renata Mamede da
Silva Alves (alvesrms@hotmail.com) for generating figure 1.

99976107 :£8T7 § 205 "y 20id  qdsi/jeuinol/bio buiysigndAianosiefos


http://dx.doi.org/10.1016/j.marpol.2016.03.012
http://dx.doi.org/10.1038/srep26808
http://dx.doi.org/10.1016/0079-6611(90)90041-Y
http://dx.doi.org/10.1186/1472-6785-3-1
http://dx.doi.org/10.3389/fmars.2017.00205
http://dx.doi.org/10.1016/j.dsr.2015.10.009
http://dx.doi.org/10.1007/s00442-016-3765-4
http://dx.doi.org/10.1098/rspb.2018.0923
http://dx.doi.org/10.1111/1758-2229.12627
http://dx.doi.org/10.1111/1758-2229.12627
http://dx.doi.org/10.1111/j.1461-0248.2009.01314.x
http://dx.doi.org/10.1111/j.1461-0248.2009.01314.x
http://dx.doi.org/10.1016/j.tree.2008.07.005
http://dx.doi.org/10.1890/0012-9658(2002)083[2091:SCOAMA]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083[2091:SCOAMA]2.0.CO;2
http://dx.doi.org/10.1016/j.ppees.2007.10.001
http://dx.doi.org/10.1016/j.ppees.2007.10.001
http://dx.doi.org/10.1111/j.1461-0248.2010.01509.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01509.x
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150448
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150448
http://dx.doi.org/10.1046/j.1523-1739.1998.96379.x
http://dx.doi.org/10.1046/j.1523-1739.1998.96379.x
http://dx.doi.org/10.1007/s12526-009-0029-0
http://dx.doi.org/10.1007/s12526-009-0029-0
http://dx.doi.org/10.1016/j.dsr.2009.12.001
http://dx.doi.org/10.1016/j.dsr.2009.12.001
http://dx.doi.org/10.1016/j.marpol.2016.09.032
http://dx.doi.org/10.1016/j.marpol.2016.09.032
http://dx.doi.org/10.1111/j.1439-0485.2009.00352.x
http://dx.doi.org/10.1111/j.1439-0485.2009.00352.x
http://dx.doi.org/10.1002/1522-2632(200207)87:4%3C457::AID-IROH457%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1522-2632(200207)87:4%3C457::AID-IROH457%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1522-2632(200207)87:4%3C457::AID-IROH457%3E3.0.CO;2-3
http://dx.doi.org/10.5194/bg-16-3475-2019
http://dx.doi.org/10.3354/meps214161
http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1128/AEM.00062-07
http://dx.doi.org/10.1128/AEM.00062-07
http://dx.doi.org/10.1093/bioinformatics/btx364
http://dx.doi.org/10.1128/AEM.71.12.8228-8235.2005
http://dx.doi.org/10.1128/AEM.71.12.8228-8235.2005
http://dx.doi.org/10.1007/BF00317345
https://cran.r-project.org/web/packages/EcoSimR/citation.html
https://cran.r-project.org/web/packages/EcoSimR/citation.html
http://dx.doi.org/10.32614/RJ-2016-025
http://dx.doi.org/10.1093/molbev/msz189
http://dx.doi.org/10.1371/journal.pone.0009490
http://dx.doi.org/10.1371/journal.pone.0009490
http://dx.doi.org/10.1093/bioinformatics/btq706
http://dx.doi.org/10.1093/bioinformatics/btq706

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

48.

49.

50.

51.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK,
Morlon H, Ackerly DD, Blomberg SP, Webb 0. 2010
Picante: R tools for integrating phylogenies and
ecology. Bioinformatics 26, 1463—1464. (doi:10.
1093/bioinformatics/btq166)

Faith DP. 1992 Conservation evaluation and
phylogenetic diversity. Biol. Conserv. 61, 1-10.
(doi:10.1016/0006-3207(92)91201-3)

Webb (0. 2000 Exploring the phylogenetic structure
of ecological communities: an example for rain
forest trees. Am. Nat. 156, 145-155. (doi:10.1086/
303378)

Carvajal-Endara S, Hendry AP, Emery NC, Davies TJ.
2017 Habitat filtering not dispersal limitation
shapes oceanic island floras: species assembly of the
Galdpagos archipelago. Ecol. Lett. 20, 495-504.
(doi:10.1111/ele.12753)

Pontarp M, Canback B, Tunlid A, Lundberg P. 2012
Phylogenetic analysis suggests that habitat filtering
is structuring marine bacterial communities across
the globe. Microb. Ecol. 64, 8-17. (doi:10.1007/
500248-011-0005-7)

Singer D, Kosakyan A, Seppey CVW, Pillonel A,
Ferndndez LD, Fontaneto D, Mitchell EAD, Lara E.
2018 Environmental filtering and phylogenetic
clustering correlate with the distribution patterns of
cryptic protist species. Ecology 99, 904-914.
(doi:10.1002/ecy.2161)

Graham CH, Parra JL, Rahbek C, Mcguire JA. 2009
Phylogenetic structure in tropical hummingbird
communities. Proc. Nat/ Acad. Sci. USA 107,
513-513. (doi:10.1073/pnas.0912879107)

Cooper N, Rodriguez J, Purvis A. 2008 A common
tendency for phylogenetic overdispersion in
mammalian assemblages. Proc. R. Soc. B 275,
2031-2037. (doi:10.1098/rsph.2008.0420)

Akoglu H. 2018 User’s quide to correlation
coefficients. Turkish J. Emerg. Med. 18, 91-93.
(doi:10.1016/}.tjem.2018.08.001)

Caruso T et al. 2019 Nematodes in a polar desert
reveal the relative role of biotic interactions in the
coexistence of soil animals. Commun. Biol. 2, 63.
(doi:10.1038/s42003-018-0260-y)

Horner-Devine MC et al. 2007 A comparison of
taxon co-occurrence patterns for macro- and
microorganisms. Ecology 88, 1345-1353. (doi:10.
1890/06-0286)

Larsen S, Ormerod SJ. 2014 Anthropogenic
modification disrupts species co-occurrence in
stream invertebrates. Glob. Change Biol. 20, 51-60.
(doi:10.1111/gch.12355)

Swenson NG, Enquist BJ, Pither J, Thompson J,
Zimmerman JK. 2006 The problem and promise of
scale dependency in community phylogenetics.
Ecology 87, 2418-2424. (d0i:10.1890/0012-
9658(2006)87[2418:TPAP0S]2.0.€0;2)

Swenson NG, Enquist BJ, Thompson J, Zimmerman
JK. 2007 The influence of spatial and size scale on
phylogenetic relatedness in tropical forest
communities. £cology 88, 1770-1780. (doi:10.1890/
06-1499.1)

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Mazel F, Davies TJ, Gallien L, Renaud J, Groussin M,
Miinkemiiller T, Thuiller W. 2016 Influence of tree
shape and evolutionary time-scale on phylogenetic
diversity metrics. Ecography (Cop.) 39, 913-920.
(doiz10.1111/ec0g.01694)

Sanders HL. 1968 Marine benthic diversity: a
comparative study. Am. Nat. 102, 243-282. (doi:10.
1086/282541)

Grant A. 2000 Deep-sea diversity: overlooked
messages from shallow-water sediments. Mar. Ecol.
21, 97-112. (doi:10.1046/j.1439-0485.2000.00713.x)
Vamosi SM, Heard SB, Vamosi JC, Webb (0. 2009
Emerging patterns in the comparative analysis of
phylogenetic community structure. Mol. Ecol. 18,
572-592. (doi:10.1111/}.1365-294X.2008.04001.x)
Mcclain CR, Schlacher TA. 2015 On some hypotheses of
diversity of animal life at great depths on the sea floor.
Mar. Ecol. 36, 849-872. (doi:10.1111/maec.12288)
Lins L, Leliaert F, Riehl T, Ramalho SP, Cordova EA,
Esteves AM, Vanreuse A. 2017 Evaluating
environmental drivers of spatial variability in free-
living nematode assemblages along the Portuguese
margin. Biogeosciences 14, 651-669. (doi:10.5194/
bg-14-651-2017)

Haugquier F, Verleyen E, Tytgat B, Vanreusel A. 2018
Regional-scale drivers of marine nematode
distribution in Southern Ocean continental shelf
sediments. Prog. Oceanogr. 165, 1-10. (doi:10.
1016/j.pocean.2018.04.005)

Helmus MR, Savage K, Diebel MW, Maxted JT, Ives
AR. 2007 Separating the determinants of
phylogenetic community structure. Ecol. Lett. 10,
917-925. (doi:10.1111/j.1461-0248.2007.01083.x)
Bik HM, Thomas WK, Lunt DH, Lambshead PJD.
2010 Low endemism, continued deep-shallow
interchanges, and evidence for cosmopolitan
distributions in free-living marine nematodes (order
Enoplida). BMC Evol. Biol. 10, 389. (d0i:10.1186/
1471-2148-10-389)

Bik HM, Sung W, De Ley P, Baldwin JG, Sharma J,
Rocha-Olivares A, Thomas WK. 2012 Metagenetic
community analysis of microbial eukaryotes
illuminates biogeographic patterns in deep-sea and
shallow water sediments. Mol. Ecol. 21, 1048—1059.
(doi:10.1111/j.1365-294X.2011.05297 )

Rex MA, McClain CR., Johnson NA., Etter R)., Allen
JA., Bouchet P, Warén A. 2005 A source-sink
hypothesis for abyssal biodiversity. Am. Nat. 165,
163-178. (doi:10.1086/427226)

Drury WH. 1974 Rare species. Biol. Conserv. 6,
162-169. (doi:10.1016/0006-3207(74)90061-5)

Bik HM, Porazinska DL., Creer S, Caporaso JG, Knight
R, Thomas WK. 2012 Sequencing our way towards
understanding global eukaryotic biodiversity. Trends
Ecol. Evol. 27, 233-243. (d0i:10.1016/j.tree.2011.
11.010)

Porazinska DL, Giblin-Davis RM, Sung W, Thomas
WK. 2010 Linking operational clustered taxonomic
units (0CTUs) from parallel ultra sequencing (PUS)
to nematode species. Zootaxa 2427, 55-63.
(doiz10.11646/z00taxa.2427.1.6)

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

71.

78.

Porazinska DL et al. 2009 Evaluating high-throughput
sequencing as a method for metagenomic analysis of
nematode diversity. Mol. Ecol. Resour. 9, 1439-1450.
(doi:10.1111/j.1755-0998.2009.02611.x)

Mouillot D et al. 2013 Rare species support vulnerable
functions in high-diversity ecosystems. PLoS Biol. 11,
€1001569. (doi:10.1371/journal.pbio.1001569)
Bonaglia S, Nascimento FJA, Bartoli M, Klawonn |,
Briichert V. 2014 Meiofauna increases bacterial
denitrification in marine sediments. Nat. Commun.
5, 1005-1011. (doi:10.1038/ncomms6133)
Schratzberger M, Ingels J. 2018 Meiofauna matters:
The roles of meiofauna in benthic ecosystems.

J. Exp. Mar. Bio. Ecol. 502, 12-25. (doi:10.1016/j.
jembe.2017.01.007)

Monserrat JM, Rosa CE, Sandrini JZ, Marins LF,
Bianchini A, Geracitano LA. 2003 Annelids and
nematodes as sentinels of environmental pollution.
Comments Toxicol. 9, 289-301. (doi:10.1080/
08865140390450386)

Wedding LM et al. 2015 Managing mining of the
deep seabed. Science 349, 144-145. (doi:10.1126/
science.aac6647)

Singh R, Miljutin DM., Vanreusel A, Radziejewska T,
Miljutina MM, Tchesunov A, Bussau C, Galtsova V,
Martinez AP. 2016 Nematode communities
inhabiting the soft deep-sea sediment in
polymetallic nodule fields: do they differ from those
in the nodule-free abyssal areas? Mar. Biol. Res. 12,
345-359. (doi:10.1080/17451000.2016.1148822)
Stadhouders R, Pas SD, Anber J, Voermans J, Mes THM,
Schutten M. 2010 The effect of primer-template
mismatches on the detection and quantification of
nudleic acids using the 5 nuclease assay. J. Mol. Diagn.
12, 109-117. (doi:10.2353/jmoldx.2010.090035)
Holovachov 0. 2016 Metabarcoding of marine
nematodes — evaluation of reference datasets used in
tree-based taxonomy assignment approach. Biodivers.
Data J. 4, €10021. (doi:10.3897/BD).4.610021)

van den Elsen S, Holovachov 0, Karssen G, van
Megen H, Helder J, Bongers T Bakker J, Holterman
M, Mooyman P. 2009 A phylogenetic tree of
nematodes based on about 1200 full-length small
subunit ribosomal DNA sequences. Nematology 11,
927-950. (doi:10.1163/156854109X456862)

Rolinski S, Segschneider J, Siindermann J. 2001
Long-term propagation of tailings from deep-sea
mining under variable conditions by means of
numerical simulations. Deep. Res. Part Il Top. Stud.
Oceanogr. 48, 3469-3485. (doi:10.1016/50967-
0645(01)00053-4)

Lins L, da Silva MC, Hauquier F, Esteves AM, Vanreusel
A. 2015 Nematode community composition and
feeding shaped by contrasting productivity regimes in
the Southern Ocean. Prog. Oceanogr. 134, 356-369.
(d0i:10.1016/j.pocean.2015.03.006)

Hudson IR, Pond DW, Billett DSM, Tyler PA, Lampitt RS,
Wolff GA. 2004 Temporal variations in fatty acid
composition of deep-sea holothurians: evidence of
bentho-pelagic coupling. Mar. Ecol. Prog. Ser. 281,
109-120. (doi:10.3354/meps281109)

99976107 :£8T7 § 205 "y 20id  qdsi/jeuinol/bio buiysigndAianosiefos E


http://dx.doi.org/10.1093/bioinformatics/btq166
http://dx.doi.org/10.1093/bioinformatics/btq166
http://dx.doi.org/10.1016/0006-3207(92)91201-3
http://dx.doi.org/10.1086/303378
http://dx.doi.org/10.1086/303378
http://dx.doi.org/10.1111/ele.12753
http://dx.doi.org/10.1007/s00248-011-0005-7
http://dx.doi.org/10.1007/s00248-011-0005-7
http://dx.doi.org/10.1002/ecy.2161
http://dx.doi.org/10.1073/pnas.0912879107
http://dx.doi.org/10.1098/rspb.2008.0420
http://dx.doi.org/10.1016/j.tjem.2018.08.001
http://dx.doi.org/10.1038/s42003-018-0260-y
http://dx.doi.org/10.1890/06-0286
http://dx.doi.org/10.1890/06-0286
http://dx.doi.org/10.1111/gcb.12355
http://dx.doi.org/10.1890/0012-9658(2006)87[2418:TPAPOS]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2006)87[2418:TPAPOS]2.0.CO;2
http://dx.doi.org/10.1890/06-1499.1
http://dx.doi.org/10.1890/06-1499.1
http://dx.doi.org/10.1111/ecog.01694
http://dx.doi.org/10.1086/282541
http://dx.doi.org/10.1086/282541
http://dx.doi.org/10.1046/j.1439-0485.2000.00713.x
http://dx.doi.org/10.1111/j.1365-294X.2008.04001.x
http://dx.doi.org/10.1111/maec.12288
http://dx.doi.org/10.5194/bg-14-651-2017
http://dx.doi.org/10.5194/bg-14-651-2017
http://dx.doi.org/10.1016/j.pocean.2018.04.005
http://dx.doi.org/10.1016/j.pocean.2018.04.005
http://dx.doi.org/10.1111/j.1461-0248.2007.01083.x
http://dx.doi.org/10.1186/1471-2148-10-389
http://dx.doi.org/10.1186/1471-2148-10-389
http://dx.doi.org/10.1111/j.1365-294X.2011.05297.x
http://dx.doi.org/10.1086/427226
http://dx.doi.org/10.1016/0006-3207(74)90061-5
http://dx.doi.org/10.1016/j.tree.2011.11.010
http://dx.doi.org/10.1016/j.tree.2011.11.010
http://dx.doi.org/10.11646/zootaxa.2427.1.6
http://dx.doi.org/10.1111/j.1755-0998.2009.02611.x
http://dx.doi.org/10.1371/journal.pbio.1001569
http://dx.doi.org/10.1038/ncomms6133
http://dx.doi.org/10.1016/j.jembe.2017.01.007
http://dx.doi.org/10.1016/j.jembe.2017.01.007
http://dx.doi.org/10.1080/08865140390450386
http://dx.doi.org/10.1080/08865140390450386
http://dx.doi.org/10.1126/science.aac6647
http://dx.doi.org/10.1126/science.aac6647
http://dx.doi.org/10.1080/17451000.2016.1148822
http://dx.doi.org/10.2353/jmoldx.2010.090035
http://dx.doi.org/10.3897/BDJ.4.e10021
http://dx.doi.org/10.1163/156854109X456862
http://dx.doi.org/10.1016/S0967-0645(01)00053-4
http://dx.doi.org/10.1016/S0967-0645(01)00053-4
http://dx.doi.org/10.1016/j.pocean.2015.03.006
http://dx.doi.org/10.3354/meps281109

	Phylogenetic clustering and rarity imply risk of local species extinction in prospective deep-sea mining areas of the Clarion–Clipperton Fracture Zone
	Introduction
	Material and methods
	Sample collection
	Sequence data analysis
	Diversity analyses
	Community structure analyses

	Results
	Nematode assemblages
	Patterns of co-occurrence
	Phylogenetic community structure

	Discussion
	Taxon co-occurrence, phylogenetic community structure and diversity
	Rarity in the CCFZ
	Metabarcoding nematode assemblages

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


