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Nematode communities along
a bathymetric transect in the
deep eastern Fram Strait
(Arctic Ocean): interrelations
between diversity, function
and environment

Jannik Schnier™, Christiane Hasemann®, Vadim Mokievsky?,
Pedro Martinez Arbizu® and Thomas Soltwedel*

Helmholtz Gemeinschaft — Max Planck Gesellschaft Joint Research Group for Deep-Sea Ecology
and Technology, Alfred Wegener Institute Helmholtz-Centre for Polar and Marine Research,
Bremerhaven, Germany, ?Pyotr Petrovich Shirshov Institute of Oceanology, Russian Academy of
Sciences, Moscow, Russia, 3German Centre for Marine Biodiversity Research (DZMB), Senckenberg
am Meer, Wilhelmshaven, Germany

As an expansion of a time-series study on meiobenthos in the Arctic deep sea, the
diversity of free-living nematode communities along nine stations along a
bathymetric transect was investigated morphologically in taxonomic and
functional regards (feeding-type composition, life-history traits, tail-shape
composition) and compared with previous studies of the same transect to
investigate possible changes in the nematode community composition. Special
emphasis was given on the analysis of sedimentary environmental parameters,
which are used as proxies for food availability and sediment porosity. Multivariate
statistics performed on nematode abundance data revealed a bathymetric zonation
into four bathymetric zones: upper bathyal (1300 — 2000 m), lower bathyal (2500 -
3500 m), abyssal (5100 — 5600 m) and an additional ‘outgroup’ consisting of two
stations with low nematode densities. Nematode densities generally decreased with
increasing depth. Taxonomic diversity (EGg), H'og2), J) decreased in a unimodal
pattern peaking in the lower bathyal zone. A distance-based linear model revealed
that 44% of the total variation in nematode abundances could be explained by the
measured environmental parameters. Microbial feeders are the dominant feeding
type along the transect with increasing dominance in the abyssal zone. The maturity
index, a measure of environmental disturbance, decreased with depth, indicating a
more colonizer-dominated community in the abyssal zone. Nematodes with long
conico-cylindrical tails also become more dominant in the abyssal zone. A previous
study of the same transect conducted in 2005 found a similar bathymetric zonation,
but with a strikingly different dominant feeding type, i.e. epistrate feeders. Between
the 2005 study and the year 2010 we conducted our study, the composition of the
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plankton community in the Fram Strait changed significantly due to a warm water
anomaly in the region. We argue that through bentho-pelagic coupling, effects of
this warm water anomaly on plankton communities could be a reason for the drastic
change in dominant nematode feeding types.

KEYWORDS

meiofauna, benthos, Fram Strait, deep sea, LTER HAUSGARTEN, time series, bentho-
pelagic coupling, ocean warming

1 Introduction

Approximately 63% of the Earth’s surface is covered by at
least 1000 m of seawater, making the deep-sea floor the
largest habitat on Earth (Tyler et al, 2016). It harbors a rich
biodiversity and plays a vital role in nutrient recycling (e.g.
Thurber et al.,, 2014), however collecting benthic samples from
the deep sea is typically a costly and logistically challenging
endeavor and thus the amount of sampling is still in
sharp contrast to the vastness of the habitat. This discrepancy
is particularly evident in meiobenthic research: Mokievsky
et al. (2007) state that the total area sampled for deep-sea
meiobenthos accumulates to approximately 10 m*> worldwide.
However, meiobenthos is ubiquitous and usually the dominant
metazoan group in terms of abundance and biomass towards
abyssal depths (Rex et al., 2006). Within the deep-sea metazoan
meiobenthos, free-living nematodes are the dominant taxon with
relative abundances regularly exceeding 90% (Vanaverbeke et al.,
1997; Gorska et al., 2014; Soltwedel et al., 2020). Therefore,
nematode abundances and their taxonomic and functional
diversity have been studied in the past in a variety of different
deep-sea areas worldwide (Boucher and Lambshead, 1995;
Soltwedel, 2000; Mokievsky et al., 2007).

Food availability is a potential limiting factor for meiobenthos
distribution in the deep sea (Danovaro et al., 2000). Apart from
chemosynthetic systems (Boetius et al., 2000; Van Gaever et al,
2006), all food is derived from primary production in surface waters
and is exported to the seafloor, either directly as phytodetritus, or
indirectly, e.g. in the form of zooplankton fecal pellets or larger food
falls of organic material (Shatova et al., 2012; Herndl and
Reinthaler, 2013; Soltwedel et al., 2018; Hoving et al., 2023).
Sinking detritus also transports associated microbial communities
to the deep seafloor. In combination with benthic microbial
communities these microbes are the preferred food source for
nematodes in polar seas (Cho and Azam, 1988; Leduc and
Probert, 2009; Ingels et al., 2010; Herndl and Reinthaler, 2013).
As food is remineralized in the upper water layers (Buesseler et al.,
2007), its availability and quality decreases with increasing water
depth. The remaining 0.5 - 2% of net primary production that reach
abyssal depths lead to a competition for energy which is considered
to have the greatest impact on (meio)benthic diversity (Smith et al.,
2008; Woolley et al., 2016). This food dependence also makes the
abyssal ecosystem very sensitive to nutrient inputs at the base of the
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food web compared to other ecosystems (Smith et al., 2008). While
food availability tends to have the greatest impact on nematode
diversity and abundance, other sediment parameters such as oxygen
concentration, temperature, topography, disturbance and biogenic
interactions also change regionally and with increasing depth and
their effects on nematode communities are not yet fully understood
(McClain and Barry, 2010; McClain and Rex, 2015).

Nematode abundance generally decreases with increasing water
depth (Mokievsky et al., 2007), with the exception of ocean trenches
and canyons, where elevated nematode abundances and biomass
can occur (e.g. Leduc et al., 2014). Taxonomic nematode diversity
varies with depth and is dependent on the specific local
environmental conditions. Studies report either a unimodal trend
in taxonomic diversity, with its peak in intermediate bathyal water
depths (Jensen, 1988; Boucher and Lambshead, 1995; Liao et al.,
2020), a more linear decrease with depth (Trebukhova et al., 2013;
Grzelak et al., 2017), no correlation of diversity with water depth
(Danovaro et al., 2013; Gambi et al., 2014), or even an increase of
diversity with depth (dos Santos et al., 2020). Considering
functional descriptors in addition to taxonomic diversity allows
for a more comprehensive understanding of nematode community
dynamics in interplay with their environment. Feeding strategies of
the nematode community can be morphologically determined
(Wieser, 1953) and provide insight in benthic nutrient recycling
(e.g. Pape et al, 2013c). A measure of nematode community
succession is the ratio of colonizers to persisters in a sample
(Bongers, 1990) and nematode tail shapes are an indicator for
their mobility and lifestyle (Riemann, 1974; Platt and Warwick,
1983; Thistle and Sherman, 1985) and provide ecological
information (Thistle et al., 1995). Changes in functional
nematode diversity can be decoupled from changes in their
taxonomic diversity, even when different descriptors are
considered (Baldrighi and Manini, 2015). Trends in functional
nematode diversity are also not uniform and reflect regional
differences. For example, a deep-sea study on the Espirito Santo
slope off southeastern Brazil reports a significant increase of
functional descriptors with increasing water depth, while
nematode density and biomass decreased with depth (dos Santos
etal,, 2020). Another study reports decreased functional descriptors
in the high-energy Gaoping Submarine Canyon in the southwestern
Taiwanese deep sea, compared to upper slopes of the canyon (Liao
et al, 2020). All this suggests that nematode community
composition, both taxonomically and functionally, is largely
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influenced and driven by local habitat conditions (Moens
et al.,, 2014).

The transition zones of permanently ice-covered areas and ice-
free areas, the marginal ice zones (MIZ), are among the most
productive areas in polar seas and with varying ice coverage
throughout the year, MIZ are also highly dynamic regions (Smith,
1987). Melting sea ice in spring facilitates algal blooms in the upper
water column of the MIZ (Smith, 1987; Longhurst, 1995) and
subsequently enhanced fluxes of organic matter to the seafloor,
resulting in higher benthic nematode abundance and richness in
ice-free areas compared to ice-covered areas (Fonseca and
Soltwedel, 2007). The MIZ located in the Fram Strait between
West Svalbard and East Greenland is in the focus of the present
study. It is also the only deep-water link into the Arctic Ocean with
a bathymetric range from shelf and slope regions oft Spitsbergen
and Greenland, to abyssal depths of 5600 m in the Molloy Hole, the
deepest known seafloor depression above 60°N (Klenke and
Schenke, 2002). The Fram Strait is the most important region for
heat exchange between the North Atlantic and the Arctic Ocean,
with the West Spitsbergen current transporting warmer, nutrient-
rich Atlantic water northwards and the East Greenland current
transporting cold, polar water southwards (Beszczynska-Moller
et al, 2012). In this area of the Fram Strait, the Alfred Wegener
Institute Helmholtz Center for Polar and Marine Research
established the Long-Term Ecological Research (LTER)
observatory HAUSGARTEN (approx. 78°N-80°N, 05°W-11°E),
which is sampled annually in each Arctic summer since 1999
(Soltwedel et al., 2005; Soltwedel et al., 2016). The
multidisciplinary long-term research detected a warm water
anomaly (WWA) in the years from 2005 to 2007, which had
strong effects on the plankton composition in HAUSGARTEN
(Bauerfeind et al., 2009; Beszczynska-Moller et al.,, 2012; Lalande
et al,, 2013; No6thig et al., 2015; Noéthig et al., 2020). Meiobenthic
research with a special focus on nematode communities is an
integral part of the HAUSGARTEN time-series work since its
inception, providing insights into processes and dynamics of
meiobenthic communities at the deep seafloor over the past 24
years. Previous studies of the same transect revealed a bathymetric
zonation of nematode communities in HAUSGARTEN (Hoste
et al., 2007; Gorska et al., 2014; Grzelak et al., 2017). However, to
date and for this transect, these studies are the only in-depth
investigations of nematode diversity on genus level. The present
study was conducted with samples collected in 2010, five years after
Grzelak et al. (2017). In the present study, we investigate the
nematode communities of HAUSGARTEN in the year 2010
based on the following three hypotheses:

1. Community structure, taxonomic and functional diversity
of the nematode communities are similar to a study of the
same transect sampled five years prior to the present study
and change significantly with depth.

2. Functional diversity of nematodes by means of feeding-type
composition, colonizer-persister ratio and tail-shape
composition changes significantly with depth along a
bathymetric transect.
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3. Food availability in the sediments is the main driver for
nematode community composition along the
bathymetric transect.

2 Materials and methods

2.1 Study area

For the present study, nine sampling sites of LTER observatory
HAUSGARTEN (HG-I to HG-IX) were considered along a
latitudinal bathymetric transect, covering an area from the
Vestnesa Ridge, the Molloy Transform Fault and Molloy Ridge
System to the Molloy Hole (Figure 1; Supplementary Table 1). The
shallowest station HG-I is located on the Vestnesa Ridge at a depth
of 1283 m, the deepest station HG-IX, is located in the Molloy Hole
at 5596 m water depth. An increase in HG- station number
corresponds to an increase in water depth of approximately 500 m.

2.2 Sampling

Seafloor samples for meiofauna- and environmental analyses
were obtained during the ARK-XXV/2 expedition of the German
research icebreaker R/V POLARSTERN (Knust, 2017), which took
place from the 30™ of June to the 29" of July 2010 (Soltwedel, 2010).
Virtually undisturbed sediment samples were collected by using a
video-guided multiple corer carrying eight sampling tubes with an
internal diameter of 10 cm. At each station, the upper five sediment
centimeters were subsampled with cut-off syringes. Three pseudo-
replicate samples for analyses of meiofauna (except for HG-VII)
and different biogenic sediment parameters (see 2.3.3
Environmental parameters) were collected from different cores of
the same multiple corer deployment. At HG-VII, only one sample is
available for meiofauna analysis.

2.3 Sample processing

2.3.1 Meiofauna

Meiofauna was subsampled with 20 ml cut-off syringes (o = 2.2
cm). Immediately after subsampling, meiofauna samples were sliced
in 1-cm sediment layers, fixed in 4% borax-buffered formaldehyde/
filtered seawater solution (v/v) and stored until further preparation
in a land-based laboratory. There, formaldehyde was removed for
subsequent centrifugation by rinsing the samples in freshwater over
a sieve with 32 um mesh size. Density gradient centrifugation at 900
rpm for 15 minutes was carried out twice for each sample in
Ludox® colloidal-silica with a specific gravity of 1.18 g/cm’
(LUDOX® TM-50, Sigma-Aldrich 420778) (for method see Heip
et al., 1985). After each centrifugation, the supernatant containing
the meiofauna was rinsed with freshwater over a 32 pm sieve and
transferred with freshwater and a few drops of Rose Bengal into a
petri dish. Meiofauna was identified to major taxa using the
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General location of LTER-HAUSGARTEN (red square in embedded map) and detailed overview of the stations along the bathymetric transect (large
map). Water depths: HG-I at 1283 m; HG-VII at 1548 m; HG-VIII at 1907 m; HG-IV at 2472 m; HG-V at 2860 m; HG-VI at 3442 m; HG-VII at 4085

m; HG-VIII at 5141 m; HG-IX at 5596 m.

identification guide of Schmidt-Rhaesa (2020) and counted using an
OLYMPUS SZX16 stereo microscope. All nematodes were
handpicked and mounted as permanent slides in anhydrous
glycerin (see Pfannkuche and Thiel, 1988).

2.3.2 Microscopic examination and functional
classification of nematode specimens

Nematode specimens were determined to genus level using the
keys of Platt and Warwick (1983; 1988), Warwick et al. (1998), and
Schmidt-Rhaesa (2014). Genera names were checked for taxonomic
validity and synonyms with Nemys (Nemys Eds, 2023). For
comparison with previous studies we retain the now unaccepted
generic name Diplopeltula, which includes at least the two valid
genera Diplopeltoides and Neodiplopeltula (Holovachov and
Bostrom, 2018). An OLYMPUS BX53 light microscope and an
OLYMPUS DP28 digital camera combined with the OLYMPUS
cellSens Entry v3.2 software was used for image acquisition.

Functional diversity of nematodes was analyzed using different
descriptors. Nematode feeding types were assigned to the four feeding
types classified by Wieser (1953) based on the morphology of the
buccal cavity: selective feeders (1A), non-selective feeders (1B),
epistrate feeders (2A) and omnivores/predators (2B). Feeding types
1A and 1B express a minute, unarmed buccal cavity and feed on
microorganisms, while 2A-types uses tooth-like structures to scrape-
off biofilms and 2B-types have large buccal cavities, usually with
multiple ‘teeth’ to hunt and hold prey (Wieser, 1953). We
acknowledge the new classification of feeding types introduced by
Hodda (2022), but have decided to use Wiesers (1953) classification
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for this study in order to achieve a better comparability with previous
studies of HAUSGARTENS bathymetric transect.

As an indicator of the trophic structure, the index of trophic
diversity (ITD, ©) for Wiesers (1953) classification was calculated
for the feeding types according to the following formula:

0= 27: 1‘1%

where g; is the proportion of feeding type i in the community
and n is the amount of feeding types (Heip et al., 1985). The ITD
ranges from 0.25 for highest trophic diversity (all four feeding types
are equally abundant) to 1.0 for lowest trophic diversity (only one
feeding type is present).

Tail shape has an important part in locomotion, feeding and
reproduction of nematodes (Thistle and Sherman, 1985; Thistle
et al,, 1995; Semprucci et al., 2022). For example, for nematodes
with long conico-cylindrcal and filiform tails, a hemisessile lifestyle
is proposed, where the nematodes use their tails to anchor
themselves to sediment particles (Riemann, 1974; Thistle and
Sherman, 1985; Miljutin and Miljutina, 2016). Nematode tail
shapes were morphologically determined and assigned to five
groups based on a combination of the classifications of Platt and
Warwick (1983); Thistle and Sherman (1985) and Thistle et al.
(1995) to better fit to the observed tail shape morphology. Five
groups were defined: short-round (1), conical (2), clavate (3),
conico-cylindrical (4) and filiform (5). Our definitions of short-
round (1) and conical (2) correspond to the classification of Platt
and Warwick (1983). Tail shapes 3 - 5 refer to Thistle and Sherman
(1985): Clavate (3) corresponds to ‘paddle’, conico-cylindrical (4)
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corresponds to ‘hemisessile’ and filiform (5) corresponds to ‘whip’
(see Figure 3 of Thistle and Sherman, 1985).

Nematode community structure can be described with the ratio
of ‘colonizers’ (c) to ‘persisters’ (p), sensu lato, the ratio of r-
strategists to K-strategists in a sample (Bongers, 1990). Colonizers
are defined by short generation times with high colonization ability,
persisters are defined by long generation times with low
colonization ability and both groups represent two ends of the c-p
scale ranging from 1 - 5 respectively (Bongers, 1990). We assigned
c-p values on genus level based on the classifications by Bongers
etal. (19915 1995) and Bongers and Bongers (1998). For genera not
listed in Bongers et al. (1991; 1995) and Bongers and Bongers
(1998), we decided to assign the c-p value to which the majority of
genera in that family belonged. The weighted mean of the individual
c-p values is calculated as the Maturity Index (MI) according to the
formula given by Bongers (1990): MI = >F_ | v(i)+f (i), where v(i)
is the c-p value of genus i and f(i) is the frequency of that genus in
the sample.

2.3.3 Environmental parameters

Subsamples for analyses of sediment-bound phospholipids (PL)
as a proxy for microbial biomass in the sediments, the ash-free dry
weight (AFDW) as a proxy for total organic content in the
sediment, and the sediment water content (H,O) as a proxy for
porosity of the sediment were taken with 20 ml cut-off syringes (o =
2.2 cm). Subsamples for measuring chloroplastic pigment
equivalents (CPE), exo-enzymatic bacterial activity (FDA), for
counting the total bacteria number (TBN), particulate proteins
(PP) and organic carbon content (C-org) were taken with 5 ml
cut-off syringes (o = 1.2 cm).

A potential food source for meiobenthic organisms is the
organic matter derived from primary production in surface
waters. The amount of phytodetrital matter at the seafloor was
estimated from sediment-bound chloroplastic pigment
concentrations (chloroplastic pigment equivalents, CPE; Thiel,
1978; Greiser and Faubel, 1988). The CPE content of the
sediment was estimated by quantifying chlorophyll a (Chl a) and
its degradation products (phaeopigments, Phaeo), by pigment
extraction in 90% acetone and subsequent concentration
measurement in a Turner fluorometer (Yentsch and Menzel,
1963; for detailed methods see Holm-Hansen et al,, 1965). An
indicator for the ‘freshness’ of sediment-bound pigments is the ratio
of chlorophyll a to phaeopigment (Chl a:Phaeo) (Yentsch, 1967).
Microorganisms are another potential food source for meiobenthic
fauna (Greiser and Faubel, 1988). They were estimated as the total
microbial biomass by analyzing phospholipid concentrations (PL)
in the sediments. This includes the entire small-sized benthic biota,
like bacteria, fungi, protozoans, and the metazoan meiofauna
inhabiting the sediment (Findlay et al., 1989). Particulate proteins
(PP), defined as y-globulin equivalents were analyzed as an
indicator for the bulk of living- and dead biomass in the
sediments following the protocol of Greiser and Faubel (1988).
Samples to assess total bacteria numbers (TBN) were fixed in 2%
formalin/filtered seawater solution (v/v). Bacteria were counted
after Acridine Orange staining (Strugger, 1948) under an
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OLYMPUS BX60 epifluorescence microscope. Exo-enzymatic
bacterial activity was measured with the fluorogenic substrate
fluorescein-di-acetate (FDA; Koster et al, 1991), directly after
retrieval of the sediment cores. The total of available organic
hydrocarbons in the sediment was assessed by measuring the
organic carbon content (C-org) via gas chromatography in a CNS
element analyzer (Kirsten, 1979). A proxy for the amount of organic
content in the sediment is the ash-free dry weight (AFDW). It was
weighted after combustion of the samples for 2 h at 500°C.
Sediment porosity was estimated from the water content (H,O)
in the sediment. The sediment was weighted before (wet) and after
(dry) desiccation for 4 h at 470°C and the H,O content was derived
from the difference in weight.

2.4 Data analysis

All parameters and abundances were standardized to an area of
10 cm? seafloor for further analyses. The nematode community was
described along the bathymetric transect (sediment depth
integrated) with different diversity indices. The Shannon diversity
H(10g2) (Shannon, 1948), the evenness of genus distribution J" after
Pielou (1966) as well as a rarefaction for an expected number of 50
genera EGsg) (Sanders, 1968; Hurlbert, 1971) were calculated.

We performed a hierarchical cluster analysis (group-average
linkage) and similarity profile test (SIMPROF) on a Bray-Curtis
similarity matrix of square root transformed nematode abundance
data to test for significant bathymetric grouping of our samples
(Clarke and Warwick, 2001; Clarke et al., 2008). SIMPROF was run
with each mean profile estimated from 1000 permutations and 9999
permutations were used for simulation (5% significance level).
Differences in the communities between stations were visualized
by the use of non-metric multidimensional scaling (nMDS).
Additionally, many singleton individuals we determined were in
bad condition and thus not undoubtedly assignable to a genus
(labelled as cf genera in Supplementary Table 1). We decided to
include these genera in the statistical analysis nevertheless.

Environmental parameters were visualized using scatterplots
with a linear regression and box plots. A Spearman rank correlation
coefficient (r;) was calculated for each parameter. The Kruskal-
Wallis test (Kruskal and Wallis, 1952) was used to test for
significant differences in environmental parameters between
bathymetric zones. The relationships of nematode abundance and
environmental parameters were investigated using a distance-based
linear model (DistLM) (selection criterion: Adjusted R?, selection
procedure: All specified, 9999 permutations). Draftsman plots were
calculated using the non-parametric Spearman rank correlation
coefficient (r;) to test for collinearity of predictor variables. The
DistLM was visualized by plotting a distance-based redundancy
analysis (dbRDA) including normalized predictor variables.

All analyses were carried out using PRIMER 6 (version 6.1.15)
with the PERMANOVA+ addon (version 1.0.5) (Clarke and Gorley,
2006; Anderson et al., 2008). The nMDS and dbRDA plots were
created with PRIMER 6. For bar plots, scatter plots and box plots, R
version 4.4.2 (R Core Team, 2022), RStudio version 2023.3.0.386
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(Posit team, 2023) and the R packages ‘ggplot2’ (Wickham, 2016),
‘ggpmisc’ (Aphalo, 2022), ‘ggpubr’ (Kassambara, 2023), ‘forcats’
(Wickham, 2023), ‘hrbrthemes’ (Rudis, 2020), ‘svglite’ (Wickham
et al.,, 2023) and ‘viridis’ (Garnier et al.,, 2021) were used. QGIS
version 3.30.1 (QGIS Development Team, 2009) was used for
creating the HAUSGARTEN map.

3 Results
3.1 Meiofauna composition

Nematodes dominated the metazoan meiofauna community
along the HAUSGARTEN bathymetric transect with a total of
10,404 specimens, representing a relative abundance of 97% of
the total meiofauna (Supplementary Table 2). The second most
abundant taxon was copepods with 170 individuals, representing on
average 1.6% of the relative abundance. Nauplii followed in third
place with 74 individuals and an average relative abundance of
0.7%. All other meiofaunal taxa (Polychaeta, Kinorhyncha,
Gastrotricha, Bivalvia, Tardigrada, Protohydra, Ostracoda,
Halacaroidea, Isopoda and Tanaidacea) found along the
bathymetric transect occurred with relative abundances below
0.3% on average (Supplementary Table 2).

3.2 Nematode abundance and
community structure

Of the 10,404 nematodes found, 10,147 specimens were
identified to 39 families and 178 genera (Supplementary Table 1).
The condition of 257 specimens was not sufficient enough to assign
them unambiguously to any family morphologically and were
therefore excluded from further analysis. A total of 53 genera

10.3389/fmars.2023.1271447

were singletons; 16 genera occurred as doubletons. The genus
with the highest total abundance was Amphimonhystera (4803
ind./10 cm?), followed by Acantholaimus (3355 ind./10 cm?) and
Tricoma (1872 ind./10 cm?). Nematodes were most abundant at
station HG-III (2609 + 278 ind./10 cm?), and least abundant at
station HG-IV (421 + 90 ind./10 cm?) (Table 1).

The sample statistic of the similarity profile test (SIMPROF) for
the nematode abundance data revealed a multivariate structure over
the set of stations along the bathymetric transect (Supplementary
Figure 1). SIMPROF identified three groups, which are also reflected
in the nMDS plot (Figure 2). The first group consists of the stations
HG-IV and HG-VII and is separated from all other stations with a
similarity of 51.3% (Pi: 4. 7; Sig (%): 0.1). The second group consists
of the stations HG-VIII and HG-IX and is separated from the other
stations by a similarity of 53.2% (Pi: 4.6; Sig (%): 0.1). With a
similarity of 62.5% (Pi: 2.5; Sig (%): 0.1) the stations split into a
HG-VI and HG-V group and into a HG-III, HG-II and HG-I group.
The stations could be assigned to three different bathymetric zones
with a similarity of 62.5% according to their respective water depth:
The upper bathyal (stations HG-I, HG-II, and HG-III, 1300 - 2000 m
depth), the lower bathyal (stations HG-IV, HG-V and HG-VI, 2500 -
3500 m depth) and the abyssal (stations HG-VIII and HG-IX, 5100 -
5600 m depth). We decided to exclude HG-VII from the abyssal zone
due to its reduced sample size (see 2.2 Sampling). Nematodes had the
highest densities at the upper bathyal stations with 1847 + 672 ind./10
cm’. In the lower bathyal, nematode density decreased to 938 + 502
ind./10 cm? and increased again in the abyssal zone to 1089 + 360
ind./10 cm® (excluding HG-VII) (Table 1).

Of the 178 nematode genera found, 11 genera occurred at least at
one station with a relative abundance of > 5% and were therefore
considered as dominant (Figure 3; Supplementary Table 3). These
genera were Acantholaimus, Aegialoalaimus, Amphimonhystera,
Amphimonhystrella, Desmoscolex, Halalaimus, Microlaimus,
Monbhystrella, Sabatieria, Thalassomonhystera and Tricoma. In total

TABLE 1 Mean nematode abundances for HAUSGARTEN stations (HG-1 — HG-IX) along the bathymetric transect, sediment layer (0-5 cm) and three
bathymetric zones (upper bathyal, lower bathyal, abyssal).

station/bathy- HG-I HG- HG- HG- upper lower abyssal**
metric zone 1 IX bathyal bathyal
water depth [m] 1283 1548 1907 2472 2860 3442 4085 5141 5596 1283 - 1907 2472 -3442 5141 - 5596
mean ind. 10 cm? 1202 1731 2609 421 969 1423 637 1385 793 1847 + 672 938 + 502 1089 + 360
depth integrated (0- + 234 + 397 + 278 + 90 + 379 + 316 +0 + 246 + 37
5 cm)
0-1 cm 366 581 801 205 481 738 283 494 258 583 + 244 475 + 250 376 £ 150
+213 + 176 + 139 +26 + 102 + 161 +0 + 96 + 69
1-2 cm 300 480 563 85 172 292 83+0 416 255 448 + 135 183 + 96 335+ 94
+99 +19 +94 +7 + 52 + 41 + 40 + 34
2-3cm 305 306 501 56 131 192 70£0 320 118 370 £ 159 126 + 87 219 £ 150
+221 + 111 + 32 + 14 + 102 +76 + 158 + 30
3-4 cm 184 199 454 31 151 131 115 136 82 279 £ 134 104 + 92 109 + 62
+18 +41 +13 +18 + 126 +73 +0 + 84 + 16
4-5 cm 48 164 290 45 35+3 70 86 £ 0 18 81 167 + 122 50 £ 31 49 + 36
+ 26 + 94 + 18 + 34 + 42 + 16 + 10
+ standard deviation.
*Reduced sample size, **without HG-VIIL.
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they represented 63.8% of all genera encountered along the
bathymetric transect. These genera belong to eight different families
(Aegialoalaimidae, Chromadoridae, Comesomatidae,
Desmoscolecidae, Microlaimidae, Monhysteridae, Oxystominidae
and Xyalidae), representing 81.1% of the families found along the
bathymetric transect.

The only dominant genera at all bathymetric zones were
Acantholaimus and Amphimonhystera. Both genera showed an
increase in dominance with increasing depth. In the upper
bathyal, Acantholaimus had a mean dominance of 7.3 + 1.4%,
Amphimonhystera of 5.9 + 1.1%. In the lower bathyal,
Acantholaimus had a mean dominance of 8.8 + 3.0%,
Amphimonhystera of 17.7 £ 9.4% and in the abyssal, the mean
dominance of Acantholaimus increased to 23.9 + 11.3% and
Amphimonhystera to 27.3 £ 13.0%. Other dominant genera in the
upper bathyal were Desmoscolex (9.5 + 4.6%), Tricoma (8.9 + 1.5%)
and Microlaimus (5.1 + 1.3%), in the lower bathyal Halalaimus
(7.2 + 1.2%), Thalassomonhystera (6.8 + 1.1%) and Tricoma (5.5 +
1.0%) and in the abyssal Amphimonhystrella (11.5 £ 9.3%) and
Monhystrella (6.7 + 6.3%) (Figure 3; Supplementary Table 3).

3.3 Nematode diversity

The total number of genera G, the expected number of genera
for 50 individuals EGys¢), and heterogeneity H’ (2 of the nematode
communities were highest at HG-III (G = 77.3 + 5.0 ind./10 cm?;
EGso) = 24.7 + 1.5 ind./10 cm?; H'(1og2) = 5.1 £ 0.2) and lowest at
HG-IX (G = 24.3 + 2.1 ind./10 cm? EGs0) = 12.4 + 1.4 ind./10 cm’;
H'(log2) = 3.2 + 0.3) (Table 2). Pielou’s evenness J* was highest at
HG-IV (0.88 £ 0.00) and lowest at HG-VIII (0.66 + 0.03) (Table 2).
Comparing the three depth zones, total number of genera, expected
number of genera and heterogeneity of the nematode communities
decreased with increasing depth (Table 2). Communities in the
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upper bathyal expressed the highest values (G = 66.8 + 9.4 ind./10
em®; EGs) = 23.6 + 1.5 ind./10 em® H'(jog) = 4.9 * 0.2), followed
by communities in the lower bathyal (G = 49.4 + 9.7 ind./10 cm?;
EGsp) = 21.8 + 1.1 ind./10 cm? H’ (og2) = 4.6 + 0.2) and the abyssal
(G =292 # 5.6 ind./10 cm* EGspy = 13.2 = 1.4 ind/10 cm?
H'(log2) = 3.3 + 0.3). Evenness was almost identical in the upper
bathyal (]’ = 0.81 + 0.03) and lower bathyal (J = 0.82 £ 0.05). It
decreased in the abyssal (] = 0.67 £ 0.04) (Table 2).

3.4 Nematode feeding types

The composition of nematode feeding types across the
bathymetric transect at all stations was dominated by non-selective
feeders (1B: 48.1 + 13.3%), followed by selective feeders (1A: 27.3
11.8%). Epistrate feeders (2A: 20.5 + 5.3%) and predators/omnivores
(2B: 4.1 + 2.5%) had the lowest average dominance (Figure 4;
Supplementary Table 4). Increased dominance of predators/
omnivores (2B) was found at stations HG-I (5.4 + 2.4%), HG-II
(5.3 £2.5%) and HG-IX (4.8 + 1.2%). Selective feeders (1A) remained
dominant at similar levels in the upper (37.1 + 5.9%) and the lower
bathyal (31.4 £ 1.6%) and decreased in the abyssal (9.5 + 5.6%). The
dominance of non-selective feeders (1B) gradually increased from
36.5 + 7.5% in the upper bathyal and 47.5 + 3.2% in the lower bathyal
to 62.0 + 20.6% in the abyssal. The dominance of epistrate feeders
(2A) and predators/omnivores (2B) showed a similar pattern in all
depth zones along the bathymetric transect: upper bathyal (2A: 22.0 +
1.9%; 2B: 4.4 + 2.0%), lower bathyal (2A:17.9 + 2.7%; 2B: 3.3 + 2.2%)
and abyssal (2A: 24.8 £ 10.5%; 2B: 3.7 £ 4.6%). The index of trophic
diversity (ITD) calculated for the nematode communities along the
depth transect remained almost constant in the bathyal zones,
ranging from 0.3 + 0.0 at HG-I in the upper bathyal to 0.4 £ 0.0 at
HG-VTin the lower bathyal. In the abyssal, the ITD increased to 0.6 +
0.1 at HG-VIII and to 0.4 + 0.0 at HG-IX (Supplementary Table 4).
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Stacked barplot of the eleven dominant nematode genera (>5% relative abundance) at the HAUSGARTEN stations along the bathymetric transect.
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3.5 Nematode tail shapes

The nematode community across the bathymetric transect
(excluding HG-VII) was dominated by nematodes with conical
and conico-cylindrical tails, with relative abundances ranging from
17.2 +3.9% to 57.4 + 4.5% (conical) and 18.5 + 6.8% to 60.7 + 6.4%
(conico-cylindrical), respectively (Figure 5; Supplementary

Table 5). Nematodes with filiform (4.3 + 3.7% to 14.5 + 8.9%)
and short-round (1.0 + 0.2% to 8.6 + 2.9%) tails were less common.
Clavate-tailed nematodes were found from HG-I to HG-VIII with
relative abundances ranging from 5.1 + 1.5% to 10.9 * 5.3%, with an
increasing dominance to 20.8 + 3.5% at HG-IX. In the upper
bathyal, nematodes with conical tails contributed 53.4 + 6.8% and
those with conico-cylindrical tails 21.7 + 5.1% to the diversity of tail

TABLE 2 Taxonomic/abundance-based diversity measures of nematode communities at HAUSGARTEN stations (HG-1 — HG-IX) along the

bathymetric transect.

station G J’ EG(SO) Hl(logZ)
HG-I 60.3 £ 5.5 0.830 + 0.040 238+ 1.1 49 +0.1
HG-II 63.0 +£6.9 0.800 + 0.008 222 +09 4.8 +0.1
HG-III 773 £5.0 0.810 + 0.021 247 1.5 51+02
HG-IV 40.3 + 4.7 0.880 + 0.003 226+ 1.2 4.7 +0.2
HG-V 50.3 £ 8.5 0.810 + 0.029 219+ 0.6 4.6 +0.1
HG-VI 57.7 +7.6 0.770 £ 0.025 211+ 1.3 45+02
HG-VII* 29.0 £ 0.0 0.690 + 0.000 14.1 £ 0.0 33+0.0
HG-VIIL 340+ 1.7 0.660 + 0.030 14.0 + 1.1 34+02
HG-IX 243 +2.1 0.690 + 0.030 124+ 14 32+03
bathymetric zone

upper bathyal 66.8 + 9.4 0.810 + 0.028 236+ 1.5 49+02
lower bathyal 494 +9.7 0.820 + 0.054 218 £ 1.1 4602
abyssal** 292+ 56 0.670 + 0.044 132+14 33+03

*Reduced sample size, **excluding HG-VII

G mean number of genera; J’ Pielou’s Evenness; EG(so) expected number of genera for 50 individuals; H’ 442y Shannon diversity; + standard deviation.
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1A non-selective feeders; 1B selective feeders; 2A epistrate feeders; 2B omnivores/predators; * reduced sampling size; ** excluding HG-VII.

shapes. In the lower bathyal, the mean percentages of nematodes
with conical and conico-cylindrical tail shapes converged (conical
44.5 £ 10.3%, conico-cylindrical 37.0 + 11.8%) and were reversed in
the abyssal (conical 18.4 + 3.0%, conico-cylindrical 57.2 + 7.7%).
The abundance of short, round-tailed nematodes decreased with
increasing depth of the bathymetric zones from 6.4 + 2.8% in the
upper bathyal and 3.4 + 2.8% in the lower bathyal to 1.3 + 1.4% in
the abyssal. The relative abundance of nematodes with filiform tails
remained at a similar level with 10.0 + 4.3% in the upper bathyal
and 9.4 + 8.3% in the abyssal with a slight decrease to 7.6 + 4.9% in
the lower bathyal. Clavate-tailed nematodes increased in relative
abundance from 8.5 + 3.1% in the upper bathyal and 7.4 + 3.8% in
the lower bathyal to 13.7 + 8.1% relative abundance in the abyssal
(Figure 5; Supplementary Table 5).

Relative abundance of tail shapes

: .
. I I
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3.6 c-p values

Nematodes assigned to a c-p value 2 dominated the bathymetric
transect with 55.8% (Figure 6; Supplementary Table 6). Nematodes
classified as c-p value 4 (22.6%) and c-p value 3 (21.5%) were the second
and third most abundant. Very small proportions of the nematodes
were assigned with ¢-p value 5 (0.04%). Nematodes with c-p value 1
were not found. Comparing the bathymetric zones, the dominance of
nematodes with c-p 2 increased from 47.2 + 1.0% in the upper bathyal
and 57.1 £ 0.5% in the lower bathyal to 66.5 + 1.4% in the abyssal. A
strong decrease in dominance with depth was found for nematodes
with ¢-p 4, with 32.2 £ 5.1% in the upper bathyal, 21.9 + 0.8% in the
lower bathyal and 3.0 + 1.2% in the abyssal. Nematodes with c-p 3 were
relatively evenly distributed across the bathymetric zones with 20.6 +
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Stacked barplot of the relative abundance of nematode tail shapes at the HAUSGARTEN stations and the three bathymetric zones. * reduced

sampling size; ** excluding HG-VII.
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1.6% in the upper bathyal, 21.0 + 2.4% in the lower bathyal and 30.6 +
14.9% in the abyssal. Nematodes with c-p 5 were also relatively evenly
distributed with low relative abundances in the bathymetric zones with
0.02 £ 0.03% in the upper bathyal, 0.03 + 0.05% in the lower bathyal
and 0.00 + 0.00% in the abyssal.

The maturity index (MI) showed a slight decrease with
increasing water depth from HG-I (2.92 + 0.13) to HG-VIII
(2.24 + 0.07) (Supplementary Table 6). At HG-IX, it increased
slightly to 2.49 + 0.07. Comparing the bathymetric zones, the MI
decreased from 2.85 + 0.13 in the upper bathyal and 2.65 + 0.07 in
the lower bathyal to 2.37 + 0.15 in the abyssal.

3.7 Environmental parameters

CPE concentrations decreased with increasing water depth and
were highest in sediments from the shallowest station HG-I (113.96 +
10.64 pg/ml). Values ranged from 89.79 + 9.07 ug/ml at HG-III to
35.24 + 3.94 pg/ml at station HG-VIL. At the deepest station (HG-IX),
the CPE concentration increased to 53.34 + 8.70 ug/ml. The
proportion of Chl a of the total pigment content (CPE) varied with
water depth, being highest at HG-III (23.8%) and HG-VII (23.7%)
and lowest at HG-I (9.7%). At HG-IX, Chl a contributed 16.9% to the
CPE content. Significantly higher Chl a (p = 0.0037) and Phaeo (p =
0.00024) concentrations were measured in the upper bathyal,
compared to the other bathymetric zones (Figure 7A).

Phospholipid (PL) concentration increased with increasing
water depth, with the highest PL concentrations measured at the
deepest station (HG-IX) with 164.49 + 35.54 nmol/ml and
the lowest concentrations at HG-VIII with 18.09 + 1.88 nmol/ml.
At the other stations along the bathymetric transect, PL
concentration ranged from 27.70 + 5.42 nmol/ml to 83.40 + 26.65
nmol/ml (no data available for HG-VII). A gradual increase in PL
concentrations was measured from the upper bathyal to the lower
bathyal. In the abyssal, PL concentrations fluctuated strongly from
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HG-VIII with 3.4 nmol/ml to HG-IX with 33.9 nmol/ml. The
difference of PL concentrations between the bathymetric zones
was not significant in the Kruskal-Wallis test (p = 0.25) (Figure 7B).

Particulate protein (PP) concentrations ranged from 3.63 + 0.04
pg/ml to 11.55 + 0.12 pg/ml. Lower PP concentrations were
measured at lower bathyal stations compared to upper bathyal
and abyssal stations. The difference between the bathymetric zones
was significant (p = 3e™) (Figure 7C).

Total bacterial numbers (TBN) within the sediments gradually
decreased with increasing water depth. Highest TBN were recorded
at HG-IT with 5.04 * 10® cells per cm® and lowest at station HG-IX
with 1.14 cm® * 10® cells per cm”. Values at the other stations ranged
from 1.36 to 3.40 cm’ * 10° cells per cm®. TBN was highest in the
upper bathyal zone and decreased significantly (p = 8.1¢”) with
increasing depth of the bathymetric zones (Figure 7D).

Bacterial activity, as indicated by FDA turnover, showed a
strong negative trend along the bathymetric transect. The highest
activity was measured at HG-II with 17.08 nmol/ml*h and the
lowest activity at HG-IX with 1.15 nmol/ml*h™". FDA turnover
decreased significantly (p = 3.3¢”®) decreased with increasing depth
of the bathymetric zones (Figure 7E).

The organic carbon (C-org) content of the sediments was
highest at HG-I with 1.26 + 0.03%, followed by HG-IX with
1.13 + 0.05% and HG-II with 1.07 £ 0.05%. At the other stations,
the C-org contents ranged from 0.55 + 0.01% to 0.80 + 0.01%. The
differences in C-org concentrations were not significant in the
Kruskal-Wallis test (p = 0.078) (Figure 7F).

The ash-free dry weight (AFDW) of the sediments was highest
at HG-V with 111.47 + 4.26 pg/ml and lowest at HG-IX with
79.32 + 1.60 pg/ml. At the other stations AFDW ranged from
110.75 £ 6.63 pg/ml to 90.37 + 5.37 ug/ml. AFDW differed
significantly (p = 8e™*) between the bathymetric zones (Figure 7G).

Sediment water contents were highest at HG-1(63.93 + 1.50%), HG-
11 (63.92 + 1.09%) and HG-IX (60.37 + 0.36%). At the other stations the
water content ranged from 35.72 + 1.40% to 56.65 + 0.93%. The water
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FIGURE 7

Concentrations of the different environmental parameters measured at each station shown by scatter plots (left) and for the three bathymetric
zones (upper bathyal, lower bathyal, abyssal) shown by box plots (right). Grey area around the regression lines in the scatter plot represents 95%
confidence interval. Whiskers in box plots represent variation range. (A) Chlorophyll a (Chl-a) and phaeopigments (Phaeo); (B) Phospholipids (PL);
(C) Particulate proteins (PP); (D) Total bacterial number (TBN); (E) bacterial activity [measured as turnover of fluorescein-di-acetate (FDA)];

(F) Organic carbon (C-org); (G) Ash-free dry weight of the sediment (AFDW); (H) Sedimentary water content (H,O).

content differed significantly between the bathymetric zones (p =0.0017)
and decreased from the upper bathyal to the abyssal (Figure 7H).

3.8 Relationship between nematode
diversity and environmental parameters

Pairwise scatter plots (Draftsman plots) with all environmental
parameters identified collinearity between pairs of environmental
parameters. The strongest collinearity of parameters in all Draftsman
plots was ry = 0.86 for FDA and TBN. This is below the cut-off
threshold of 0.95 given by Anderson et al. (2008), therefore FDA and
TBN were included in the calculation of the DistLM.

The two axes of the distance-based redundancy analysis (dbRDA)
plot to visualize the DistLM results showed 65.6% of the fitted and
44.0% of the total variation (Figure 8). All predictor variables were
significant in the marginal tests. In the sequential tests, the predictor
variables H,O (p = 0.1866), PL (p = 0.6530), PP (p = 0.5508), and FDA
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(p = 0.0565) did not contribute significantly to the variation explained
by the model (Supplementary Table 7). The grouping of stations in the
dbRDA plot (Figure 8) corresponded to the results of the cluster
analysis of the nematode abundance data (Supplementary Figure 1)
(see 3.2 Nematode abundance and community structure). Nematode
community composition in the upper and lower bathyal was more
influenced by Chl a, Phaeo, TBN, FDA, AFDW and H,O compared to
the abyssal, where nematode community composition was more
influenced by PP and PL concentrations.

4 Discussion

4.1 Nematode abundance and taxonomic
diversity along the bathymetric transect

With the results we present, hypothesis 1 can be accepted, if
only community structure and taxonomic diversity are considered
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Results of a distance-based Linear Model (distLM) visualized by a distance-based redundancy analysis ordination to investigate the relationship
between environmental variables and nematode communities at the HAUSGARTEN station along the bathymetric transect. The symbol color refers
to the SIMPROF groups at 62.53% similarity. In black lines and letters are the different descriptor variables: AFDW, ash-free dry weight of the
sediment; Chl-a, Chlorophyll a; C-org, Organic carbon; FDA, bacterial activity (measured as turnover of fluorescein-di-acetate); H,O, sedimentary
water content; Phaeo, phaeopigments; PL, phospholipids; PP, particulate proteins; TBN, total bacterial number.

for the comparison with previous studies. The general decrease in
the nematode dominated meiofauna abundance with increasing
depth is consistent with previous data from the long-term
meiofauna time series at HAUSGARTEN (Hoste et al., 2007;
Gorska et al,, 2014; Grzelak et al., 2017; Soltwedel et al., 2020).
Nematode communities at different water depths along the
bathymetric transect were statistically distinct from each other
and followed a bathymetric zonation pattern already described for
HAUSGARTEN by Hoste et al. (2007) and Grzelak et al. (2017).
However, in our study, station HG-IV did not group with the other
stations in the lower bathyal and also station HG-VII did not group
with the other abyssal stations. The relatively low density of
nematodes at both stations (at station HG-VII due to the small
sample size) seems to be the reason for this. Mean nematode
densities varied considerably among the stations and between the
bathymetric zones. In fact, we found the lowest nematode densities
in intermediate water depths of about 2500 m — 3500 m in the lower
bathyal zone and an increase in mean nematode densities in depths
of about 4500 m - 5600 m in the abyssal zone, with the second to
deepest station HG-VIII having higher mean nematode densities
than the shallowest station HG-I (Table 1). Grzelak et al. (2017)
found a more linear decrease of nematode abundances with water
depth. The depressed nematode densities we found in the lower
bathyal may be a result of the steep seafloor slope between stations
HG-V and HG-VIII (Soltwedel et al., 2005). Turbidites on the slope
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would contribute to the physical disturbance of the upper sediment
layers and the displacement of food to greater depths, thus also
affecting nematode communities. Increased mean nematode
densities at HG-IX in the Molloy Hole have been reported
previously in several studies (Hoste et al., 2007; Gorska et al,
2014; Grzelak et al,, 2017). A more even distribution of genera in
the upper and lower bathyal, combined with an increase of few
dominant genera in the abyssal resulted in the bathymetric pattern
among nematode diversity and composition into the three zones. In
the abyssal, only Acantholaimus, Monhystrella, Amphimonhystera
and Amphimonhystrella occurred with > 5% dominance and
expressed a combined dominance of 69.39% (Supplementary
Table 3). These genera are typical for abyssal depths (Vanreusel
et al,, 2010; Miljutin and Miljutina, 2016) and were also found by
Grzelak et al. (2017) with increasing dominance in abyssal depths at
HAUSGARTEN. Other typical deep-sea genera, such as
Desmoscolex and Tricoma were dominant only on the slopes of
the upper and lower bathyal. This was also reported by Grzelak et al.
(2017), with such increased abundances of these genera typically
found in areas with higher Chl a concentrations (Lins et al., 2015).
Interestingly, the genera Microlaimus and Sabatieria were only
dominant in the upper bathyal or at HG-IV in the lower bathyal
respectively, which in Grzelak et al. (2017) were only among the top
10 dominant genera at HG-IV (but still below 5% dominance). The
genera Thalassomonhystera and Halalaimus were only dominant in
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the lower bathyal, although both genera were also dominant at
individual stations in the upper bathyal. Monhysteridae and
Oxystominidae are commonly found in deep-sea and slope
communities (Tietjen, 1989). Conspicuously, Theristus considered
as a typical abyssal nematode (Soetaert and Heip, 1995; Grzelak
etal., 2017) was not among the dominant genera at any station, even
though other Xyalidae (Amphimonhystera, Amphimonhystrella) were
found in high abundance in the abyssal zone. The variation in
nematode density and dominance compared to Grzelak et al. (2017)
may be explained by inter-annual variability in meiofaunal densities at
HAUSGARTEN (Soltwedel et al., 2020). The variation in nematode
community patterns along the bathymetric transect we found may also
be related to small-scale heterogeneity in nematode distribution in
connection with food availability the sediments (Gallucci et al., 2009;
Hasemann and Soltwedel, 2011; Rosli et al., 2018; Soltwedel
et al., 2020).

For the different diversity indices calculated, these fluctuations were
not pronounced and followed a more unimodal trend with its peak at
HG-III (EGs0), H (10g2)) and HG-1V (J') in the upper and lower bathyal
respectively (Table 2). This unimodality at intermediate water depths is
comparable to findings from other meiobenthic studies of slope and
deep-sea communities (e.g. Jensen, 1988; Boucher and Lambshead,
1995; Liao et al,, 2020), although the change in diversity with depth is
highly dependent on specific habitat conditions. In some cases, a more
linear decrease in diversity with depth (Trebukhova et al., 2013; Grzelak
et al, 2017), no correlation between diversity and depth (Danovaro
et al,, 2009; Armenteros et al,, 2022) or even an increase in diversity
with depth (dos Santos et al., 2020) have been reported. Hydrodynamic
regimes at local scales that regulate the food availability for
meiobenthos have been discussed as one of the drivers behind this
phenomenon (dos Santos et al.,, 2020; Pereira et al., 2022). Apart from
the more linear decline in diversity and the use of Hill diversity (Hill,
1973) instead of Shannon diversity by Grzelak et al. (2017), the
magnitude of the decline of the different indices is comparable to our
results. The expected number of genera for 50 individuals EGsg) in
Grzelak et al. (2017) are with 23.4 + 0.5 (upper bathyal), 19.8 + 0.5
(lower bathyal) and 11.0 + 3.6 (abyssal) almost identical to our EGgsp)
with 23.6 + 1.5 (upper bathyal), 21.8 + 1.1 (lower bathyal) and 13.2 +
1.4 (abyssal). This indicates that the overall heterogeneity and number
of genera in all depth zones, in contrast to nematode densities, did not
change substantially between 2005 and 2010. We found the highest
evenness with J' = 0.88 + 0.003 at HG-IV in the lower bathyal, and
although we found low nematode densities at HG-IV, the high EG(sp)
of 22.6 £ 1.2 is indicative of a diverse nematode community. The
decrease in all measured taxonomic diversity indices with depth is
caused by the increase in dominance of Acantholaimus, Monhystrella,
Amphimonhystera and Amphimonhystrella in the abyssal, indicating
more favorable environmental conditions for these genera.

4.2 Trophic structure of the nematode
communities in relation to
environmental parameters

Considering the investigated functional descriptors, hypothesis
2 can be accepted. However, hypothesis 1 can be rejected for the
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trophic structure of the nematode communities [c-p values and tail
shapes were not investigated by Grzelak et al. (2017)]. The increase
in the ITD at the abyssal stations HG-VIII and HG-IX compared to
the bathyal stations can be explained by an increase in the
dominance of non-selective feeders and a decrease in epistrate
feeders at these stations. In the year 2005, five years before the
present study, Grzelak et al. (2017) investigated the nematode
feeding types at the same stations along the bathymetric transect
in HAUSGARTEN. Grzelak et al. (2017) also found an increase in
the ITD at HG-VIII and HG-IX as well, that was caused by an
increase in the dominance of epistrate feeding nematodes and a
decrease of non-selective feeders. In general, comparing the relative
abundances of feeding types across all stations, the bathymetric
transect in the year 2005 is dominated by epistrate feeders (33.6%),
slightly outnumbering selective deposit feeders (31.1%) (Grzelak
et al., 2017). In the year 2010 (present study), non-selective deposit
feeders (48.1%) and selective deposit feeders (27.3%) dominated.
While the inter-annual variability and small-scale spatial
heterogeneity of the nematode communities are also likely to
have an effect on the trophic structure, another possible
explanation for the change in feeding type composition could be
related to a warm water anomaly (WWA) and its ecological
consequences in the pelagic realm of HAUSGARTEN, which has
been detected in the timeframe from 2005 to 2007 (Beszczynska-
Moller et al., 2012). With water temperatures >3°C at a depth of 250
m throughout 2006 and increasing mean temperatures since
summer 2009, following a short cooling period in 2008
(Beszczynska-Moller et al, 2012), the WWA had a significant
impact on plankton composition, which can directly affect
benthic meiofauna at great depths through bentho-pelagic
coupling (Pape et al., 2013b; Lins et al., 2015; Zhulay et al., 2023).
During the WWA, smaller sized zooplankton dominated in
HAUSGARTEN, as indicated by smaller sized fecal pellets
(Lalande et al., 2013). Phytoplankton composition shifted from a
dominance of large diatoms to a dominance of small Phaeocystis,
coccolithophores and other pico- and nanoplanktonic organisms
(Bauerfeind et al., 2009; Lalande et al., 2013; Nothig et al,, 2015).
Although Phaeocystis is mostly remineralized and predated by
zooplankton in the upper water column (Riebesell et al., 1995),
direct export of Phaeocystis to abyssal depths can be facilitated on
short time scales by the forming of larger Phaeocystis
agglomerations and ballasting with cryogenic gypsum derived
from melting sea ice (Wollenburg et al., 2018). In addition, the
hydrogels produced by Phaeocystis through exocytosis of
mucopolysaccharides are a potential hotspot for bacteria
(Alderkamp et al., 2007).

Bacterial degradation of sinking detritus is an important aspect
of the bentho-pelagic coupling, with detritus acting as a vector for
bacteria to the seafloor (Cho and Azam, 1988; Herndl and
Reinthaler, 2013). In Antarctic waters, this bacterial degradation
of detritus is the main pathway for food into benthic systems and
may serve as a year-round ‘food bank’ for benthic organisms
(Campanya-Llovet et al., 2017). In one experimental setup,
nematodes from polar deep seas preferred feeding on bacteria to
feeding on fresh phytodetritus (Ingels et al., 2010) and another
mesocosm experiment showed that the presence of microbial-
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feeding nematodes significantly reduced the microbial
decomposition time of algal detritus (Rieper-Kirchner, 1989),
highlighting the importance of microbial feeding for nematode
communities. The observed changes in the bentho-pelagic
coupling at HAUSGARTEN may explain the high relative
abundances of both microbial feeding types in our study
throughout the entire transect compared to the dominance of
epistrate feeders in Grzelak et al. (2017). The shift towards the
strong dominance of microbial feeders (1A & 1B) in the abyssal
zone might be related to the high concentrations of PP, PL
(indicative of living and dead microbial biomass) and C-org that
we measured at HG-IX in Molloy Hole. However, TBN and FDA
were low in the abyssal and PL, PP and FDA were not even
significant parameters in the sequential tests of the DistLM, so
their contribution to explaining the variation in nematode
communities is rather small. Elevated PL, PP and C-org
concentrations at HG-IX indicate a possible accumulation of
organic matter and a slowed decomposition, as indicated by low
TBN and FDA. As we did not measure C:N:P ratios, we cannot
directly assess food quality. Food quality most likely influences
feeding type diversity, as lower trophic groups show significant
relationships with food quality and meiofauna in general seem to be
more sensitive to food quality and quantity compared to bigger-
sized faunal groups (Campanya-Llovet et al., 2017). Low
abundances of feeding type 2B ‘omnivores/predators’ are typical
in deep-sea environments, as their active way of life is often very
costly from an energy point of view (Bussau et al., 1995).

Nevertheless, with 65.6% of the fitted and 44.0% of the total
variation, the DistLM (Figure 8) showed that a high proportion of
the variability in nematode community composition along the
HAUSGARTEN bathymetric transect is explained by the available
food. Thus, we could accept hypothesis 3, but it has to be mentioned
that 66.0% of the total variation in the community is not explained
by our model, indicating that there are still forcing factors on the
community that we have not accounted for. The DistLM also shows
a bathymetric zonation comparable to the zonation based on the
multivariate analyses of nematode abundance data. This suggests
that the bathymetric zonation represents a gradient in the
availability of different food sources.

4.3 C-p range of nematode communities
at the bathymetric transect

Although the c-p scale was originally invented to address the
recovery status of soil habitats (Bongers, 1990), it can also be applied
to describe the successional status of deep-sea nematode
communities (Gambi et al., 2003; Pape et al, 2013a; Gambi and
Danovaro, 2016). The decrease in maturity index (MI) with
increasing depth of the bathymetric zones indicates a shift from a
more persister-dominated community in the upper bathyal to a more
colonizer-dominated community in the abyssal, caused by an
increase in dominance of ¢-p 2 and 3 nematodes and a decrease in
c-p 4 nematodes with increasing depth (Figure 6; Supplementary
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Table 6). This is also conditionally related to the decrease in
taxonomic diversity and genus dominance with increasing depth,
resulting in increasing functional dominance of a few genera with the
same c¢-p value. A possible explanation could be the higher
concentrations of fresh phytodetritus in bathyal depths (Figure 7A)
which indicate more stable habitat conditions and therefore could
support diverse communities in more advanced successional stages.
In contrast, the limited and patchy food supply at abyssal depths
seems to favor a colonizing lifestyle. Decreasing MI values with depth
have been reported by other studies (Gambi et al., 2003; Vanhove
et al., 2004; Zeppilli et al., 2014; Liao et al,, 2020) and more diverse
feeding guilds, successional stages and tail shapes were found on
slopes compared to adjacent canyon assemblages (Liao et al., 2020).

4.4 Nematode tail shape diversity

The increase in dominance of Acantholaimus and
Amphimonhystera, combined with the decrease in dominance of
Desmoscolex and Tricoma led to an increase of nematodes with
conico-cylindrical tails and the decrease of nematodes with conical
tails towards the abyssal zone (Figure 5). Acantholaimus is almost
exclusively reported from fine, muddy sediments (Miljutin and
Miljutina, 2016). With its long tail, Acantholaimus anchors itself to
the sediment and follows a semi-sessile life strategy, allowing it to move
through deep-sea sediments with narrow interstices (Riemann, 1974;
Thistle and Sherman, 1985; Miljutin and Miljutina, 2016). The
sediment with relatively high H,O content of about 60% we found at
HG-IX (Figure 7H) seems to provide a favorable environment for
nematodes with elongated conico-cylindrical tails and such a hemi-
sessile lifestyle. Interestingly, the relative abundance of nematodes with
long, filiform tails (mainly Monhystrella and Halalaimus) did not
change significantly throughout the entire transect. In the upper
bathyal zone at stations HG-I and HG-II, Comesomatidae (mainly
Sabatieria) contribute most to the number of nematodes with clavate
tails. The slight increase in dominance of clavate-tailed nematodes in
the abyssal zone is the result of an increasing in dominances of
Amphimonhystrella replacing Sabatieria with depth. Nematodes with
short round tails were the least dominant at all stations and depth zones
and showed a negative trend with increasing depth. Aegialoalaimus was
the largest contributor to the short-round-tailed nematodes and was
only among the dominant genera at HG-I. This pattern seems to be
similar to that observed for the conical tails, where the upper bathyal
seems to provide a better environment for nematodes with this lifestyle.
Since the sediment H,O contents of HG-I, HG-II, and HG-IX are
comparable it seems that the effect of sediment porosity on tail shape
diversity plays a minor role and is outweighed by other factors, such as
food availability, which is conditioned by water depth.

5 Conclusions

With our study we were able to confirm that the bathymetric
transect in Fram Strait can be divided into three different depth zones
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based on nematode community structure and taxonomic diversity,
which were already described in the previous studies of Grzelak et al.
(2017). By examing the functional diversity, we were able to detect
changes in the nematode community composition that would not be
apparent by analyzing taxonomic diversity alone. Comparing the
functional diversity, we found a change in the dominant feeding
types along the HAUSGARTEN bathymetric transect, from a
dominance of epistrate and selective deposit feeders reported by
Grzelak et al. (2017), to a dominance of non-selective and selective
deposit feeders in the present study. This change is particularly
pronounced in the abyssal zone where nematodes with a colonizing,
hemisessile lifestyle also dominate. We have shown that food is the
main driver of variation in nematode communities in the different
bathymetric zones. Food availability and quality along the transect may
be related to changes in the plankton composition caused by a warm
water anomaly and rising mean temperatures in the upper water
column (Bauerfeind et al., 2009; Beszczynska-Moller et al., 2012;
Lalande et al., 2013; Nothig et al., 2015; Nothig et al.,, 2020) and thus
could have affected the trophic conditions of nematode communities
through bentho-pelagic coupling. This possible link, however, needs
further investigation, since there is a gap of about a year between the
end of the anomaly and our sampling period. As we have found that
colonizers with short generation times become more dominant in the
abyssal zone and turnover rates of meiobenthic communities are high
in general (Gerlach, 1971), more frequent and detailed investigations
over longer time scales are needed to disentangle turnover effects from
the effects of bentho-pelagic coupling and to unravel the other as yet
undiscovered forcing factors on the nematode communities in deep-
sea sediments.
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