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Abstract Extreme marine environments cover more than
50% of the Earth’s surface and offer many opportunities for
investigating the biological responses and adaptations of or-
ganisms to stressful life conditions. Extreme marine environ-
ments are sometimes associated with ephemeral and unstable
ecosystems, but can host abundant, often endemic and well-
adapted meiofaunal species. In this review, we present an in-
tegrated view of the biodiversity, ecology and physiological
responses of marine meiofauna inhabiting several extreme
marine environments (mangroves, submarine caves, Polar
ecosystems, hypersaline areas, hypoxic/anoxic environments,
hydrothermal vents, cold seeps, carcasses/sunken woods,
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deep-sea canyons, deep hypersaline anoxic basins [DHABs]
and hadal zones). Foraminiferans, nematodes and copepods
are abundant in almost all of these habitats and are dominant
in deep-sea ecosystems. The presence and dominance of some
other taxa that are normally less common may be typical of
certain extreme conditions. Kinorhynchs are particularly well
adapted to cold seeps and other environments that experience
drastic changes in salinity, rotifers are well represented in po-
lar ecosystems and loriciferans seem to be the only metazoan
able to survive multiple stressors in DHABs. As well as nat-
ural processes, human activities may generate stressful condi-
tions, including deoxygenation, acidification and rises in
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temperature. The behaviour and physiology of different
meiofaunal taxa, such as some foraminiferans, nematode and
copepod species, can provide vital information on how organ-
isms may respond to these challenges and can provide a warn-
ing signal of anthropogenic impacts. From an evolutionary
perspective, the discovery of new meiofauna taxa from ex-
treme environments very often sheds light on phylogenetic
relationships, while understanding how meiofaunal organisms
are able to survive or even flourish in these conditions can
explain evolutionary pathways. Finally, there are multiple po-
tential economic benefits to be gained from ecological, bio-
logical, physiological and evolutionary studies of meiofauna
in extreme environments. Despite all the advantages offered
by meiofauna studies from extreme environments, there is still
an urgent need to foster meiofauna research in terms of com-
position, ecology, biology and physiology focusing on ex-
treme environments.

Keywords Extremeenvironments - Meiofauna - Mangroves -
Submarine caves - Polar ecosystems - Melting ice -
Hypersaline areas - Anoxic and hypoxic zones - Hydrothermal
vents - Cold seeps - Carcasses and sunken woods - Deep sea -
Submarine canyons - Deep hypersaline anoxic basins
(DHABS) - Hadal zones

Introduction

Natural environments are considered extreme when one or
more environmental parameters show values permanently
close to the lower or upper limits for life (CAREX 2011).
Terrestrial, marine, polar and deep-sea ecosystems include
both stable and unstable environments. In stable environ-
ments (e.g. polar ecosystems), well-adapted organisms
live near the limits of their physiological potential for
long periods. In less stable environments (e.g. hydrother-
mal vents), organisms intermittently experience the limits
of their physiological potential and develop diverse strat-
egies to survive these stochastic variations (CAREX
2011). Other environments can be considered extreme in
the sense that organisms are exposed to environmental
variability to such an extent that the communities are in
constant ecological flux, limiting the establishment of ma-
ture communities (Hoffmann and Parsons 1997).
Submarine canyons and mangrove systems, which are
characterised by constant variations of their hydrological
and biogeochemical conditions, belong in this category.
Extreme natural environments offer unique opportuni-
ties for investigating the biological response and adapta-
tion of organisms to stressful life conditions (Rothschild
and Mancinelli 2001). In addition, examples of putative
early Earth environments can be found in some of the
extreme habitats of the modern Earth. The discovery of
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extremophile species has even made the search for life
outside Earth more plausible and has revitalised the bio-
technology industry (Rothschild and Mancinelli 2001).
Furthermore, the fauna adapted to extreme environments
may be particularly sensitive to environmental changes,
either because of the addition of potentially intolerable
anthropogenic stressors or because of changes in their
current environmental conditions (Catalan et al. 2006;
Bellard et al. 2012); thus, such fauna can also be used
as biological indicators of pollution and global change
(Walther et al. 2002; Cavicchioli et al. 2011).

Among the communities present in extreme natural envi-
ronments, we constantly find meiofauna organisms.
Meiofauna is a collective name for a diverse assemblage of
eukaryotic organisms found in both freshwater ecosystems
and the marine realm (Mare 1942; Higgins and Thiel 1988;
Fig. 1). They include small microscopic animals and protists,
operationally defined based on the standardised mesh size of
sieves with 500 um (1000 wm) as upper and 44 pm (63 wm)
as lower limits (Giere 2009), living in aquatic sediments. A
lower size limit of 31 or 20 um has been suggested in order to
retain even the smaller meiofaunal organisms in the deep sea
(Giere 2009; Danovaro 2010).

Owing to their high abundance and diversity, wide-
spread distribution, rapid generation times and fast meta-
bolic rates, meiofaunal organisms are important contribu-
tors to ecosystem processes and functions, including nu-
trient cycling and provision of food to higher trophic
levels, among many others (Woodward 2010;
Schratzberger and Ingels 2017). Several studies have
shown that meiofauna can adapt to extreme environments.
The discovery of abundant and well-adapted meiofaunal
communities in several environments with extreme condi-
tions has provided new insights into the ecology and
physiology of species thriving in very challenging settings
(e.g. Danovaro et al. 2010b; Fontaneto et al. 2015).

In this review, we present a summary of studies that address
the biodiversity, ecology and physiological responses of ma-
rine meiofauna inhabiting what appear, at least from the hu-
man perspective, to be extreme marine environments. We also
discuss how the behavioural and physiological adaptations of
different meiofauna taxa to these harsh conditions can provide
information on how organisms may adapt to environments
impacted by anthropogenic change and disturbance.

Extreme environments

According to the definition we followed in the introduction,
environments can be defined as extreme if one or more of the
physical or chemical variables is near the limits of what is
known to be tolerable by most known life forms (e.g.
extremely high or low temperatures, pressures, oxygen or salt
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Fig. 1 Representatives of
selected extreme meiofaunal taxa.
Light micrographs: a Richtersia
sp. (nematode) from deep-sea
sediments; b Neostygarctus
oceanopolis (tardigrade) from
deep-sea sediments. Scanning
electron micrographs: ¢
Pycnophydae (kinorhynch) from
deep-sea sediments; d
Virgulinella fragilis (foraminifer)
from hypoxic sediments. Scale
bars: a, b, ¢ =100 um; d, e =
200 um. Credits: a, b D. Zeppilli
(Ifremer); ¢ N. Sanchez Santos
(Ifremer); d C. Fontanier
(Ifremer); e modified from
Zeppilli et al. 2015b

concentrations, levels of radiation, but also the presence of
toxic compounds, or when such conditions vary frequently;
Rothschild and Mancinelli 2001). Such environments include
different habitats, from hydrothermal vents and polar areas, to
mangroves and submarine caves (Table 1, Figs. 2 and 3).

Mangroves

Mangrove sediments are characterised by highly variable
physical and biogeochemical conditions over time and space.
These conditions result from complex sedimentary processes
that are driven by a large number of interacting physical and
biological factors, such as the geological and physiographical
characteristics of the area, climatic conditions and the nature
of mangrove vegetation (Middelburg et al. 1996; Marchand
et al. 2004). On a small scale, the mangrove root habitat is
exposed to extreme changes on a daily basis due to tidal cycles
(Gomes et al. 2010). Mangrove are able to grow in reduced
sediments due to the capacity of the plant to maintain aerobic
metabolism in its roots and mechanisms for detoxifying or
adapting to soil phytotoxins (Matthijs et al. 1999). Some man-
groves (e.g. Rhizophora mucronata) can survive in sediments
characterised by a strongly reduced substrate, a high sulphide
concentration and exposure to seawater (Matthijs et al. 1999).
Because of the high temporal and spatial variability in envi-
ronmental characteristics, which often leads to values near the
upper or lower range limits for salinity, pH, temperature and
oxygen, mangrove sediments are considered as extreme envi-
ronments (Saenger 2002). During the daytime, mangrove

surface sediments can reach > 50 °C (Saenger 2002).
Sediments are characterised by very low concentrations of
oxygen (< 3 mol m>; Saenger 2002) and, in some cases, they
can be completely anoxic (Hogarth 1999). Surface sediment
salinities can vary from oligohaline to hypersaline, depending
on rainfall intensity, tidal flooding and position in the man-
grove. Redox potential can vary strongly too, mainly depend-
ing on the sedimentary organic matter content and root char-
acteristics (Matthjis et al. 1999). Mangrove sediments are
largely anaerobic due to the high organic matter supply and
high concentrations of silt and clay (Sukardjo 1994).
However, sediments can be oxidised (suboxic), as in
Avicennia stands, whereas sediments below Rhizophora trees
are often anoxic and sulphidic (Nickerson and Thibodeau
1985; McKee 1993; Youssef and Saenger 1999). Reduction
potential (Eh) values also vary with forest age, suggesting that
oxygen release from the prop roots and pneumatophores in-
creases when trees grow older, illustrating the influence of the
rhizosphere on sediment geochemistry (Marchand et al.
2004). Mangrove trees also affect the acid—base balance of
their sediments (Middelburg et al. 1996). Kristensen et al.
(1988) demonstrated that Rhizophora apiculata roots lowered
the pH of the sediments. Organic matter decomposition and
sulphur oxidation can acidify the sediment in mangrove for-
ests. In sediments from a South Kenyan mangrove with calci-
um carbonate content above 0.2 wt%, the pH was buffered at
values around 8; however, when calcium carbonate concen-
trations were lower, the buffering capacity of the sediments
was not sufficient to prevent pH values decreasing to 3.5
(Middelburg et al. 1996).
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Table1 A summary of meiofauna from extreme environments

Ecosystem Extreme parameters Stable, unstable and Meiofauna abundance and Adaptations
temporary diversity
Mangroves Upper or lower range of Unstable High abundance of nematodes ~ Nematodes: presence of
salinity, pH, temperature followed by copepods, symbionts and selective
and oxygen flatworms very abundant but bacteria feeders
neglected Rotifers: selective bacteria
feeders
Kinorhynchs: modification of
plate for osmoregulation
Presence of sulphur No specialised fauna, except for
the leaf litter copepoda family
Darcythompsoniidae
Submarine caves Absence of light Stable Nematodes followed by Connection with the deep sea

Polar ecosystems

Melting ice

Hypersaline areas

Hypoxic and anoxic
environments

Hydrothermal vents
(shallow water and
deep sea)

Cold seeps (shallow
water and deep sea)

@ Springer

Scarce food source
Limited accessibility
Salinity gradient
Presence of sulphur
Deoxygenated
Low and stable temperature ~ Stable
Seasonal variations in light
intensity and primary
production
Changes thickness and salinity Temporary
Low and stable temperature

High salinity Unstable

Very low or absence of
oxygen

High temperature

Presence of gas, heavy metals
and radionuclides

Low oxygen

Deep-sea vents: high pressure,
no light

Temporary

Reduced chemical compounds Temporary
Hypoxia/anoxia

Unstable/stable

copepods, gastrotrichs,
tardigrades, kinorhynchs,
loriciferans

Several new species described

Hotspot of endemic species

Rotifers, nematodes,
foraminiferans, turbellarians,
copepods

Hotspot of endemic species

Nematodes, copepods,
polychaetes

Nematodes very abundant,
followed by copepods,
kinorhynchs

Foraminiferans and nematodes
very abundant, copepods
present

Nematodes very abundant,
followed by copepods, low
diversity

Nematodes Oncholaimidae in
shallow water vents,
Draconematidae and
Monbhysteridae in deep-sea
vents

Nematodes generalist

Copepods dirivultid endemic

Nematodes and foraminiferans
very abundant, followed by
copepods, presence of
kinorhynchs

Some species depend on ice
for a part of life cycle

Nematodes: production of
sticky substances to adhere
to ice

Osmoregulatory mechanisms

Migration

Kinorhynchs: osmoregulation

Foraminiferans: optimisation
of oxygen capture,
symbiosis, sequestration of
chloroplasts, proliferation
of peroxisomes and
mitochondria, respiration of
stored nitrate

Nematodes: detoxification
strategies, high anaerobic
capacity

Copepods: reduced aerobic
metabolism and high values
of lactate dehydrogenases

Nematodes: Oncholaimus
campylocercoides produce
sulphur droplets,
Halomonhystera
ovoviviparism,
Oncholaimus epibiotic
association with
microorganisms

Copepods: fast movement to
escape extreme fluctuation
and dirivultid haemoglobin
with high affinity for
oxygen

Nematodes: body form,
ovoviviparism in
Halomonhystera
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Table 1 (continued)

Ecosystem Extreme parameters

temporary

Stable, unstable and

Meiofauna abundance and
diversity

Adaptations

Carcasses and sunken ~ High amount of organic matter Temporary

wood (shallow water ~ Sulphur
and deep sea)
Deep sea High pressure Stable
Low temperature
Scarce food source
Canyon Instability and physical Unstable
disturbance
Turbidity currents
Deep-sea conditions (low T,
high pressure, no light)
Deep hypersaline High salinity Stable
anoxic basins Anoxia
(DHABS)
Hadal environments High pressure Stable
Low temperature
Below CCD

Scarce food source

Foraminiferans: metabolic
adaptations

Some seeps dominated by 1 or
few nematode species

Low abundance, few dominant
species

Stepping stones hypothesis

Foraminiferans and nematodes
very abundant

High diversity with several new
species

Foraminiferans and nematodes
very abundant

Different community if compared
with adjacent slopes

Foraminiferans: agglutinated
forms instead of delicate
multi-chamber

Nematodes: opportunistic
(Sabatieria, Microlaimus)
and chemoautotrophic
genera (Astomonema)

Only loriciferans recovered alive Loricifera: no mitochondria,
presence of hydrogenosome
with symbiotic
microorganisms

Low abundance and biomass, but Small size

higher than macrofauna No physiological studies
Foraminifera and nematodes very
abundant

Mangrove meiofauna

In a review by Nagelkerken et al. (2008), nematodes were
identified as the dominant taxon in most meiofauna studies
conducted in mangrove sediments, followed by harpacticoid
copepods. Although these two dominant taxa are frequently
identified to lower taxonomic levels, species-level studies are
scarce. According to Alongi (1987), free-living flatworms (al-
so called ‘Turbellaria’) may be equally abundant, but the
group is often neglected or undersampled. Meiofauna sam-
pling and treatment techniques often destroy flatworms, lead-
ing to underestimates of their abundance. However, recent
eDNA studies show that this group is very abundant (e.g.
Fonseca et al. 2010). The spatial heterogeneity of mangrove
sedimentary systems makes it difficult to draw general con-
clusions about meiofaunal diversity, since data on the number
of species vary widely. Indeed, species richness tends to differ
depending on the number of micro- and macrohabitats includ-
ed (Somerfield et al. 1998; Nagelkerken et al. 2008; Pinto
et al. 2013).

Mangroves show features that are different from other es-
tuarine regions and may increase regional meiofauna richness.
Some copepod families, like the Darcythompsoniidae, were
exclusively associated with leaf litter, grazing on the associat-
ed biofilms (Somerfield et al. 1998). For nematodes, however,
none of the mangrove studies so far found any evidence for a
specialised fauna or an exclusively mangrove-specific taxon,

as most of the genera observed are typical of intertidal, fine-
grained and organically enriched sediments worldwide
(Nagelkerken et al. 2008). The typical leaf litter fauna is dom-
inated by nematode genera from the family Monhysteridae,
such as Diplolaimelloides and Diplolaimella, which are also
found on decaying plant and algae in temperate mudflats and
salt marshes. High variability in environmental conditions
over time and space results in a similar high variability in
density and biomass. Highest standing stocks are found in
surface sediments, and anoxic and sulphidic muddy sedi-
ments, in particular, show sharp declines below the surface
layers. The extreme conditions of the most organically
enriched anoxic and sulphidic sediments still allow abundant
meiobenthic life, even where the macrofauna becomes rare,
with the exception of some capitellid polychaetes and
oligochaetes.

Meiofauna taxa are numerically dominant among benthic
mangrove metazoans (Pinto et al. 2013; Netto and Gallucci
2003). Nematodes withstand these extreme conditions partic-
ularly well, occasionally with high standing stocks, but with
reduced diversity (Pusceddu et al. 2014). Several authors have
observed that a few genera typically dominate mangrove com-
munities, whereas most genera are quite rare (e.g. Coull 1999;
Nicholas etal. 1991). Terschellingia, in particular, can account
for > 50% of all nematodes (Nicholas et al. 1991), but several
monhysterid genera can also be highly abundant (Pinto et al.
2013). Alongi (1987) suggested that high levels of sediment-
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associated tannins in mangrove sediments may reduce the
abundance of meiofauna, but further evidence is required to
test this relationship.

Litter from mangrove leaves is rapidly colonised by
meiofauna, and there is a succession of different species relat-
ed to the different stages of the decomposition process
(Schrijvers et al. 1995; Gee and Somerfield 1997;
Somerfield et al. 1998; Zhou 2001), supporting the idea that
meiofauna taxa play a role in litter degradation (Gee and
Somerfield 1997). The use of mangrove leaf detritus as a food
source by nematodes was confirmed using isotopic markers
(Demopoulos et al. 2007). The pneumatophores that are
colonised by macroepibenthos, such as algae, sponges or bar-
nacles, also promote the occurrence of meiofauna (Gwyther
and Fairweather 2005; Pinto et al. 2013). Dye (1983) recorded
a greater abundance of nematodes in mangrove-associated
sediments in comparison with adjacent estuarine mudflats,
illustrating the importance of vegetation in providing food
and habitat (Sheridan 1997).

Frequently, the presence of kinorhynchs is reported in these
studies as one of the “rare meiofaunal taxa”, representing
< 1% of the total abundance (Hodda and Nicholas 1986;
Schrijvers et al. 1997; Della Patrona et al. 2016), and the
phylum rarely appears with high abundance (Sarma and
Wilsanand 1994; Annapurna et al. 2015). In the Itamaraca
mangrove area of Brazil (Gomes et al. 2002; Santos et al.
2009), kinorhynchs ranked third in dominance after nema-
todes and copepods. Unfortunately, kinorhynchs found in
these studies were not identified beyond the group level, ex-
cept for Echinoderes bengalensis collected at Kakinada Bay
(east coast of India) (Annapurna et al. 2015). Eight additional
kinorhynch species have been identified in mangroves world-
wide, including: Sphenoderes indicus in India (Higgins 1969);
Pycnophyes alexandroi, Echinoderes belenae and
Echinoderes strii in Panama (Pardos et al. 2016);
Echinoderes caribiensis in Venezuela (Kirsteuer 1964);
Echinoderes teretis in Australia (Nicholas and Serenson
2009); Echinoderes komatsui in Japan (Yamasaki and
Fujimoto 2014); and Echinoderes applicitus in Indonesia.
These kinorhynch species were surprisingly abundant, rank-
ing the second or third most abundant taxon in some samples
(Ostmann et al. 2012).

Adaptation of meiofauna to mangrove conditions

Most of the meiofauna genera are not restricted to mangroves,
and most species do not show obvious adaptations to the ex-
treme conditions. However, several chemosynthetic species
have been found in mangroves. Genera such as
Parastomonema, a mouthless group of nematodes with che-
mosynthetic endosymbionts, and the Stilbonematinae, elon-
gated nematodes covered by ectosymbiotic bacteria, are typi-
cally found in anoxic environments rich in methane or
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sulphide (Ott et al. 2004) and occasionally occur in mangrove
sediments (Somerfield et al. 1998; Kito and Aryuthaka 2006).
Moreover, Bouillon et al. (2008) reported that mangrove in-
vertebrates may show very specialised pathways of carbon
and nitrogen acquisition through symbiotic relationships
based on highly depleted 5'°C natural isotope values. The
Stilbonematinae species Eubostrichus dianae (Hopper and
Cefalu 1973) was found on decaying wood where sulphides
are being produced from the decomposition of organic matter
in a mangrove from Guadalupe (Maurin et al. 2010). Kito and
Aryuthaka (2006) described a new species of the mouthless
genus Parastomonema collected in muddy sediments of a
mangrove forest in Samut Songkhram, Thailand. Pascal
et al. (2014) studied the endofauna of bacterial mats between
mangrove tree roots and found no differences in abundance
with surrounding mangrove, suggesting that this chemosyn-
thetic food source had a limited impact on the structure of the
mangrove food web. Both natural isotopic compositions and a
13C enrichment study demonstrated the uptake of bacterial
mats only by associated meiofauna, mainly by rotifers and,
to a lesser degree, by small polychaetes and nematodes, and
not by the macrofauna (Pascal et al. 2014). On the contrary,
the cosmopolitan gnathostomulid species Haplognathia
ruberrima was found in sulphur bacterial mats in
Guadeloupe mangroves with 5'C values lower than the avail-
able measured food sources of this environment. Since no
sulphur-oxidising symbionts were observed, it was suggested
that the species was grazing selectively and exclusively on the
free-living, sulphur-oxidising bacteria (Pascal et al. 2014).

The so-called Echinoderes coulli group within the
kinorhynch genus Echinoderes is believed to be adapted and
specialised to cope with fluctuating salinities, tolerating both
brackish and hypersaline waters (Omer-Cooper 1957; Higgins
1977; Horn 1978; Brown 1985; Ostmann et al. 2012; Yamasaki
and Kajihara 2012; Sgrensen 2014). These species have a mod-
ified, enlarged nephridial sieve plate that is likely related to a
high osmoregulation efficiency (Ostmann et al. 2012).

Submarine caves

Submarine caves are oligotrophic environments due to in-
sufficient light for photosynthesis and reduced input of
organic material, limited accessibility for surface marine
fauna and a steep salinity gradient in anchialine caves
(Fichez 1990; Sket 1996). Some caves can be sulphur-
rich and deoxygenated environments where chemoautotro-
phic microorganisms take advantage of the sharp redox
interfaces in the cave water column to reduce inorganic
carbon using compounds such as sulphides or ammonium
as electron donors (Jaume and Boxshall 2009). In some
caves of volcanic origin, hydrogen sulphide can reach con-
centrations of > 300 uM (Riesch et al. 2010).
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Mangroves Submarine caves Polar ecosystems
and melting ice
Variation of sal:ri‘t;. 8:-! temperature, tgx ::?:‘; Loyv Femperalgrg
Presence of sulfide Presence of sulfide Variation of salinity

&  Very abundant
a G/ Very abundant Q Aoundant
R Z;\ — ] Very abundant
7™ Abundant k
i1 New species G) Abundant
Abundant but neglected e e
K New species ,(,’ Abundant
Hyper saline zones Hypoxic and anoxic
Zones
High salinity Low or no O,

< @ Very abundant
p\ Abundant

Q) Very abundant

-]
i Abundant
.

Fig.2 Schematic representation of meiofauna from: a mangroves, submarine caves and Polar ecosystems and melting ice, and b hypersaline zones and
hypoxic and anoxic zones
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Hydrothermal vents Carcasses and woods Cold seeps
High temperature . . Low O
Low O High organic matter Presence of reducedzchemical com-

Presence of sulfide

Presence of sulfide and heavy metals pounds

a

L Very abundant
C\' \ { v: j  Very abundant s
Very abundant G} Very abundant
~- e T
ﬁ\ Very abundant Y Abundant '5" Present
e Present
Canyons DHABs Hadal zones
Instability and currents Variation of salinity, pH, temperature, High pressure
Low temperature and Oz Low temperature
High pressure Presence of sulfide Generally low food

No light

®

@ Very abundant

Very abundant

@ Very abundant

!g 2 J Very abundant

Only alive

Plathelminthes

Q) Nematoda \
7\ Copepoda q Kynorhinca
o

@ Foraminifera Loricifera

ﬁ Rotifera ﬁ Tardigrada

Fig.3 Schematic representation of meiofauna from: a hydrothermal vents, carcasses and sunken woods and cold seeps, and b canyons, deep hypersaline
anoxic basins (DHABs) and hadal zones
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These habitats host a unique fauna (Iliffe and Kornicker
2009; Juan et al. 2010) and because they represent indepen-
dent evolutionary trajectories of adaptations to similar condi-
tions, similar to islands for the terrestrial environment, they are
considered one of the most important habitats to study marine
island biogeography (Dawson 2016).

Meiofauna from submarine caves

Despite the enormous interest that marine cave systems gen-
erate, mainly due to their very peculiar environmental condi-
tions, a comprehensive study of meiofauna in such systems is
yet to be conducted. However, some efforts were made in the
past (i.e. Wieser 1954; Pesta 1959) and more recently (Palacin
and Masalles 1986; Palacin et al. 1992; Grimaldi de Zio et al.
1982a, b; Villora-Moreno 1996; Sandulli et al. 1999; Todaro
et al. 2006; Ape et al. 2015; Janssen et al. 2013). Several
marine caves in the Mediterranean Sea, Atlantic Ocean and
Australia have been investigated for the presence of
meiofauna. Many species of nematodes, gastrotrichs, tardi-
grades, crustaceans, polychaetes and aplacophorans were
found and several new species of tardigrades (Grimaldi de
Zio et al. 1982a, b; Villora-Moreno 1996; Boesgaard and
Kristensen 2001; Gallo D’Addabbo et al. 2001; Martinez
Garcia et al. 2009; Jorgensen et al. 2014), kinorhynchs
(Serensen et al. 2000), gastrotrichs (Todaro et al. 2001) and
priapulids (Todaro and Shirley 2003; Schmidt-Rhaesa et al.
2013) were also described.

Most of the studies indicate that the submarine cave
meiofauna comprises distinct and diverse communities.
They may share some similarity with abyssal meiofauna
due to the comparable environment (i.e. no light, weak
hydrodynamic conditions, limited food availability) and a
potential common origin (Janssen et al. 2013). From an
evolutionary point of view, caves can harbour uniquely
adapted organisms (Iliffe and Kornicker 2009; Juan et al.
2010). In the Mediterranean Sea (Grotta Piccola del Ciolo,
Ionian Sea), Todaro et al. (2006) found very high
meiofaunal abundance, with nematodes and harpacticoid
copepods as the most dominant groups. Gastrotrichs, with
16 species, accounted for almost 3% of the total
meiofauna. In a cave from Tenerife Island (Atlantic
Ocean), a high spatial variability of meiofauna community
was observed because of the cave complexity (secondary
openings and freshwater inputs) and variable hydrodynam-
ic conditions (tides and rough seas, due to shallow depths
and orientation of the entrance; Riera et al. 2016).
Serensen et al. (2000) showed that the meiofauna from
an Australian cave was principally composed of several
new species of nematodes belonging to the genera
Dracograllus and Desmoscolex, harpacticoid copepods,
polychaetes of the genera Mesonerilla and Nerillidium,
gastrotrichs of the genera Xenodasys, Chordodasys and

Polymerurus, interstitial aplacophorans and loriciferans
belonging to the genera Pliciloricus and Australoricus.

Marine tardigrades seem to be among the most studied
taxa, with the first report dating back to 1982, when studies
of the Cattedrale Cave (Lecce, Italy) and the Mitigliano Cave
(Sorrento, Naples, Italy) were carried out (Grimaldi de Zio
et al. 1982a, b). In these studies, five new species were iden-
tified and described (Neostygarctus acanthophorus,
Chrysoarctus flabellatus, Tanarctus longisetosus,
Actinarctus physophorus and Actinarctus neretinus), while
others were identified as known species (Wingstrandarctus
intermedius, Dipodarctus subterraneus, Florarctus hulingsi,
Tanarctus tauricus and Batillipes littoralis). However, none of
these species are exclusively stygobiont. More recently, a new
species Trogloarctus trionyches (Villora-Moreno 1996) be-
longing to the family Coronarctidae, which is typical for abys-
sal sediments, was found in the Trois Pépés Cave near
Marseille (France). This family had not been observed in the
Mediterranean Sea, and this finding provided further support
to the theory of species exchange through sea-floor dispersal
(Hart et al. 1985).

More recently, in the same cave, Janssen et al. (2013) found
remarkably high copepod diversity, but with lower diversity
towards the inner parts of the cave where tardigrades were
dominant. This cave was characterised by low meiofaunal
abundance; however, a total of 90 copepod species (75%
new to science) were collected from this site. Some of these
copepod taxa, such as the genera Marsteinia, Ancorabolina,
Paranannopus and Nematovorax, and the family Argestidae,
were already known from the deep sea. Boesgaard and
Kristensen (2001) studied the relatively diverse tardigrade
fauna of two Australian submarine caves (Jim’s Cave and
Fish Rock Cave). The tardigrade genera collected were:
Actinarctus, Batillipes, Dipodarctus, Halechiniscus,
Raiarctus, Styraconyx, Tanarctus, Tholoarctus and
Wingstrandarctus. The finding of Actinarctus neretinus, pre-
viously described from an Italian submarine cave (Grimaldi de
Zio et al. 1982b), supports the theory that cave meiofauna
might be related to the deep-sea fauna, as suggested by
Danielopol (1990), and that caves could be considered as ‘ref-
uges’ for ancient fauna dating back to Tethys (Janssen et al.
2013). Gallo D’Addabbo et al. (2001) described two new
species of tardigrades (Parastygarctus mediterraneus and
Pseudostygarctus rugosus) from two submarine caves of St.
Domino Island (Violets Cave and Moray Eels Cave, Tremiti
Islands, Italy), along with 23 additional species already known
from the Mediterranean. Most recently, a new tardigrade ge-
nus and species Quisarctus yasumurai was found in a
Japanese submarine cave off Iejima, Ryukyu Islands
(Fujimoto 2015).

Even though kinorhynchs occur frequently in submarine
caves, they always appear in lower numbers than nematodes,
copepods, priapulids or annelids (Janssen et al. 2013; Riera
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et al. 2016). The collected specimens have occasionally been
identified to the species level: Echinoderes dujardinii from the
Italian and Iberian Peninsula (Riedl 1966), Meristoderes
macracanthus from Sardinia (Dal Zotto and Todaro 2016),
Echinoderes cavernus from Australia (Serensen et al. 2000)
and Ryuguderes iejimaensis from Japan (Yamasaki 2016). Of
these four species, only the latter two can be considered as
exclusive cave-dwelling kinorhynchs, since the others have
also been collected in other environments. The only two
loriciferan species known from caves, Pliciloricus cavernicola
and Australoricus oculatus, were described from marine caves
in New South Wales, Australia (Heiner et al. 2009).

Polar ecosystems and melting ice

Polar environments are characterised by low and stable tem-
peratures (Huntley and Lopez 1992), and are influenced by
significant seasonal variation in light intensity and, conse-
quently, primary production (Clarke and Peck 1991; Hagen
and Auel 2001). Arctic and Antarctic ecosystems differ in
both the amplitude and nature of their ice cover (Cavalieri
et al. 2003). The Arctic Ocean has multi-year ice with small
variations in extension (a minimum of 7 x 10® km? in summer
and a maximum of 17 x 10° kmz; Maykut 1985). In winter
2016, the Arctic sea ice winter maximum peaked at
14.52 x 10° km?, the new lowest record since 1979 (https://
www.nasa.gov). The Antarctic Ocean consists mainly of
seasonal ice (Brierley and Thomas 2002) and changes in ice
cover are larger than in the Arctic, with a maximum of
19 x 10° km? during winter and a minimum of 2 x 10° km?
during summer (Comiso and Nishio 2008). Ice cover is
formed when seawater freezes (temperatures below — 1.
8 °C; Ficken 1992) and the resulting ice crystals float to the
surface. Ice crystals form aggregates containing microalgae
with very high standing stocks (Schnack-Schiel et al. 2001
and references therein). A network of fluid-filled brine chan-
nels surrounds the ice crystals, exceeding 30% of the sea ice
volume in summer (Horner 1985). Within the brine channel
network, living organisms are exposed to extremes of temper-
ature and salinity (temperatures from below — 15 °C in winter
to 0 °C in summer and salinity variation from 0 to over 200
PSU; Gradinger 2001).

Meiofauna from polar ecosystems

Marine polar ecosystems had long been considered desert-like
environments with only a low number of species being able to
survive the harsh conditions (Fogg 1998). However, knowl-
edge about Arctic and Antarctic ecosystems has recently in-
creased and, today, we know that polar ecosystems host a
diverse community characterised by endemic species
(Conover and Huntley 1991; De Broyer et al. 2014; George
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2014; Gooday et al. 2014; Ingels et al. 2014). This ice forms a
habitat for meiofaunal organisms such as heterotrophic flagel-
lates, ciliates, rotifers, nematodes, foraminiferans, turbellar-
ians and copepods (Spindler et al. 1990; Blome and
Riemann 1999; Gradinger 1999; Schnack-Schiel et al. 2001;
Michel et al. 2002; Schnack-Schiel 2003). Hauquier et al.
(2015) showed that not only megabenthic but also smaller-
sized meiobenthic communities respond to different oceano-
graphic regimes around the Antarctic Peninsula. Meiofauna
can also be associated with the brackish layer formed under
the ice. This sympagic meiofauna consists of both metazoans
and protozoans (Gradinger 1999).

Monothalamous foraminiferans are a major component of
the benthic meiofauna in high-latitude regions (Pawlowski
et al. 2008). In the Antarctic Peninsula, foraminiferans
accounted for up to 83% of all meiofaunal organisms and
comprised species also found in other oceanic regions
(Cornelius and Gooday 2004). High genetic similarity was
detected between Arctic and Antarctic populations of three
common deep-sea foraminiferal species separated by dis-
tances of up to 17,000 km (Pawlowski et al. 2007).

The metazoan meiofauna in Antarctic coastal sediment
of Factory Cove, Signy Island was highly abundant com-
pared to sublittoral sediments worldwide (Vanhove et al.
1998). Meiofauna abundance from the South Sandwich
Trench decreased with increasing water depth, with higher
values on the trench floor compared to most other oceans’
trench regions (Vanhove et al. 2004). The meiofauna com-
munities in the region off Kapp Norvegia, Antarctica (at
water depths between 211 and 2080 m) were primarily
influenced by bathymetric depth and food availability,
and were directly related to phytoplankton blooms and as-
sociated sedimentation pulses (Vanhove et al. 1995). At
Potter Cove (west Antarctic Peninsula), meiofaunal abun-
dances were higher in summer and lower in winter due the
combination of food quality and competition for food
among higher trophic levels (Pasotti et al. 2014). Melting
ice meiofauna is composed mainly of nematodes, copepods
and polychaetes (Lenne and Gulliksen 1991; Hop et al.
2000; Scott et al. 2002; Gradinger et al. 2005). Some of
these species depend on the ice at least for a part of their
life cycle (Legendre et al. 1992).

Rotifers are very common and abundant in polar areas
(Kaya et al. 2010; Fontaneto et al. 2015). Indeed, the famous
explorer Ernest Shackleton noticed them during the first ex-
plorations of Antarctica: “The microscope showed that roti-
fers, water-bears, and other forms of minute animal-life
existed” (Shackleton 1909). Rotifers are abundant in almost
every habitat that has been sampled in the Antarctic regions,
including permanent water bodies in freshwater, brackish and
marine waters, and also mosses, lichens, soils and habitats
such as glaciers, meltwater pools, algal mats and cryoconite
holes (Fontaneto et al. 2015). Together with nematodes and
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tardigrades, rotifers are widely found in the coastal areas of
Antarctica (Convey and Mclnnes 2005).

Nematodes have been shown to dominate polar metazoan
meiofauna (Heip et al. 1985; Vanhove et al. 1995, 1998, 1999,
2004; Fabiano and Danovaro 1999; Lee et al. 2001; De Mesel
et al. 2006; Ingels et al. 2006; Ingole and Singh 2010;
Vanreusel et al. 2000; Hauquier et al. 2015). In the Southern
Ocean, some species might be limited to certain regions or
depths, while others may have circum-Antarctic and eurybath-
ic distributions (Ingels et al. 2014). In the Central Arctic, the
dominance of the nematode genus Monhystera, a
detritivorous/bacterivorous deposit feeder, suggests that bac-
teria may play an important role in the food web of the
meiofauna in this region (Vanreusel et al. 2000).

Adaptation of meiofauna to polar conditions

Meiofauna in polar oceans is highly endemic (Conover and
Huntley 1991) and particularly adapted to these environments.
The bulk of benthic meiofauna feeds on degraded organic
matter, a food source available throughout the year (Veit-
Kohler et al. 2013). Variations in meiofauna abundance and
community structure can be explained by the input and avail-
ability of organic matter (Vanhove et al. 2000). Isotopic anal-
ysis on Antarctic meiofauna suggested a detrital-pool food
source and/or the presence of predatory taxa (Pasotti et al.
2015). The dominant nematode genus Daptonema also ap-
pears able to feed on both bacteria and diatoms (Pasotti et al.
2012). An experiment performed by Ingels et al. (2010)
showed that bacteria were preferred over fresh phytoplankton
as a carbon source for both Arctic and Antarctic deep-sea
nematode communities, suggesting that bacteria may provide
a pathway through which unused detritus may enter the clas-
sical metazoan food web (Pasotti et al. 2015).

Changes in salinity and ice thickness can negatively affect
meiofaunal communities (Gradinger et al. 2010). Meiofaunal
organisms living in the melting ice have osmoregulatory
mechanisms allowing them to survive across a wide spectrum
of salinities (Aarset 1991; Friedrich 1997; Gradinger 2002;
Kiko et al. 2009). The respiration rates of some Arctic amphi-
pod species increase 2—3 times at salinities below 15 PSU and
the amphipod Gammarus wilkitzkii is able to maintain high
concentrations of inorganic ions in the haemolymph at salin-
ities down to 5 PSU (Aarset 1991; Gradinger 2001). When
salinity decreases drastically, freshwater taxa dominate
(Gradinger et al. 2010). To avoid salt stress, amphipods can
swim and select more suitable depth and ice structures
(Gradinger and Bluhm 2004). Similarly, meiofauna living
within the ice migrates into the water column and colonise
the surrounding ice (Gradinger et al. 2010). An active migra-
tion can explain the positive relationship found between ice
meiofauna density and salinity, in particular for flatworms
(Gradinger et al. 2010). Meiofauna density increases

significantly during periods of ice melt in the waters below
the sea ice (Werner and Martinez Arbizu 1999; Werner 2006)
and it has been hypothesised that meiofauna could then be
able to choose the ice with suitable environmental conditions
(Gradinger et al. 2010). In addition, some nematodes (e.g.
Monbhysteridea) produce sticky substances in order to adhere
to the ice and avoid being released into the water column
during melting (Riemann and Sime-Ngando 1997). The water
generated by melting ice can be murky due to high concen-
trations of nutrients, providing visual protection against pred-
ators (i.e. young cod in the Franklin Bay; Hop et al. 2011).

Hypersaline areas

Marine hypersaline areas are extreme habitats in which the
salinity is significantly higher than that of seawater (34—
130 PSU; Kaiser et al. 2005). Some of these areas are found
in the Mediterranean Sea and in the Red Sea (Olafsson et al.
2000). Human activities, such as desalination plants, can also
generate hypersaline zones.

Meiofauna from hypersaline areas

Several nematodes and harpacticoid copepods are adapted to
hypersaline conditions (Carrasco and Perissinotto 2012). In
the discharge area of desalination plants in the Canary
Islands, substantial changes in the abundance of nematodes
and copepods have been recorded (Riera et al. 2011).
Meiofaunal abundance increased in sediments underneath
the discharge and nematodes dominated impacted stations
(Riera et al. 2011). Meiofauna assemblages (mainly forami-
niferans and ostracods) were reported from saltpans, hypersa-
line lagoons and salt lakes of the Gulf of Saros (Turkey;
Bassler-Veit et al. 2013). High kinorhynch abundances were
observed in a lagoon area in Java, Indonesia, where salinity
levels vary from 24%o to 41%0 (Ostmann et al. 2012); in the
Itamaraca mangrove area (Brazil), where salinity levels reach
40-44%o0 (Gomes et al. 2002); as well as in the Rio Formoso
Estuary (Brazil), where the salinity is 37%¢ (Vasconcelos et al.
2004; see salinity adaptations in the mangroves section). In
high saline areas of the Red Sea, Gerdes et al. (1985) found
only one nematode species, Oncholaimus oxyuris, present in
the sediment.

Hypoxic and anoxic environments

Hypoxic environments are characterised by reduced availabil-
ity of dissolved oxygen (< 0.2 mL/L; Kamykowski and
Zentara 1990). In shallow waters, oxygen depletion is often
a seasonal phenomenon that can be exacerbated by anthropo-
genic activities. Especially in coastal waters, enhanced
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nutrient input by river runoffs often results in eutrophication
that induces increased biomass production and, subsequently,
higher oxygen consumption due to microbial activities (Diaz
and Rosenberg 1995; Rabalais et al. 2010). In deeper waters,
naturally occurring oxygen minimum zones (OMZs) are lo-
cated mainly in the eastern Pacific, the Arabian Sea and the
Bay of Bengal (Helly and Levin 2004). Hypoxic environ-
ments can eventually become anoxic, with a total absence of
dissolved oxygen in the bottom water and sediment pore water
(Diaz 2001). The deep Black Sea is one example of an anoxic
environment. Below 150 m depth, the Black Sea is
characterised by low oxygen concentrations (0.1-0.3 mL/L;
Sergeeva et al. 2011), and it is anoxic and sulphidic below
depths of 200-250 m.

Meiofauna from hypoxic and anoxic environments

Prolonged exposure to hypoxic conditions negatively affects
the entire meiofaunal community, with a decrease in
meiofaunal densities and disappearance of many species and
life stages (Murrell and Fleeger 1989; Diaz and Rosenberg
1995; Wetzel et al. 2001; Revkov and Sergeeva 2004; Ingels
etal. 2013; Sergeeva and Zaika 2013). However, meiofauna is
generally more tolerant to low concentrations of oxygen than
macrofauna (Giere 1993). With oxygen concentrations below
0.1 mL/L, the fauna is comprised mainly of small organisms,
foraminiferans and nematodes in particular (Levin 2003;
Gooday et al. 2009b), while macrofaunal organisms are rare
(Gooday et al. 2000, 2009a, b; Levin 2003). Meiofaunal com-
position varies according to changes in the hypoxic zone
(Revkov and Sergeeva 2004). In the Gulf of Mexico, a dra-
matic decrease in the abundance and biomass of meiofauna is
associated with hypoxia and anoxia (Murrell and Fleeger
1989). The foraminifera species Virgulinella fragilis was re-
corded in Walvis Bay sediments (Benguela shelf, West
Africa), where the sub-thermocline is perennially hypoxic
(Tsuchiya et al. 2009; Levin et al. 2009). In the Black Sea,
the extreme conditions prevent colonisation by aerobic ben-
thic organisms (Sergeeva et al. 2013), although there is recent
evidence that some benthic metazoans and protists can survive
in anoxic and sulphidic habitats at depths of almost 300 m
near the outflow area of the Bosphorus in the western Black
Sea (Sergeeva et al. 2014). Meiofauna from hypoxic and an-
oxic environments is reviewed in detail by Zeppilli et al.
(2015b).

Adaptation of meiofauna to hypoxia and anoxia

Behavioural (escape, predation reduction) and physiological
responses (growth rate decrease, dormancy, initiation of an-
aerobic metabolism) to hypoxic conditions have been record-
ed in meiofauna (Rabalais et al. 2002). Several studies showed
that nematodes are generally more resistant to hypoxia than
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copepods (Murrell and Fleeger 1989; Modig and Olafsson
1998; Grego et al. 2013; Sergeeva and Zaika 2013).
Nematodes are adapted to these extreme conditions (e.g.
Odontophora spp.; Van Colen et al. 2009) with detoxification
strategies and high anaerobic capacity (Veit-Kohler et al.
2009; Vopel et al. 1998). Harpacticoid copepods are the most
sensitive meiofauna taxa to low oxygen concentrations (De
Troch et al. 2013). Mechanisms that allow foraminiferans to
live in hypoxic/anoxic sediments are: (1) optimisation of ox-
ygen capture (by smaller dimension and thinner and more
porous shell; Bradshaw 1961; Phleger and Soutar 1973;
Perez-Cruz and Machain-Castillo 1990; Sen Gupta and
Machain-Castillo 1993; Bernhard and Sen Gupta 1999;
Gooday et al. 2000; Levin 2003); (2) the presence of bacterial
endosymbionts (e.g. Bernhard 2003); (3) the sequestration of
chloroplasts (Bernhard and Bowser 1999; Grzymski et al.
2002); (4) the proliferation of peroxisomes and mitochondria
(Bernhard and Bowser 2008); and (5) the respiration of stored
nitrate (Risgaard-Petersen et al. 2006; Woulds et al. 2007;
Gooday et al. 2009a, b; Pifa-Ochoa et al. 2010a, b; Glock
et al. 2012; Koho and Pifia-Ochoa 2012; Mallon et al. 2012;
Fontanier et al. 2014a). Nematodes are adapted to hypoxia/
anoxia with detoxification strategies and high anaerobic ca-
pacity (Veit-Kohler et al. 2009; Vopel et al. 1998), and can be
used to detect changes in oxygen levels in marine environ-
ments (Zeppilli et al. 2015b). Adaptations of meiofauna to
hypoxic and anoxic environments are reviewed in detail by
Zeppilli et al. (2015b).

Hydrothermal vents

Hydrothermal vents are the result of seawater percolating up
through fissures in the ocean crust in the vicinity of spreading
centres and back-arc basins. The cold seawater is heated by
the rocks in contact with the magma chamber, enriched in
different chemicals and remerges to the seafloor to form hot
vents. These ephemeral habitats have a longevity that is di-
rectly related to the character of the underlying magma (Van
Dover 2000). Life in these environments requires the organ-
isms to develop specific adaptations to cope with the extreme
abiotic conditions and the patchy nature of vent ecosystems.
Particular challenges are posed by the presence of: (1) high
concentrations of reduced compounds such as hydrogen sul-
phides, low oxygen levels and the presence of heavy metals
and radionuclides (Sarradin et al. 1999; McMullin et al. 2000;
Charmasson et al. 2009); (2) high temperature gradients from
a few °C in the surrounding seawater up to 400 °C in the black
smokers; and (3) patchy and ephemeral distribution of venting
activity on the seafloor (Tunnicliffe 1991). Shallow-water hy-
drothermal vents typically release free gas and hot water, cre-
ating extreme local conditions variable in space and time
(Tarasov et al. 2005; Zeppilli and Danovaro 2009). The
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presence of light, coupled with that of geothermal fluids, pro-
motes both photo- and chemosynthetic primary production
(Tarasov et al. 2005).

Meiofauna from hydrothermal vents

The fauna of shallow-water vents is different from that found
at deep-sea vents (Tarasov et al. 2005). In contrast to deep-sea
hydrothermal vents, shallow-water vents are characterised by
non-endemic vent meiofauna characterised by higher diversity
and abundance than in background sediments (Tarasov et al.
2005). Nematodes dominate sites with high fluid emissions,
while copepods are dominant in sediments with moderate
emissions (Coull 1985; Colangelo et al. 2001; Zeppilli and
Danovaro 2009). Compared with deep-sea vents, where none
of the nematode species found in hydrothermal sediments oc-
cur in the surrounding sediments (Vanreusel et al. 1997), nem-
atodes inhabiting shallow vent areas include a subset of spe-
cies that live in background sediments far away from the vent
sites but are also able to survive in extreme conditions. None
of the shallow-water vent copepods are specific or related to
copepods specific to the deep-sea hydrothermal vents, sug-
gesting that the populations close to shallow vents are the
result of colonisation from adjacent areas (Zeppilli and
Danovaro 2009).

In recent years, the deep-sea hydrothermal vent
meiofauna has increasingly gained interest and several
studies have been published (Vanreusel et al. 1997,
Tsurumi et al. 2003; Zekely et al. 2006a, b; Copley et al.
2007; Gollner et al. 2007, 2010b, 2013; Limén et al. 2007;
Degen et al. 2012; Cuvelier et al. 2014; Sarrazin et al.
2015). Meiofauna is considered to contribute up to 20%
of the total diversity known from deep-sea hydrothermal
vents (Bright 2006). In the vicinity of deep-sea vents,
meiofauna can be associated with habitats ranging from
inactive bare basalts (Gollner et al. 2010b) and sediments
(Vanreusel et al. 1997) to diffuse vent flow areas colonised
by macrofaunal assemblages (Zekely et al. 2006a, c;
Sarrazin et al. 2015). Almost all studies that include
meiofauna were conducted along the East Pacific Rise
(EPR; Dinet et al. 1988; Flint et al. 2006; Gollner et al.
2006, 2007, 2010b; Zekely et al. 2006a, b, c; Copley et al.
2007; Limén et al. 2007, 2008), with the exception of four
studies: two in the West Pacific back-arc basins
(Shirayama 1992; Vanreusel et al. 1997) and three on the
Mid-Atlantic Ridge (MAR; Zekely et al. 2006a, b, c;
Cuvelier et al. 2014; Sarrazin et al. 2015). The picture
emerging from these studies points to a vent meiofauna
with low abundance and diversity (Dinet et al. 1988;
Vanreusel et al. 1997; Tsurumi et al. 2003; Copley et al.
2007; Limén et al. 2007; Gollner et al. 2010b) compared
with other chemosynthetic ecosystems characterised by
less extreme conditions. Their distributions vary with the

abiotic conditions of the habitat (Gollner et al. 2010b;
Sarrazin et al. 2015) and the presence of bacterial mats
and large engineer species, such as mussels and tubeworms
(Zekely et al. 20064, c; Gollner et al. 2010b; Degen et al.
2012). In the Atlantic, meiofauna represent at least 50% of
the total diversity in vent fauna and meiofaunal communi-
ties are dominated by generalist nematodes and endemic
copepods (Zekely et al. 2006a, c; Sarrazin et al. 2015).
Nematodes identified in deep-sea vents generally belong
to families and genera already known from non-vent hab-
itats (Dinet et al. 1988; Vanreusel et al. 1997; Zekely et al.
2006c), although, at the species level, none of the nema-
tode species found in the hydrothermal sediments occur in
the surrounding abyssal areas (Vanreusel et al. 1997;
Setoguchi et al. 2014). Nematodes belonging to the family
Oncholaimidae have been reported close to the source of
the emissions at shallow hydrothermal vents worldwide
(Thiermann et al. 1994; Dando et al. 1995; Zeppilli and
Danovaro 2009). The nematode community composition
from a hydrothermal vent field located in the caldera of
the Myojin seamount on the Izu-Ogasawara Arc (Japan)
was significantly different from that in the non-
hydrothermal areas around the caldera (Setoguchi et al.
2014). Nematode studies at 9°50'N on the EPR reveal
low nematode diversity and high dominance of single spe-
cies (Flint et al. 2006; Zekely et al. 2006a; Gollner et al.
2007, 2010b). Species richness is inversely correlated with
the intensity of vent fluid emissions (Gollner et al. 2010b,
2015). In their recent study, Gollner et al. (2015) showed
that, unlike the majority of macrofaunal species,
meiofaunal species were distributed across proximate and
distant basalt habitats and were, thus, not restricted to vent
habitats.

Copepods represent an important taxonomic group at deep-
sea vents, with more than 80 described species representing 20
families and six orders (Heptner and Ivanenko 2002; Ivanenko
and Defaye 2006). Most of the copepod species (53) belong to
the family Dirivultidae (order Siphonostomatoida), which has
only been reported from hydrothermal vent ecosystems
(Humes and Dojiri 1980; Gollner et al. 2010a; Ivanenko and
Ferrari 2013). Dirivultidae have a worldwide distribution, but
most genera and species are endemic to a single biogeographic
region (Heptner and Ivanenko 2002; Gollner et al. 2011). The
origin of dirivultids is unclear, but migration from other deep-
sea chemosynthetic habitats (stepping stone hypothesis;
Gollner et al. 2010a) or deep-sea sediments seems unlikely,
since the Dirivultidae are unknown in these environments.
The ancestral dirivultids may have been associated with
deep-water invertebrates (Heptner and Ivanenko 2002;
Ivanenko and Martinez Arbizu 2016). Evolutionary switching
from living in symbiosis to living on bacterial mats of hydro-
thermal vents is also shown for siphonostomatoid copepods of
the genus Collocherides belonging to the symbiotic family
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Asterocheridae, with one species (C. brychius) found on bac-
terial mats at a deep-water hydrothermal site in the northeast-
ern Pacific and another four congeners living in the gut of
shallow-water ophiuroids (Stock 1971; Humes 1999). The
Dirivultidae occupies a prominent part of most communities
at vents, in particular on sulphide edifices, and is the only
invertebrate taxon endemic to hydrothermal vents found in
the Atlantic, Pacific and Indian oceans (Gollner et al. 2010a,
2016; Sarrazin et al. 2015). They live on hard substrates and
are found on bacterial mats as well as in aggregations of var-
ious engineer species (e.g. alvinellids, siboglinids and bi-
valves). Copepods of the genus Dirivultus differ from most
other free-moving dirivultids and are found as parasites at-
tached to the tentacular crown of Riffia (Humes and Dojiri
1980). Other harpacticoid and cyclopoid copepods previously
known only from shallow waters (like 7isbe, tegastids and
cyclopinids) were reported from hydrothermal vents in the
Lucky Strike hydrothermal vent field and later found in other
deep-water chemosynthetic environments (Ivanenko and
Defaye 2004a, b; Ivanenko et al. 2011a, 2012).

Kinorhynchs are absent at the caldera of the Sulawesi
shallow-water hydrothermal vent in the Pacific, but they are
present outside the vent influence area (Zeppilli and Danovaro
2009). In the deep sea of the North Fiji Basin in the Pacific
Ocean, kinorhynchs were present both in the active hydrother-
mal sediments and at the control station far away from vent
activities (Vanreusel et al. 1997). Kinorhynchs can colonise
vent sediments after a catastrophic seafloor eruption
(Mullineaux et al. 2012).

While successions of large animals at vents are relatively
well known, information on the associated meiofauna is
sparse (Gollner et al. 2013). A study of mussel beds of differ-
ent ages (4 to > 20 years), representing a late successional
stage of vent communities, showed that nematodes are less
abundant and diverse at younger sites (Copley et al. 2007).
Nematodes are negatively impacted by volcanic eruptions and
require long time periods to colonise new lava-flooded areas
(Gollner et al. 2013). An important aspect of recolonisation by
nematodes after a volcanic eruption is linked to the survival of
populations in some undisturbed, local patches associated
with topographic features (Tsurumi et al. 2003; Gollner et al.
2013). Several experiments were performed on the MAR with
paired wood and slate panels deployed at different localities in
close proximity to visible hydrothermal activity (Cuvelier
et al. 2014; Zeppilli et al. 2015a; Plum et al. 2017). After
1 year, the different types of substrata appeared to attract dif-
ferent nematode and copepod communities (Cuvelier et al.
2014; Zeppilli et al. 2015a), and after 2 years, the type of
substratum seemed less important to community structure.
Instead, local environmental conditions and hydrothermal ac-
tivity significantly influenced the composition of nematode
and copepod communities independently of the type of sub-
stratum (Cuvelier et al. 2014; Plum et al. 2017).
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Adaptation of meiofauna to hydrothermal vent conditions

The nematode genus Oncholaimus tolerates extreme geother-
mal and hypersaline conditions and high sulphide concentra-
tions (Gerlach and Riemann 1973; Thiermann et al. 1994). For
example, O. campylocercoides in hydrothermal vents of the
Aegean Sea, as well as in brackish waters in the Baltic and
Black seas (Thiermann et al. 1994, 1997), has been shown to
produce sulphur-containing droplets when exposed to hydro-
gen sulphide (Thiermann et al. 1994), reducing the concentra-
tion and toxic effect of hydrogen sulphide The accumulation
of elemental sulphur also provides an energetic ‘deposit’ for
later oxidation to thiosulphate, sulphite or sulphate under oxic
conditions (Thiermann et al. 2000). In the deep-sea Lucky
Strike hydrothermal vent field (MAR), Oncholaimus is very
abundant at the most active vent sites (Tchesunov 2015;
Zeppilli et al. 2015a). This Oncholaimus species has a detriti-
vore diet with a specialisation on free-living chemoautotroph
microorganisms (Zeppilli et al. submitted). This species also
harbours an epibiotic microbial community dominated by
Gammaproteobacteria lineages, which includes vent symbi-
onts (Zeppilli et al. submitted). The nematode
Halomonhystera shows ovoviviparous reproduction near vent
emissions at MAR sites (Zeppilli et al. 2015a), as reported in
other extreme environments (e.g. cold seeps; Van Gaever et al.
20006).

Dirivultidae copepods possess haemoglobin with a high
affinity for oxygen, making them well adapted to low-
oxygen habitats (McMullin et al. 2000). They are also
characterised by fast movements that can be used to escape
extreme vent fluctuations (McMullin et al. 2000). Dirivultid
females typically carry only one or two embryos in each of
two embryo sacks, and their non-feeding lecithotrophic
nauplii develop in the plankton, away from the extreme envi-
ronment (Ivanenko et al. 2007b, 2011Db).

Cold seeps

Cold seeps are regions of the seafloor where chemicals seep
through the oceanic crust (Ritt et al. 2010). Fluids and mud
can escape as bubbles, form carbonated structures, brine lakes,
mud volcanoes and pockmarks (Levin 2005; Foucher et al.
2009). Like hydrothermal vents, they are characterised by
the presence of reduced chemical compounds (hydrogen sul-
phide, methane and hydrocarbons), local hypoxia or even an-
oxia, high microbial abundance and metabolic activity, and
the production of autochthonous, organic material by chemo-
autotrophic bacteria. The first cold seep was discovered in
1979 on the active margin of San Clemente in California
(USA) (Sibuet and Olu 1998). Since then, other cold seeps
have been found on the passive margin of Florida (USA) in
the Gulf of Mexico, on the subduction zones of Oregon (USA)
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and Japan, and the Barbados accretionary prism (Juniper and
Sibuet 1987; Olu et al. 1996). In Europe, cold seeps have also
been found on the Norwegian margin, in the Gulf of Cadiz and
the Mediterranean Sea (Vanreusel et al. 2009 and references
therein; Ritt et al. 2010; Zeppilli et al. 2011, 2012).

Meiofauna from cold seeps

Foraminiferans are an important component of meiofauna at
seeps worldwide (reviewed by Levin 2005), where they have
been studied in part because of their potential as indicators of
methane seepage in the palacoceanographic record (e.g.
Rathburn et al. 2003). Foraminiferal densities may be high
at some shallow-water seeps (Panieri 2006), but this is gener-
ally not the case in deeper water, where seep-associated spe-
cies are similar to those found in organically enriched,
oxygen-depleted settings (Levin 2005). Living benthic fora-
minifera from modern cold seeps have been investigated in a
number of studies (e.g. Sen Gupta and Aharon 1994; Kitazato
1996; Sen Gupta et al. 1997, 2007; Rathburn et al. 2000, 2003;
Bernhard et al. 2001, 2010; Torres et al. 2003, 2010; Martin
etal. 2004, 2010; Heinz et al. 2005; Panieri 2006; Mackensen
et al. 2006; Lobegeier and Sen Gupta 2008; Fontanier et al.
2014b). This work suggests that foraminiferal species ob-
served in cold seep areas are not endemic and may be recruited
from adjacent non-seep zones (e.g. Sen Gupta and Aharon
1994; Kitazato 1996; Sen Gupta et al. 1997; Rathburn et al.
2000, 2003; Lobegeier and Sen Gupta 2008; Martin et al.
2010; Fontanier et al. 2014b).

Nematodes dominate the metazoan meiofauna in sediments
of deep-sea seeps worldwide (Levin 2005; Van Gaever et al.
2009a; Zeppilli et al. 2011, 2012; Lampadariou et al. 2013). In
deep-sea seeps in the Arctic and Atlantic oceans (Van Gaever
et al. 2006, 2009a), and in pockmark sediments of the North
Sea (Dando et al. 1991), gas emissions cause significant reduc-
tion in biodiversity, especially for nematodes. The Hékon
Mosby mud volcano was found to be largely dominated by a
single species (Halomonhystera sp.), which accounted for up
to 98% of the nematode fauna (Van Gaever et al. 2006). In the
Gulf of Guinea, seep sediments yielded low nematode diver-
sities, with only two species (Sabatieria mortenseni and
Desmodora sp.) accounting for 70% of the total nematode
abundance (Van Gaever et al. 2009a). Conversely, mud volca-
noes and pockmarks in the Mediterranean Sea hosted higher
levels of nematode biodiversity when compared with control
sediments not influenced by seepage (Zeppilli et al. 2011,
2012). No dominant genera/species were encountered in sedi-
ments with the strongest gas emission, suggesting that nema-
tode species composition depends on local environmental con-
ditions, including seepage activity (Zeppilli et al. 2011, 2012).

Copepods are generally the second meiofaunal group in
terms of abundance in cold-seep sediments, followed by sev-
eral temporary groups (Lampadariou et al. 2013). At the

Hakon Mosby mud volcano, many harpacticoid copepods of
the genus Tisbe were found (Van Gaever et al. 2006). The
poecilostomatoid copepod of the genus Hyphalion living in
Calyptogena is found in both cold seeps and hydrothermal
vents, like their hosts (Humes 1987). A group of calanoid
copepods belonging to the family Spinocalanidae is found in
swarms over hydrocarbon seeps of hydrothermal vents and
cold seeps (Ivanenko et al. 2007a). Fifty-five copepod species
associated with tubeworm and mussel aggregations around a
hydrocarbon seep in the Green Canyon of the Gulf of Mexico
were identified, most of which were new to science (Plum
et al. 2015). At cold seeps, foundation species (such as
tubeworms and mussels) may shape the community abun-
dance and composition of associated copepods (Bright et al.
2010; Plum et al. 2015).

Kinorhynchs were identified at the phylum level at sev-
eral kinds of cold seeps in the Gulf of Mexico, Caribbean
Sea, Black Sea, Mediterranean Sea and East Pacific (off
Oregon). Specifically, they were reported at deep-water hy-
drocarbon seeps in microbial mats of Beggiatoa, in fields of
the clam Calyptogena and associated with tubeworm and
mussel aggregations (Robinson et al. 2004; Sommer et al.
2007; Bright et al. 2010). as well as at shallow-water meth-
ane seeps (Revkov and Sergeeva 2004) and deep and shal-
low mud volcanoes (Olu et al. 1997; Zeppilli et al. 2011;
Lampadariou et al. 2013). In addition, Zeppilli et al. (2012)
found kinorhynchs in both active and inactive pockmarks.
It is noteworthy that, inside the inactive crater, in which
nematodes, copepods and polychaetes were abundant,
kinorhynchs were the only representative of the ‘rare taxa’
(< 1% of the total meiofaunal abundance; Zeppilli et al.
2012). Currently, a single study focused on kinorhynchs
was carried out at gas seeps, specifically in shallow basins
with CO, gas vents (Alvarez-Castillo et al. 2015). This
venting activity decreases the pore water pH, causing acid-
ification of the bottom water. At Wagner and Consag basins
(Gulf of California), the pH reaches low values (6.06—7.83)
and kinorhynchs occur in a relatively high abundance
(2.64% of the total meiofauna), ranking fourth after nema-
todes, copepods and polychaetes. The family
Pycnophyidae was the best represented in the area, both
in total abundance (52.18%) and richness, and comprised
seven out of ten identified morphospecies.

An exceptional abundance of rotifers was found in anoxic
and highly sulphidic sediments associated with shallow gas
hydrates at the southern crest of Hydrate Ridge off Oregon
(USA), NE Pacific (Sommer et al. 2007). Yet, the occurrence
of high abundances of rotifers in several marine habitats has
been questioned in light of the likely contamination from
freshwater (even distilled water) used during the extraction
of meiofauna (Funch et al. 1996; Guilini et al. 2012).
Ostracods and halacarids were also reported in the hydrocar-
bon seep, Green Canyon, Gulf of Mexico (Bright et al. 2010).
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Adaptation of meiofauna to cold seep conditions

Metabolic adaptations (facultative anaerobic metabolism, mu-
tualism with prokaryotes) and habitat and food preferences
(elevated epibiotic habitat, bacterivory) may help explain fo-
raminiferal occurrence in methane- and sulphide-enriched
sediments (e.g. Bernhard et al. 2001, 2010; Panieri 2006;
Mackensen et al. 2006; Sen Gupta et al. 2007; Lobegeier
and Sen Gupta 2008). However, in some studies, strong dis-
equilibrium has not been noted between the §'°C of living
foraminiferal tests from cold seep zones and the expected very
low 6'*Cpyc of hydrate-gas fluid (e.g. Sen Gupta and Aharon
1994; Torres et al. 2003; Bernhard et al. 2010). Therefore, it
has been suggested that foraminiferans may calcify during
periods of low methane discharge or during intermittent epi-
sodes of seawater flow into sediments (Torres et al. 2003). In
addition, foraminiferal §'>C signatures may also reflect the
13C-depleted food source (e.g. methanotroph bacterial bio-
mass) and/or prokaryotic symbionts (Sen Gupta and Aharon
1994; Rathburn et al. 2003; Panieri 2006; Mackensen et al.
2006; Bernhard et al. 2010). Accordingly, Panieri (2006) doc-
umented lighter protoplasmic 5'°C for foraminiferans living
in hydrocarbon seeps compared to an adjacent non-seep area,
suggesting that Beggiatoa (prokaryotes) may be a food source
for the foraminiferans.

Nematodes are adapted to cold-seep environments and ap-
pear to tolerate their extreme environmental conditions, which
include reduced oxygen availability and, in some cases, very
high hydrogen sulphide concentrations (Zeppilli et al. 2012).
They have developed special physical characteristics, includ-
ing a longer and thinner body shape, which seems favourable
for life in thiobiotic conditions (Lampadariou et al. 2013).
Sediment bioturbation by macrofauna creates oxygen islands,
where meiofaunal organisms can seek refuge (Ritt et al. 2010).
Furthermore, as observed for vent environments,
Halomonhystera shows ovoviviparous reproduction (Van
Gaever et al. 2006).

Carcasses and sunken wood

Cetacean carcasses and sunken wood that fall to the ocean
floor represent an important source of organic matter for the
oligotrophic deep-sea benthos (Debenham et al. 2004). The
sulphur production induced by the carcass degradation sup-
ports a rich fauna of chemoautotrophic organisms (Smith and
Baco 2003). This temporary environment sustains a chemo-
synthetic community for up to 10 years (Pavlyuk et al. 2009)
and can support ecosystems that extend up to 30 m in diameter
(Debenham et al. 2004). Initially, the carcass is colonised by
necrophagous organisms and successively by scavengers that
consume the soft tissue of the cetaceans, followed by oppor-
tunistic species with different feeding modes (Smith and Baco
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2003; Lundsten et al. 2010). Bones are then colonised by
microorganisms or chemoautotrophs using sulphur as respira-
tory metabolites (Smith and Baco 2003; Fujiwara et al. 2007),
as well as by specialised bone-eating polychaetes of the genus
Osedax (Rouse et al. 2004) and, finally, by suspension
feeders. Sunken wood is widely distributed in the oceans
and constitutes a microhabitat suitable for sulphide-oxidising
symbioses due to the sulphides produced from the decompo-
sition of the wood in seawater (Laurent et al. 2009; Bienhold
et al. 2013).

Meiofauna from carcasses and sunken woods

In shallow-water ecosystems, nematode abundance and diver-
sity are negatively affected by the presence of a whale carcass
(Pavlyuk et al. 2009). Similarly, the abundance and diversity
of meiofauna under an estuarine stingray carcass were signif-
icantly lower when compared with samples away from the
carcass (Fonseca et al. 2011). Only a few nematode species,
typical of hypoxic/anoxic sediments, were more abundant un-
der this carcass (Fonseca et al. 2011). Among copepods asso-
ciated with sunken wood, Xylora bathyalis is also found living
in hydrothermal vents and cold seeps (Hicks 1988; Cuvelier
et al. 2014; Plum et al. 2015). Copepods living on carcasses
are poorly studied. Naupliar and copepodid stages of the
harpacticoid copepod Tegastes satyrus (family Tegastidae)
were found on filamentous bacteria-covered whale bones de-
veloped on carcass deployed near the coast of Sweden
(Willems et al. 2009).

Wood falls and whale carcasses have been considered as
evolutionary stepping stones for the colonisation of chemo-
synthetic environments (Smith and Baco 2003; Bienhold et al.
2013; Cuvelier et al. 2014; Zeppilli et al. 2015a). In a coloni-
sation experiment using wood and slate substrata at the Lucky
Strike hydrothermal vent field, the opportunistic nematode
Halomonhystera showed a preference for wood, indicating
the tolerance of this species to low oxygen and high sulphide
concentrations, and a possible link with the sulphide produc-
tion due to wood decomposition (Cuvelier et al. 2014).

Deep sea

The deep sea, the largest ecosystem on Earth, is considered to
be extreme due to the high pressure, low temperature, gener-
ally low food input and lack of light (Gage and Tyler 1991;
Mestre et al. 2014). Deep-sea habitats represent the most com-
mon environmental conditions on our planet, as they cover
66% of the Earth’s surface: the fact that they are defined as
‘extreme habitats’ only reflects our biased knowledge on bio-
diversity, based mostly on terrestrial and marine coastal hab-
itats. The deep sea is inhabited by benthic communities with
unique characteristics (Ramirez-Llodra et al. 2010). One key
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ecological attribute of this vast habitat is food limitation
(Smith et al. 2008), at least for the abyssal plains, which oc-
cupy the largest part of the deep-sea floor. This leads to a
general decrease in body size and an increase in the relative
abundance of small organisms (meiofauna) (Rex et al. 20006).
Favoured by the prevailing low and constant temperatures,
some deep-sea taxa (e.g. fish) grow slowly and have a long
life span with low maintenance expenditure (Seibel and
Drazen 2007; Giere 2009). A number of distinct habitats can
be identified in the deep sea, and each of them is characterised
by a number of unique features, which, in turn, define the
biological communities that inhabit them. Rosli et al. (this
issue) provide a comprehensive review of ecological studies
of deep-sea meiofauna, and Zeppilli et al. (2015b) reviewed
cobalt-rich ferromanganese crusts and polymetallic nodule
habitats. After a review of chemosynthetic environments, in-
cluding deep-sea vents, seeps and organic falls, and in order to
avoid treating the most common habitat of the planet as an
unusual one, here, we focus only on three deep-sea ecosys-
tems that represent peculiar and potentially true extreme hab-
itats: canyons, deep hypersaline anoxic basins (DHABs) and
hadal zones.

Deep sea: canyons

Submarine canyons are deep, narrow indentures of continental
shelves and slopes and oceanic islands, forming a direct path-
way from shallow water to the deep sea (defined by Shepard
1972). They comprise complex, highly heterogeneous envi-
ronments with rugged topography that encompasses a patch-
work of habitats with different degrees of stability and organic
enrichment (Tyler et al. 2009; Amaro et al. 2016). All canyons
are different. Some are more active than others, but many are
subject to enhanced current activity and physical disturbance,
particularly in the upper and middle sections of canyons (de
Stigter et al. 2007), whilst deeper sections are usually less
disturbed but can experience irregular sediment disturbances
originating from shallower sections of the canyon. Sediment
slumps and slides may occur on steep slopes, while gravity
flows and turbidity currents can erode the seabed in the upper
parts of active canyons, as well as rapidly depositing sediment
layers in the lower reaches. The instability and physical dis-
turbance characteristic of many canyon environments means
that the benthic faunas occupying them are often exposed to
severe physical disturbance. Turbidity currents are common in
active canyons and can be triggered by events such as storms,
flood discharges, seismic activity, dense shelf water cascading
and sediment slumping (Bolliet et al. 2014) or even anthropo-
genic activities on canyon interfluves such as trawling (Puig
et al. 2012). To a large extent, turbidity currents affect the
communities in their path by eroding the canyon floor as well
as through the rapid deposition of a new layer of sediment.

Whilst each canyon has unique morphological, hydrographic,
sedimentological and biological properties, a significant
feature linking them is high heterogeneity in habitat
characteristics. This heterogeneity is expressed at different
spatial and temporal scales, as one might expect, given the
range of temporally and spatially different types of
disturbances that have been documented in submarine
canyons. Studies of meiofauna in submarine canyons
systems have seen a significant rise in the past couple of
decades, whilst before that, the interstitial component of
canyon benthos was often ignored. From an ecological
perspective, however, submarine canyons provide ideal
settings to assess the roles of environmental drivers and
disturbance regimes on meiofaunal communities.

Meiofauna from canyons
Foraminifera

Jorissen et al. (1994) reported that live benthic foraminiferans
were scarce or absent in three cores obtained during submers-
ible dives in three separate canyons (Wilmington, Wilmington
South and South Heyes) on the New Jersey margin. They
attributed the absence of stained foraminiferans in the South
Wilmington sample to a strong current that was observed
eroding the seabed during the dive, and the occurrence of
unusually sparse populations confined to the 0—1-cm layer
of the Wilmington and South Heyes cores to mass wasting
events (sediment slumping). Stained foraminiferans were
more abundant, and penetrated deeper into the sediment, in
two other cores from an apparently more quiescent part of the
Wilmington canyon, although densities were still lower than
those in samples from the similar depths outside the canyons.

A series of studies in the Cap Breton Canyon in the south-
e Bay of Biscay has revealed different stages in the recovery
of foraminiferal assemblages from the turbidite currents that
have caused frequent disturbances in this active canyon. One
such event, triggered by a severe storm in December 1999,
killed foraminiferal assemblages by burying them under a
turbidite layer. Samples taken 4 months later (May 2000) in
the middle part of the canyon (647 m depth) documented the
initial recolonisation of this 18-cm-thick deposit by pioneer
foraminiferans largely confined to the upper 1-cm layer of
sediment and dominated by a normally rare species,
Technitella melo (Anschutz et al. 2002; Hess et al. 2005).
This species is also recorded by Duros et al. (2017) at two
deeper sites (983 and 1478 m) in the canyon axis together with
Fursenkoina bradyi and Reophax dentaliniformis, these three
species being regarded by the authors as the first recolonisers
of turbidite deposits. A later successional stage was represent-
ed at the 650-m site in June and September 2001, more than
1.5 years after the 1999 turbidity current, by higher density
assemblages that penetrated more deeply into the sediment

@ Springer



52

Mar Biodiv (2018) 48:35-71

and were dominated (80-86%) by Bolivina subaenariensis
(Hess et al. 2005). Again, Duros et al. (2017) reported a sim-
ilar assemblage at other sites in the Cap Breton Canyon. By
2005, the 650-m site in the canyon axis sampled by Hess and
Jorissen (2009) had been covered by a new 5-cm-thick turbi-
dite layer that had been colonised afresh by foraminiferans
(Bolliet et al. 2014). Rather surprisingly, 7. melo was entirely
absent and the dominant species was again B. subaenariensis.
The reduced faunal densities and somewhat higher diversity
compared with 2001 suggested that the recolonisation was
more advanced. Elsewhere, in places not impacted by recent
turbidity flows, foraminiferal assemblages either appear to be
more typical of undisturbed habitats on the slope outside the
canyon (Duros et al. 2017) or possibly represent later succes-
sional stages (Hess and Jorissen 2009; Bolliet et al. 2014).
Taken together, these studies suggest that foraminiferal com-
munities in the axis of the Cap Breton Canyon are repeatedly
disturbed or destroyed by turbidity currents, leading to a
patchwork of assemblages at different successional stages,
while those inhabiting the more tranquil and organic-rich can-
yon flanks (terraces) enjoy greater stability.

There is evidence for similar processes occurring in other
canyons. The Nazare Canyon on the Portuguese margin is
highly active, with evidence for strong tide-generated cur-
rents, high levels of suspended material in the water column
and regular turbidity current activity (Tyler et al. 2009). Koho
et al. (2007) found differences between foraminiferal assem-
blages at similar depths in the canyon axis and on the adjoin-
ing terrace. As in the Cap Breton Canyon, terrace sites yielded
relatively diverse and high density assemblages, reflecting
their relative tranquillity, whereas low abundance, low diver-
sity assemblages characterised the axis sites, reflecting their
physical instability. A sample from 1118 m in the canyon axis,
however, yielded an anomalously high abundance of stained
foraminiferans dominated (75%) by Technitella melo, one of
the first recolonisers of the 1999 Cap Breton Canyon turbidite.
At this depth, the Nazare Canyon appears to be subject to
turbidity flows on a fairly regular basis. Species of
Technitella are also recorded from submarine canyons off
New Jersey (Swallow and Culver 1999). On the other hand,
pioneer assemblages of foraminiferans typical of sediments
deposited by recent turbidites are not reported from the
Whittard Canyon (Duros et al. 2011, 2012), which appears
to be less active than the Cap Breton and Nazare canyons
(Amaro et al. 2016).

Meiofaunal assemblages are influenced by enhanced cur-
rent flow in other deep-sea settings. The HEBBLE area, locat-
ed ~4820 m on the lower continental rise off Nova Scotia, is
the best known example. Here, the seafloor is periodically
disturbed by periods (‘benthic storms’) during which current
flow is elevated to speeds of ~40 cm s~ (Richardson et al.
1981). Kaminski (1985) recognised two foraminiferal assem-
blages in this area, both of which exhibited depressed diversity
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compared to a relatively tranquil control site (HEBBLE
Shallow Site, 4185 m depth). The genus Psammosphera and
other robust, coarsely agglutinated foraminiferans (species of
Ammobaculites, Reophax and Saccammina) were dominant
elements in the HEBBLE assemblages in contrast to the great-
er prevalence of more delicate multi-chambered taxa and
komokiaceans in typical tranquil abyssal habitats. Kaminski
(1985) interpreted the fauna from a HEBBLE box core that
displayed clear evidence of recent disturbance by a benthic
storm as being at an early stage of recolonisation, with other
samples collected during the following year representing a
somewhat later successional stage. Similar assemblages, albeit
involving different foraminiferal taxa, are known from
shallower depths (2500-4000 m) under the Western
Boundary undercurrent, also in the NW Atlantic (Kaminski
and Schroder 1987). Ecological processes in response to the
elevated currents in the HEBBLE and other hydrodynamically
disturbed areas therefore appear somewhat comparable to
those occurring within active canyons.

Metazoan meiofauna

Since the 1990s, more than 30 publications have focused on
meiofauna in submarine canyons. Many of these studies have
concentrated on one or multiple canyon systems as part of
larger multi-disciplinary studies; these include canyons in
the NE Atlantic (e.g. Nazare, Setubal, Cascais, Whittard,
Baltimore and Norfolk), Mediterranean (Blanes, Bari and
Gulf of Lions) and the Kaikoura Canyon in the Southwest
Pacific, among others. The advantage of studying meiofauna
in conjunction with other oceanographic and marine biologi-
cal disciplines is the ability to link the observed patterns to
environmental conditions and ecological relations with other
benthic or pelagic biotic components and oceanographic, bio-
geochemical and anthropogenic phenomena, such as dense
water shelf cascading, trawling, sediment turbidity and depo-
sition regimes, and hydrodynamics (e.g. Amaro et al. 2016).
There is a general consensus that submarine canyons pro-
vide suitable habitats to support enhanced meiofauna abun-
dance and biomass compared to other deep-sea habitats; in-
deed, they are often claimed to be abundance and biomass
‘hotspots’ (De Leo et al. 2010; Vetter et al. 2010; Amaro
et al. 2016). Reasons for enhanced abundance and biomass
in submarine canyons are generally ascribed to increased or-
ganic matter input in canyons, whether from favourable sur-
face water conditions supporting increased primary produc-
tion over the canyon area, topographic entrapment and
channelling leading to accumulation in the canyon, or terres-
trial and riverine inputs, and even anthropogenic activity such
as trawling leading to sediment failure and resuspension
events. These processes act in concert to produce canyon sed-
iments that are usually richer in organic matter (labile or re-
fractory, depending on the active processes) compared to
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adjacent slope environments, although spatial and temporal
changes can cause significant variability. The often high
amounts of food (but not necessarily high quality/
availability; see Kiriakoulakis et al. 2011) enriches the sedi-
mentary standing stock, and disturbance regimes stimulate
recolonisation processes on a regular basis, allowing biodiver-
sity enrichment, at least for meiofauna (Snelgrove and Smith
2002; Ingels et al. 2011c; Ingels and Vanreusel 2013). Whilst
much of the literature supports the claim of canyons being
meiofauna abundance ‘hotspots’, many studies also offer the
view that meiofauna abundance in canyons can be extremely
variable, with meiofauna densities ranging anywhere between
3 and 9457 ind. 10 cm ~ (values from the Congo Channel and
head of the Mississippi Trough, respectively; Baguley et al.
2006; Van Gaever et al. 2009b). de Bovée et al. (1990), for
instance, reported 2—3-fold abundance variations for similar
depths and 10-15-fold variation in meiofauna abundance
along the entire depth range studied in the Gulf of Lions; even
twin branches or areas within the same canyon branch can
exhibit large abundance variation (Bianchelli et al. 2008;
Ingels et al. 2009, 2011a).

At the same time, the unique canyon characteristics support
an equally unique meiofauna, with a number of taxa that are
regularly found inside the canyon not being observed in the
adjacent slope sediments. For instance, Bianchelli et al. (2010)
reported several taxa that either lived exclusively in canyons
(including tanaids, echinoid larvae) or exclusively on the ad-
jacent slopes (priapulids, holothuroids, ascidiaceans, cnidar-
ians) in their large-scale study on six canyon systems from
three different deep-sea regions. These results argue for the
importance of topographic features in the distribution of rare
meiofauna taxa in the deep sea, but also highlight the impor-
tance of biodiversity turnover along continental margins and
the contributions that canyons make to regional diversity.
Whilst canyon local or alpha biodiversity is often lower than
for adjacent slope areas [but there are exceptions; see Ingels
etal. (2011c¢) for the Whittard Canyon and Gollum Channels],
high biodiversity turnover rates (beta diversity) have been
observed between canyon areas and adjacent non-canyon
areas in several studies, implying that canyon biodiversity
contributes significantly to total regional or margin biodiver-
sity (Danovaro et al. 2009; Ingels et al. 2011a; Leduc et al.
2014). The fact that different meiofauna communities can be
found in canyons compared to slope systems attests to the
observation that canyons contribute to regional diversity
(Danovaro et al. 2009, 2010a).

Canyon systems are complex environments, and their
faunas are influenced by multiple factors, which include hy-
drodynamic conditions and current regimes, topography and
habitat heterogeneity, terrestrial and riverine input, surface
productivity, sedimentation processes and turbidity events,
anthropogenic activities etc. (Danovaro et al. 1999; Baguley
et al. 2006; Ingels et al. 2009, 2011c, 2013; Ramalho et al.

2014; Amaro et al. 2016; Roman et al. 2016; Thistle et al.
2017). The general bathymetric decline of abundance and bio-
mass, as often observed on continental slopes, is nearly always
interrupted in submarine canyons, owing to the great hetero-
geneity within each canyon [although exceptions can be
found, e.g. Ardencaple Canyon in the Arctic (Soltwedel
et al. 2005) and Gulf of Lions (Grémare et al. 2002)], differ-
ences in nearshore input of organic matter (Baguley et al.
2006) and organic carbon influx and accumulation (Soetaert
etal. 1991; Danovaro et al. 1999, 2010a; Roman et al. 2016),
and bottom currents and sediment disturbance (Romano et al.
2013), among others. In addition, inter- and intra-annual var-
iations in environmental conditions are known to influence
meiofauna abundance, biomass and diversity, adding temporal
complexity to bathymetric patterns in canyon systems (Ingels
et al. 2013; Romano et al. 2013; Ramalho et al. 2014; Roman
etal. 2016).

In the Blanes Canyon, for instance, the bathymetric abun-
dance decline that was present in autumn 2003 disappeared in
the following spring, when storm-induced current speeds and
influx of refractory material increased (Romano et al. 2013).
Such seasonal alterations also have an effect on the size of
meiofauna organisms, either through food-induced replace-
ment of taxa or food-induced transition from a ‘latent’ to a
‘reproductive’ community with more juvenile specimens
(Ingels et al. 2013). At the same time, however, inter-annual
variations occur, and these are also important in driving
meiofauna assemblages in canyons, but they can be overrid-
den by variability caused by habitat heterogeneity and water
depth differences, which, in turn, may influence food supply
and availability (Ramalho et al. 2014).

Adaptation of meiofauna to canyon conditions

Hydrodynamic disturbance is a factor often used to explain
reduced meiofauna abundance and biomass sometimes found
in canyons and channel systems. In the Nazare Canyon,
Garcia et al. (2007) attributed extremely low meiofauna abun-
dance (as low as 5.9 ind. 10 cm ™) in the canyon axis mainly to
the high-velocity bottom currents and unstable sedimentary
conditions, particularly in the upper- and mid-canyon regions.
In the Congo Channel, the active system with high-speed cur-
rents resulted in meiofauna abundances as low as 3 ind.
10 cm 2 (Van Gaever et al. 2009b). Other explanations for
reduced abundance and biomass may be high levels of sedi-
mentation and burial, leading to oxygen stress. For meiofauna
communities, however, such disturbance often leads to re-
placement with opportunistic taxa or more specialised taxa,
rather than a reduction of total meiofauna (Ingels et al. 2009).
In this context, the observed dominance of nematode genera,
such as Sabatieria, has often been linked to oxygen stress and
sediment disturbance in general (Garcia et al. 2007;
Schratzberger et al. 2009; Leduc et al. 2014), whilst the
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presence of Microlaimus, for instance, can indicate sediment
disturbance and recolonisation processes (Lee et al. 2001; Van
Gaever et al. 2009b; Leduc et al. 2014).

Several authors have claimed that canyons are harsh envi-
ronments and that only opportunistic organisms can survive in
these habitats (e.g. Garcia et al. 2007), but more detailed stud-
ies that include different types of canyon environments, such
as the axis, terraces, gullies, levees and the sloping walls of
interfluvial areas, indicate that there is a diverse range of con-
ditions with variable meiofauna communities inhabiting them.
To gain more information on the lifestyle and functional attri-
butes of meiofauna organisms in canyon systems, several au-
thors have looked at life-history aspects and trophic diversity
of nematodes (Ingels et al. 2011a, b; Ingels and Vanreusel
2013; Gambi and Danovaro 2016). Gambi and Danovaro
(2016) found a general dominance of deposit feeders in the
Whittard Canyon, as also found by Ingels et al. (2011¢) and
Amaro et al. (2016). Canyon sediments are also generally
characterised by a more complex nematode trophic complex-
ity compared to slope systems, with a more even distribution
between the different feeding types, a likely consequence of
the greater variety of food sources available in canyon sedi-
ments and enhanced niche exploitation (Ingels et al. 2011b).
Amaro et al. (2016) and Gambi and Danovaro (2016) also
show that predatory species are less prevalent in the
Whittard Canyon than on the adjacent slope, although it has
been shown for the Nazare Canyon that predatory and scav-
enging species can be more abundant and can represent great-
er biomass in the canyon compared to the slope (Ingels et al.
2009, 2011b). Local conditions and environmental heteroge-
neities on a cm or mm scale are likely the cause for such
discrepancies since canyon nematode communities tend to
be regulated by processes that operate on very small spatial
scales (Ingels and Vanreusel 2013; Rosli et al. this issue). In
the same context, the prevalence of opportunistic nematode
taxa in canyons stands in contrast with the relatively more
persistent taxa and communities characteristically found in
slope environments, a consequence of the regular sedimentary
disturbances and environmental variability in canyon sedi-
ments. A major implication of these functional studies is that
different deep-sea habitats can be associated to different life
strategies and taxa with different functional attributes and con-
tribute to increase the functional diversity of deep-sea ecosys-
tems (Ingels et al. 2011b; Gambi and Danovaro 2016).

One notable observation in recent canyon meiofauna stud-
ies has been the recurrence of the chemotrophic nematode
genus Astomonema, which lacks a mouth and has a reduced
digestive system, whilst it hosts endosymbiotic, thiotrophic
bacteria (Ott et al. 1982; Vidakovic and Boucher 1987,
Dando et al. 1991; Austen et al. 1993; Giere et al. 1995). So
far, it has been identified in canyon systems in the NE and NW
Atlantic (Baltimore and Norfolk canyons, Nazare, Setubal and
Cascais canyons, Whittard Canyon and Gollum Channels) and
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the Mediterranean (Blanes Canyon) (Ingels et al. 2009, 2011a,
c; Tchesunov et al. 2012; Ingels, unpublished data; Roman,
unpublished data). This genus is usually associated with shal-
low-water, reduced sediments, where it feeds on the internal
symbiotic bacteria (sulphide oxidisers) that themselves feed on
sulphides from the hypoxic/anoxic sediments. At the canyon
locations where Astomonema has been found, researchers have
usually observed high sediment deposition rates, likely
resulting in organic matter burial and relatively rapid develop-
ment of anoxic conditions (Ingels et al. 2011c¢). This is yet
another feature of canyon systems: sedimentary deposition
centres that may lead to the development of a chemotrophic
contribution to a traditionally heterotrophic benthic food web.

Deep sea: hypersaline anoxic basins

DHABEs are deep-sea extreme environments characterised by
anoxic and hypersaline seawater. After their discovery in the
eastern Mediterranean Sea in the 1990s, several DHABs were
reported in other locations of the Mediterranean Sea and the
Red Sea (Edgcomb et al. 2009). DHABs were formed 5 mil-
lion years ago when, caused by tectonic plate movements, salt
deposits from the Miocene inside the sediment were released,
followed by a salt enrichment of the bottom water (Edgcomb
et al. 2009).

Meiofauna from deep hypersaline anoxic basins

Several meiofaunal groups such as nematodes, loriciferans
and copepods have been retrieved dead from Mediterranean
DHABEs (e.g. L’ Atalante Basin; Bernhard et al. 2015), but only
three species of loriciferans (belonging to the genera
Rugiloricus, Pliciloricus and Spinoloricus, respectively) were
found alive and in relatively high abundance (Danovaro et al.
2010b, 2016).

Adaptation of meiofauna to deep hypersaline anoxic basin
conditions

Loriciferan species appear to lack mitochondria, but, rather,
possess hydrogenosomes and symbiotic sulphur bacteria. A
new loriciferan species, Spinoloricus cinziae, which is
adapted to the high osmotic pressure (> 200 bar) and able to
live permanently in habitats lacking molecular oxygen, was
recently described from the L’Atalante Basin (Neves et al.
2014).

Deep sea: hadal environments

The hadal zone extends from 6500 m down to almost
11,000 m depth and accounts for nearly half of the ocean’s
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depth range (UNESCO 2009; Watling et al. 2013). Using this
definition, a total of 46 individual hadal habitats, including 33
trenches (elongated basins formed by tectonic subduction or
fault) and 13 troughs (basins within an abyssal plain not
formed at converging plate boundaries), have been identified
worldwide with a combined surface area of 800,500 km?,
< 1% of the global seabed area (Jamieson 2015). Hadal envi-
ronments are typically characterised by temperatures ranging
from 1 to 4 °C, with limited within-trench variability (1-2 °C),
even in trenches deeper than 10,000 m (Jamieson et al. 2010).
Pressure increases by 1 atmosphere (atm) every 10 m depth,
and, thus, increases from 650 atm to 6500 m up to a maximum
of 1100 atm in the Challenger Deep (Mariana Trench), the
world’s deepest point; this corresponds to an approximate
two-fold increase in pressure over a 4500-m depth difference.
Whilst this difference may seem substantial, a two-fold in-
crease in pressure can occur over much narrower depth differ-
entials in continental slope environments; for example, pres-
sure doubles as one moves from 500 to 1000 m depth on the
continental slope, only a 500-m depth difference. The combi-
nation of low temperature and high pressure in the deep sea
enhances carbonate solubility and all hadal environments,
therefore, lie below the carbonate compensation depth
(CCD, generally between 3000 and 5000 m, depending on
location), the depth at which no calcium carbonate can accu-
mulate. Hadal trenches are characterised by environmental
conditions not found in any other deep-sea environment,
thereby providing opportunities to understand the processes
that shape benthic communities. The characterisation of
bathymetric trends in benthic community abundance and di-
versity, for example, have mostly been restricted to bathyal
and abyssal depths, thus only spanning the upper half of the
full ocean depth range. As more studies include hadal envi-
ronments, these may provide new insights into the factors
shaping large-scale patterns of benthic communities in the
deep sea and modify existing ecological paradigms.
Meiofauna are ideally suited for this kind of investigation
because, unlike macrofauna, they are common at all water
depths.

The low food supply that characterises deep-sea ecosys-
tems is believed to favour small organisms with low energy
requirements over larger organisms with relatively high ener-
gy requirements (Thiel 1975, 1979; Rex et al. 2006). Food
supply in hadal environments is not considered to be lower
than in abyssal environments. Several studies have shown that
food availability is higher in the deepest parts of hadal trench-
es than in nearby trench edge environments, suggesting that
the topography of trenches act to concentrate food particles
along the trench axis (Glud et al. 2013; Leduc et al. 2016).
However, food availability can vary substantially, both among
trenches as a result of differences in surface primary produc-
tivity and within trenches as a result of water depth gradients,
local topography and lateral transport triggered by seismic-

induced landslides and turbidity currents (Ichino et al. 2015;
Jamieson 2015).

Trenches are probably among the most physically dis-
turbed deep-sea habitats due to the frequent occurrence of
turbidity flows and landslides resulting from the combination
of seismic activity and steep topography (Blumberg et al.
2008; Ikehara et al. 2016). Thus, whilst food supply may not
be as limiting as on the abyssal plain, it is likely to be highly
patchy both temporally and spatially. Short-term variation in
environmental conditions is likely to be limited in hadal
trenches, with the exception of the above-mentioned turbidite
and landslide events. Although turbidites do not occur often
relative to the lifespan of meiofaunal organisms, their effects
are felt over very large areas and are thought to be long lasting
(Levin et al. 2001; Lambshead et al. 2001). The physical dis-
turbance created by these events may be a major factor
influencing the structure of meiofaunal communities
(Kitahashi et al. 2016), through transport and burial of both
the meiofauna and their food resources (Nomaki et al. 2016;
Leduc et al. 2016).

Meiofauna from hadal environments
Foraminifera

A density of 449 living individuals per 10 cm ? was re-
corded in the top centimetre of sediments of the
Challenger Deep in the Mariana Trench (Todo et al.
2005), which is similar to densities observed in the
Japan and Kuril-Kamchatka trenches and greater than
on the adjacent abyssal plain (Jamieson 2015). More than
100 species have been identified in samples from hadal
depths (Belyaev 1989; Jamieson 2015). Although occa-
sional calcareous tests have been found below 6500 m
depth (e.g. Smith 1973; Khusid 1979), the majority of
foraminiferal species recorded from hadal settings are ag-
glutinated. However, recent studies in the Challenger
Deep (10,895 m depth in the Mariana Trench) have re-
vealed that tiny species belonging to an unusual group of
organic-walled genera (Nodellum, Resigella and
Conicotheca) overwhelmingly dominate the foraminiferal
assemblages in 32-um sieve fractions (Todo et al. 2005;
Gooday et al. 2008a). Why this enigmatic group, which is
distinct from other organic-walled foraminiferans in terms
of test morphology and wall structure (Gooday et al.
2008a, b), should be so abundant at this extreme hadal
site is unclear. The same three genera are common at
4300 m depth under permanent sea ice at the North Pole
(Gooday et al. 2010b), so it could reflect the relatively
oligotrophic environment of the Mariana Trench
(Gooday et al. 2008a). However, similar taxa are also
common at 7800 m depth in the Peru-Chile Trench, where
conditions are much more eutrophic (Sabbatini et al.
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2002). Possibly, the Nodellum group is particularly well
adapted to tolerate extreme pressures and benefits from
the scarcity of foraminiferal competitors. These taxa are
not recorded from the Kuril-Kamchatka or Kermadec
trenches (Saidova 1970, 1975), but this could reflect the
use of a sieve mesh that was too coarse to retain these tiny
species.

Agglutinated species, mainly hormosinaceans,
trochamminaceans and fragmentary tubes, occur in the
Challenger Deep but are less common, at least in the finer size
fractions, than Nodellum and similar genera (Akimoto et al.
2001; Kitazato et al. 2009; Gooday et al. 2010a). In addition to
meiofaunal-sized species, giant agglutinated foraminiferans
(xenophyophores) are dominant megafaunal organisms visi-
ble in video recordings from this extreme depth (Gallo et al.
2015) and are also numerous in seafloor photographs from the
New Britain, North Solomon and New Hebrides trenches
(7057-8662 m depth) (Lemche et al. 1976).

Metazoan meiofauna

The abundance of trench metazoan meiofauna ranges from
less than 100 ind. 10 cm ™2 to almost 1000 ind. 10 cm 2, whilst
biomass is usually on the order of 10 to 100 ugDW 10 cm 2
(Leduc et al. 2016); these values are broadly similar to values
from abyssal environments (Schmidt and Martinez Arbizu
2015). A notable exception comes from a study of the Peru-
Chile Trench, which yielded a mean meiofaunal abundance of
about 6400 ind. 10 cm 2 and biomass of 1800 pgDW 10 cm >
at 7800 m depth (Danovaro et al. 2002). Meiofaunal biomass
in the Kuril Trench is also somewhat elevated compared to
most other trenches, with biomass exceeding 400 pgDW
10 cm 2 at 7000 m depth (Itoh et al. 2011). This contrast in
meiofaunal biomass is consistent with differences in regional
productivity regimes, estimated particulate organic matter flux
to the seabed and variability in food availability in the sedi-
ments among these trenches (Jamieson 2015). A number of
early and recent studies have shown a negative relationship
between depth and the diversity of benthic organisms within
trenches (Belyaev 1972; Fujii et al. 2013). Similar patterns
have been observed for nematodes (Tietjen 1989; Gambi
et al. 2003; Leduc et al. 2016) and harpacticoid copepods
(Kitahashi et al. 2013). These trends are often ascribed to
shifts in food availability, but the evidence is equivocal and
other factors such as the physical characteristics of the sedi-
ment, disturbance and larger-scale evolutionary factors may
also be important (Kitahashi et al. 2013; Gambi et al. 2003;
Leduc et al. 2016). The small size of trench habitats relative to
the surrounding abyssal plains, as well as their geographical
isolation, may limit both the size of species pools and connec-
tivity among trenches, and may account for the limited diver-
sity observed particularly in the deepest parts of trenches
(Jamieson 2015). Analyses of global datasets show that
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metazoan meiofauna biomass exceeds that of macrofauna be-
low depths of 4000 m (Wei et al. 2010) and, not surprisingly,
meiofauna are by far the most abundant component of sedi-
ment communities in trenches.

Deep-sea kinorhynchs are largely unknown compared
to the 250 species recorded from relatively shallow wa-
ters. Unidentified kinorhynchs have been reported in a
few studies from Indian and Pacific Ocean, whereas
Atlantic records are more numerous (Neuhaus 2013;
Shimanaga et al. 2000; Carman et al. 2004). The deepest
recorded specimen, identified only to the phylum level,
was found at 7800 m in the Atacama Trench (Danovaro
et al. 2002). In this area, the density of the phylum is
around 40—46 ind. 10 cm 2 and the animals tend to dwarf-
ism, with a size reduction of 60%. However, a specimen
of the kinorhynch genus Echinoderes was found at
9000 m depth in the Kermadec Trench (D. Leduc, unpub-
lished data). The deepest recorded specimens identified to
the species level all originate from the abyssal zone:
Cristaphyes abyssorum (5766 m) and Condyloderes
kurilensis (5222 m) from the Kuril-Kamchatka Trench
(Adrianov and Maiorova 2015, 2016); Cristaphyes
nubilis, Krakenella farinellii (Sanchez et al. 2014a) and
Mixtophyes abyssalis (Sanchez et al. 2014b), collected
from the Guinea Basin (5136-5174 m), and, finally,
Campyloderes cf. vanhéffeni recorded in the Canary
Islands (5055, 5102 and 5118 m) and also in the Guinea
Basin (5064 m) (Neuhaus and Serenson 2013). The dis-
covery of one of these species, Mixtophyes abyssalis, also
prompted the description of the new allomalorhagid genus
Mixtophyes, one of the most recently described
kinorhynch genera.

Adaptation of meiofauna to hadal conditions

It has been suggested that the dominance of meiofaunal taxa in
the deep sea is related to their ability to feed more efficiently
on scarce food resources than larger taxa (Thistle 2001).
Meiofauna-sized organisms could, thus, be considered as be-
ing preadapted to environmental conditions at extreme depths.
Nematode and copepod genera and families inhabiting hadal
trenches are also found in a wide range of other deep-sea and
even shallow-water ecosystems, perhaps indicating that only
relatively minor adaptations are required for survival in hadal
environments (Tietjen 1989; Gambi et al. 2003; Kitahashi
etal. 2012, 2013).

The Challenger Deep, the deepest point of the world’s
oceans, is thought to have developed gradually over a
period of several million years (Fujioka et al. 2002), giv-
ing meiofaunal organisms living on what was originally
an abyssal seafloor time to adjust to the steadily increas-
ing hydrostatic pressure. Other meiofaunal species in oth-
er trenches may have experienced a similarly gradual
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introduction to the hadal environment. However, we cur-
rently have little understanding of the nature of the phys-
iological adaptations of meiofauna to the extreme high
pressures found in trench environments or to the low tem-
peratures that characterise deep-sea environments general-
ly. Some adaptations described in fish and invertebrate
species of trench habitats include an increased proportion
of unsaturated fatty acids in cell membrane phospholipids
and the production of intracellular protein-stabilising
osmolytes (Hazel and Williams 1990; Yancey et al.
2014). Similar adaptations are likely to be present in
meiofaunal organisms, but other mechanisms may be in-
volved as well, which could help explain why meiofaunal
taxa are so much more successful in these extreme envi-
ronments than larger organisms. There are many questions
remaining to be addressed concerning the biology and
ecology of meiofauna living at these extreme water
depths. Future studies should aim to describe the role of
physical disturbance in shaping meiofaunal abundance
and diversity patterns. Some understanding of how factors
such as evolutionary history linked to tectonic processes
and geographical isolation help to shape diversity patterns
is also needed. Progress on these and other fronts will
require data on the distribution of meiofaunal species
across trenches, as well as insights into genetic connec-
tivity (e.g. Ritchie et al. 2017).

Conclusion and perspectives

With 90% of marine environments considered extreme for
life, marine extreme environments cover more than half of
the Earth’s surface (Fig. 4). For example, the deep sea, the
planet’s largest habitat, only a few decades ago was consid-
ered one of the least favourable habitats for life (Gage and
Tyler 1991). Yet, in this review, we show that not only the
deep sea but even the most extreme marine environments host
abundant, often endemic, and well-adapted meiofaunal com-
munities. These communities are sometimes associated with
ephemeral and unstable ecosystems. The effects of short-term
fluctuations in extreme conditions (such as hypoxia or tem-
perature) and multiple effects of the combination of abiotic
parameters (such as in the hydrothermal vents) indicate com-
plex ecological and biological interactions. Recent discoveries
of meiofauna living in hostile environments (hypersaline/an-
oxic conditions) have opened new frontiers in ecology and
biology and their specific adaptations make them particularly
suitable as biological indicators.

Foraminiferans and nematodes are very abundant in al-
most all extreme marine environments and they dominate
deep-sea ecosystems generally. However, there are some
exceptions, such as in cold seeps and environments with
drastic changes in salinity in which kinorhynchs are partic-
ularly abundant and well adapted, or polar ecosystems

Cold seeps DHABs

@ Hydrothermal vents Trench

@ Canyons - Hadal zone (> 6 000 m depth)

Fig. 4 Illustrative chart of the distribution of extreme marine environments

Hypersaline zone
Caves

@  Hypoxic zone

Mangroves Polar zone
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where rotifers are particularly well represented. It is worth
highlighting that loriciferans seem to be the only organism
able to survive to the multiple extreme conditions of
DHABs (both anoxic and hypersaline conditions).

The behavioural and physiological adaptations of
meiofaunal taxa living in extreme environments can provide
vital insights on how organisms may adapt to polluted envi-
ronments or to changing environmental conditions. Species
that thrive in extreme conditions can also be used as indicators
of anthropogenic impacts (Zeppilli et al. 2015b). For example,
the nematode Halomonhystera shows ovoviviparous repro-
duction in sulphide-rich seep sediments, an adaptation which
likely enhances its resistance to anthropogenic pollutants
(Vranken et al. 1991; Van Gaever et al. 2006). In extreme
environments, chemosynthetic microorganisms convert ener-
gy in the form of reduced sulphur compounds or methane via
oxygenation. Some extreme meiofauna organisms graze se-
lectively and exclusively on the free-living microorganisms or
are associated with microorganisms, as in the case of
Parastomonema, a mouthless group of nematodes with che-
mosynthetic endosymbionts, or Stilbonematinae, nematodes
covered by ectosymbiotic bacteria.

Some extreme systems, such as the deep sea and cer-
tain caves, share ecological features, including stable hy-
drodynamic conditions, permanent darkness, and extreme
oligotrophy, resulting in lack of photosynthetic production
and low food supply (Riedl 1966). Likewise, hydrother-
mal vents, some gas seeps and caves are characterised by
low oxygen levels and presence of reduced sulphide com-
pounds. Currently, we know several megafauna and mac-
rofauna bathyal species living also in the darkest parts of
caves (Harmelin 1997; Bakran-Petricioli et al. 2007;
Janssen et al. 2013), which suggests a connection between
deep waters and the euphotic zone through dispersal
mechanisms such as upwelling processes (Janssen et al.
2013). Powerful upwelling of deep-water masses from
bathyal canyons may bring propagules from deep waters,
reaching shallower waters and giving rise to stable com-
munities when they arrive to favourable habitats.
However, the similar fauna of some extreme environments
may also be a result of an adaptive convergence process
resulting from similar environmental conditions.
Meiofaunal animals, without larval dispersion, may play
a key role in investigating this challenging situation, as
well as to study ecological and evolutionary patterns to
survive in such harsh life conditions. The discovery of
new meiofaunal taxa in extreme environments can pro-
vide insights into the phylogeny and evolution of certain
groups.

Extremophiles have impressive economic potential, for
example, in agriculture, chemical synthesis, laundry deter-
gents and pharmaceutical products (Rothschild and
Mancinelli 2001). The peculiar microbial and physico-
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chemical conditions of marine extreme environments
make extremophile metazoans model organisms to inves-
tigate antimicrobial peptides (AMPs) important compo-
nents of the natural defences against invading pathogens
with microbial cytotoxic activity exploitable as potential
natural antibiotics (see Box I).

Box 1. The use of marine extremophile metazoans for the
discovery of a novel generation of drugs

AMPs are key components of the innate immune system that are
produced by all living organisms. These small antibiotic molecules
rapidly eradicate or incapacitate pathogenic agents such as viruses,
bacteria or fungi, attempting not only to invade but also to
proliferate within multi-cellular eukaryotes (Zasloff 2002; Bulet
et al. 2004; Mardti et al. 2011). In the last decade, AMPs have also
been shown to control and confine the symbiotic microflora in
specific anatomical compartments (e.g. gut, bacteriomes, skin), thus
contributing to the symbiostasis of both invertebrates and verte-
brates (Salzman et al. 2009; Gallo and Nakatsuji 2011; Login et al.
2011; Franzenburg et al. 2013; Tasiemski et al. 2015). A substantial
body of data demonstrates that AMPs not only act internally but can
also be secreted into the environment surrounding an organism
where they participate in external immunity, referred to as “any
heritable trait acting outside of an organism improving protection
from pathogens or manipulating the composition of the microbial
community in_favor of an organism” (Otti et al. 2014). In the case of
extreme, frequently disturbed and stressful environments, the ex-
ternal immunity of an organism will depend on its ability to control
the functioning of its externally secreted immune products under
very variable conditions. In a sense, the coevolution of both the host
immune system and the microbial communities in extreme envi-
ronments adds another constraint to the usual Red Queen model,
namely coevolution of two partners submitted to harsh selection for
local adaptation to fluctuating environmental conditions, and this
scenario has yet to be fully understood. Extremophile organisms
lacking structural barriers of the body (e.g. cuticular exoskeleton or
shell) to physically protect their underlying tissues from direct
biotic/abiotic interactions are particularly suited to studying the ad-
aptation of external immunity to changing and harsh environmental
conditions. Rather than physical protection, annelids have devel-
oped a strong external immunity based on the production of mucus
and AMPs by the epidermic cells that respectively trap and
kill/select pathogenic/symbiotic bacteria (Salzet et al. 2006;
Tasiemski and Salzet 2010; Conlon 2011; Gallo and Nakatsuji
2011). For instance, polychaetes produce original AMPs, some of
which are restricted to just one worm family (e.g.
preproalvinellacin) or even a single species (e.g. preprohedistin).
This suggests that a high AMP selection at the inter-specific level
has probably occurred during the evolutionary history of these or-
ganisms and in relation to their ecology (Schikorski et al. 2008;
Tasiemski et al. 2014). At the intra-specific level, highly fluctuating
physico-chemical conditions did not promote a differentiating se-
lection of AMP genes per se in contrast to the situation generally
observed in other metazoans. On the contrary, a strong purifying
selection is evident, despite the duplication-driven diversification of
its chaperone containing precursor. Duplication of genes has often
been viewed as a molecular mechanism by which animals or plants
adapt to changing environmental conditions with little cost (James
et al. 2008). Recent data demonstrate that exhibiting a vital and
highly conserved ecto-symbiosis in the face of thermal fluctuations
has led to a peculiar selective trend promoting the adaptive diversi-
fication of the molecular chaperone of an AMP, but not of the AMP
itself. This finding significantly differs from previous results, as no
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polymorphism (following the ‘matching allele’ model of Red Queen
theory) nor duplication and ensuing divergence (following the
‘gene-for-gene” model) was observed for the AMP produced by
Alvinellidae (Papot et al. 2017). Because of their abundance and the
strong interaction with microorganisms, the study of the immune
system of meiofauna species has yet to be investigated to better
understand how their immune genes evolve to allow the establish-
ment of detoxifying symbiosis vital to thrive in extreme and
changing habitats.

In summary, meiofauna from extreme environments
can be particularly valuable in ecological, biological,
physiological and evolutionary studies, with a potential
for economic exploitation. Nevertheless, meiofaunal tax-
onomic identification remains a challenge. Some extreme
meiofauna groups are abundant but often neglected for
lack of experts (e.g. flatworms). The development of mo-
lecular approaches such as high-throughput next-genera-
tion sequencing (Fonseca et al. 2010) and proteomic fin-
gerprinting (Laakmann et al. 2013) is expected to help
facilitate the characterisation of meiofaunal communities.
Physiological studies on extreme environments are almost
absent. In the case of loricifers from DHABs, a compara-
tive study focused on the differences at the ultrastructural,
physiological and molecular level that characterise aero-
bic and anaerobic loriciferans may help to understand the
evolutionary history of this phylum.

Extreme ecosystems are particularly sensitive and vul-
nerable to human disturbance and exploitation. Faced by
the rapid increase of mineral mining and gas/hydrocarbon
exploration and exploitation projects, several extreme
ecosystems are threatened (hydrothermal vents or cold
seeps). Given the current outlook on meiofauna from ex-
treme marine environments, several fields of knowledge
such as assemblage, ecology, biology and physiology
need further and deeper investigations, giving an integra-
tive view of these scopes.
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