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Living on the edge — An
overview of invertebrates from
groundwater habitats prone to
extreme environmental
conditions
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Groundwater ecosystems from cold polar and circumpolar regions, hot
springs, as well as those developed in salt, gypsum or in volcanic rocks are one
of the environments considered to exhibit extreme environmental conditions
such as low (below 0°C) or high (over 45°C) temperatures, hypersaline waters,
or with elevated content of toxic gases like hydrogen sulfide or methane. They
represent the “unseen ecosystem beneath our feet” and are inhabited by a large
diversity of organisms, persisting and flourishing under severe environmental
conditions that are usually hostile to the majority of organisms. These types
of groundwater ecosystems are remarkable “evolutionary hotspots” that
witnessed the adaptive radiation of morphologically and ecologically diverse
species, whereas the organisms living here are good models to understand
the evolutionary processes and historical factors involved in speciation and
adaptation to severe environmental conditions. Here, we provide an overview
of the groundwater invertebrates living in continental groundwater habitats
prone to extreme environmental conditions in one or more physico-chemical
parameters. Invertebrates are represented by a wide variety of taxonomic
groups, however dominated by crustaceans that show specific adaptations
mostly metabolic, physiologic, and behavioral. Symbiotic associations among
bacteria and invertebrates are also discussed enlightening this biological
interaction as a potential adaptation of different groundwater invertebrates
to cope with severe environmental conditions. Given the high pressures that
anthropogenic activities pose on groundwater habitats worldwide, we predict
that several of these highly specialized organisms will be prone to extinction in
the near future. Finally, we highlight the knowledge gaps and future research
approaches in these particular groundwater ecosystems by using integrative-
omic studies besides the molecular approach to shed light on genetic variation
and phenotypic plasticity at species and populational levels.
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GRAPHICAL ABSTRACT

Extreme groundwater habitats
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Introduction

There are continuous challenges to explore the groundwater

ecosystems in the most remote places on Earth (i.e., aquifers from
Greenland or Antarctica) and to discover new and more extreme
habitats for organisms. The frontier environmental conditions for
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life forms on Earth are broad, encompassing extreme ranges of
parameters such as temperature, salinity, toxic elements (hydrogen
sulfide, methane, etc.), oxygen content, redox state and nutrient
limitation (Maruyama et al., 2019). However, extreme condition
is a term rather misleadingly used to define an environment where
organisms live. Such “extremophile” species are highly adapted to
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certain conditions considered extreme for the humans or other
organisms point of view. Extremophiles are treasures for
molecular biology and functional diversity and play an essential
role in understanding the origin of life and evolutionary changes
through time. Life appeared in extreme conditions in the marine
environment from the Palaeozoic (541 mil. Years ago) and these
organisms are likely the most ancient life forms on Earth (Merino
etal,, 2019). They can be broadly classified into two categories: (i)
species that require one or more extreme conditions to grow and
(ii) extremotolerant species that can tolerate harsh conditions but
actually live in milder environments (Buzzini et al., 2018).

One of the environments which exhibit extreme conditions in
one or more physical and chemical parameters is groundwater
(GW). Present almost everywhere belowground, GW is an
invisible component of the hydrosphere and the water cycle,
accounting for about 30.1% of the available freshwater on Earth
and about 90% if glaciers are excluded (Griebler and Avramov,
2015). It represents the hidden part of aquatic ecosystems, lying
from a few meters below ground down to considerable depths
(more than 2km deep; Schmidt and Hahn, 2012). Groundwater
represents a unique ecosystem supporting aquatic life (Howarth
and Moldovan, 2018). Beyond the darkness, low oxygen
concentration, scarcity of nutrients and reduced interstitial spaces
for living, GW can have supplementary extreme environmental
conditions (Gibert et al., 1994). It is the case of GW in cold polar
and circumpolar regions where the water temperature is constantly
around 0°C, as well as thermal springs where the water
temperature can reach over 50°C. Groundwater flowing in lava
tubes and volcanic caves with fumarolic activity, where gases such
as sulfur (SO,), carbon dioxide (CO,), chlorine (Cl,) and fluorine
(F,) escape from cracks, is also an extreme habitat for many
species. Similarly, are also the continental sulfidic groundwaters
where hydrogen sulfide (H,S), methane (CH,) and ammonia
(NHj;) reach elevated concentrations and oxygen content is
extremely low down to hypoxia (< 2mg/L) and even anoxia
(Sarbu, 2000; Engel et al., 2003). Altogether, these parameters are
considered restrictive factors for the presence of life and are likely
to have a direct impact on biodiversity and species adaptation
(Howarth and Moldovan, 2018).

The GW ecosystems showing extreme environmental
conditions support original biological communities, especially
bacteria, bacteria-like organisms, protozoans, viruses, and
fungi (Griebler and Lueders, 2009). However, species from
distinct invertebrate groups (i.e., ice worms, rotifers,
nematodes, oligochaetes, and crustaceans) (Sarbu, 2000;
Dattagupta et al., 2009; Flot et al., 2014; Howarth and
Moldovan, 2018) have adapted physiologically, metabolically,
and behavioral to live in environments which are unlivable for
most life forms.

Groundwater-adapted invertebrates are termed stygobites
(sensu Gibert et al., 1994). The name stygobites is derived from
“bios,” the Greek word for “life;” and “stygo,” the mythological river
Styx, on which the decedents go to the underworld (Thulin and
Juergen, 2008). Stygobites spend their whole life cycle
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underground, being adapted to the scarcity of food and low
oxygen concentration, and showing a low metabolic rate and
several other physiological functions working in “slow motion”
(Hancock et al,, 2005; Engel, 2007). They are the most likely to live
and flourish in more severe conditions provided by some GW,
having already a functional background to struggle with
environmental difficulties. However, several stygobite species are
stenotherm used to live in constant conditions provided by GW,
making them vulnerable even when slight changes in some
environmental parameters appear. Another category of GW
species — stygophilous, occupies a wide variety of habitats both
underground and in surface waters; or are strictly surface-dwelling
species termed stygoxenes, that are occasionally carried out
passively from the surface. However, unlike stygobites, stygoxenes
and partially the stygofiles, are more vulnerable to food and
oxygen deprivation being more energetic consumers and with a
more intense metabolic rate in comparison with the stygobites
(Gibert et al., 1994; Thulin and Juergen, 2008).

Different phyla of invertebrates inhabit the GW’s pore spaces
and fissures and resulting in diverse biological communities with
high levels of endemism (Sarbu et al., 1996; Thulin and Juergen,
2008; Tobler et al., 2016). However, crustaceans (amphipods,
decapods, copepods, ostracods, isopods, harpacticoids) are
particularly rich and diverse and dominate the GW in general, but
those with
environmental conditions (De Jong et al., 2005; Engel, 2007;

also underground habitats life-threatening
Thulin and Juergen, 2008; Wilkens et al., 2009; Papi and Pipan,
2011; Por et al., 2013; Greenway et al., 2014; Mulec et al., 2014;
Galassi et al., 2016; Khalaji-Pirbalouty et al., 2018; Borko et al.,
2019; Fatemi et al., 2019; Negus et al., 2020; Popa et al., 2020; Brad
etal., 2021).

Groundwater species are generally prone to dual threats, on
one side the impact of anthropogenic activities (e.g., excessive
GW pumping, contaminants: pharmaceuticals, pesticides,
fertilizers, plastics, personal care products, etc.), and the effects
of global climate change on the other, mostly related to rising
temperatures, reductions in precipitation levels and water scarcity
(Di Lorenzo et al., 2019, 2020; Castano-Sanchez et al., 2020; Yu
et al., 2020). GW pollution is extremely complex, frequently
challenging to detect, and has long-lasting effects. Groundwaters’
stable environmental factors, such as their constant temperature,
lack of light, oligotrophy, and low redox potential, lead to less
biotic and photolytic pollutant breakdown and, as a result, greater
chemical persistence than in surface waters (Di Lorenzo et al.,
2019). When compared to surface water, GW is more difficult to
recover from pollution (Yu et al., 2020). The response of the
highly adapted GW species to contaminants is wide-ranging,
including morphological malformations, physiological changes,
lowering reproductive capacity, death, migration, and/or local
extinction (Goretti et al., 2019; Di Lorenzo et al., 2020). Since
GW ecosystems are known for their thermal stability, it is
expected that global warming will also have a significant impact
on the invertebrate communities, which will likely result in an
increase in their metabolic rates, food requirements, and oxygen
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demands (Addo-Bediako et Lorenzo and
Galassi, 2017).

In this review, we provide a synthesis of invertebrates from

al,, 2000; Di

GW ecosystems prone to extreme environmental conditions.
We focus our review on continental habitats, covering GW in
glacierized landscape and ice caves, thermal springs, lava tubes
and volcanic caves, and sulfidic aquifers (Figure 1). There is a
good knowledge of GW invertebrates worldwide with several
hotspots identified, mainly caves (Culver et al., 2021). However,
there has been considerably less focus on species from GW
habitats showing extreme conditions in one or more
environmental parameters. Understanding the environment and
habitats where they live will provide a valuable framework to
comprehend how these ecosystems function, the evolutionary
pathways of species able to live here, their adaptive mechanisms
adopted and how they are able to survive facing extreme
external factors.

Living below ice

Hyporheic zone of glacier feed streams/
rivers and ice caves

Groundwater in glacierized landscapes is present in
glaciofluvial sand and gravel deposits (i.e., eskers) in polar regions
in the Northern (Knutsson, 2008) and Southern Hemispheres
(Fraser et al., 2018), as well as within the hyporheic zone (HZ) of
glacier-fed rivers (Jacobsen et al., 2012; Khamis et al., 2016) and
ice caves from Arctic, Antarctic, and Alpine regions (Iepure, 2018).

The eskers are one of the most common aquifers in the
Northern Hemisphere (Thulin and Juergen, 2008). They can
be 10-100m thick, with an extension of 1,000-5,000m, and
continuous over long distances (100 km or more; Knutsson, 2008).
The bedrock of these aquifers is dominated by crystalline (Kola
Peninsula in Russia) and volcanic rocks (Iceland, Faeroe Island,
Spitsbergen and Greenland), whereas the limestone is rare
(Knutsson, 2008).

The Northern Hemisphere was completely covered by ice
sheets during the Pleistocene glaciations affecting the survival of
GW fauna (Hewitt, 2000; McInerney et al., 2014). The recurrent
glaciations not only influenced the GW movements and the
porosity and permeability of aquifers over time but they also
significantly contributed to slowing down the GW colonization
from the surface. It is hypothesized that the surface populations
got extinct under the Climate Relict Hypothesis (CRH). However,
adaptive shifts significantly contributed to GW speciation through
parapatry (Culver and Pipan, 2019). At present, the permafrost
causes permanent pore-GW freezing conditions; except for the
upper active layers that melt seasonally, the thin films around the
sediment grains represent the most appropriate GW habitat and a
pathway for pre-adapted species to enter underground (Thulin
and Juergen, 2008; McInerney et al., 2014). In glaciated regions,
the constant low temperature close to, or well below, 0°C still
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represents the most limiting factor for GW fauna (Thulin and
Juergen, 2008).

Glacierized catchments host another challenging GW habitat
for invertebrate fauna located at the groundwater/surface water
interface - the hyporheic zone (HZ) of glacier-feed rivers and
streams (Milner et al.,, 2001a,b, 2008; Jacobsen et al., 2012;
Figure 1A). The HZ is an ecotone zone and is defined as the region
beneath and next to rivers and streams where surface and GW
intermix (Boulton et al., 2008). It controls the water exchanges
between surface and groundwater, ensures the cycling of carbon,
energy, and nutrients, and provides a particular habitat and refuge
for benthic and hyporheic invertebrates during harsh
environmental conditions at the surface (Danielopol, 1989;
Malard et al., 2006; Dole-Olivier et al., 2009; Iepure et al,
2013, 2022).

Glacier-fed rivers and streams are known from the Arctic up
to Alpine areas across Europe (Brittain and Milner, 2001), the
paramo in Central America (Cauvy-Fraunié¢ et al, 2016),
New Zealand (Milner et al., 2001a,b), Greenland (Friberg et al.,
2001), Siberia (Volkov et al., 2021), Tibet (Molden et al., 2022),
and Alaska (Milner et al., 2008). The Arctic and Antarctic rivers
and streams have a reduced HZ, usually less than 1 m deep in
permafrost, and laterally it develops up to a few meters, whereas
the HZ of streams in glacierized landscapes from temperate
regions extends to more than 1m on vertical and lateral
dimensions (Malard et al., 2006; Milner et al., 2008; Hansson
etal., 2012).

Although the HZ is characterized by a suite of restrictive
factors for invertebrates (i.e., instability of the riverbed, high
content of suspended sediments that clog the interstitial pore-
spaces, oligotrophic waters—low abundance and bioavailability of
organic matter), the water temperature remains the most
constraining parameter. In Polar Regions, the permafrost keeps
the hyporheic water temperature around 0°C throughout the year
(Milner et al., 2017). Conversely, in the Alpine regions, the water
temperature is below zero only during winter and usually the
hyporheic water is, on average, 0.7°C warmer than surface channel
water (Malard et al., 2001).

Ice caves are one of the most challenging glacial environments
for life (Figure 1B; Iepure, 2018). These caves are known from all
climatic regions, including temperate (in the Alps, the Carpathians
in Europe, Ural in Russia, Pamir in Tien-Shan and Himalaya in
Asia), tropical (Cordillera Andina), Mediterranean (the Pyrenees
in Spain and France, Olympus in Greece, Erciyes in Turkey) and
Picos de Europa in Spain polar regions (Islands and Antarctica
(Erebus Mts., Ross Island) (Persoiu and Lauritzen, 2018). Ice caves
can have different origins and they can be found in karst, tectonic
and volcanic rocks or can be present in permafrost (Mavlyudov,
2018; Glass et al., 2021). We are treating here only the ice caves
developed in karst terrains from where GW invertebrates are
usually studied (Iepure, 2018). Antarctic ice caves are mentioned
in the context of identification of specific groups of GW
invertebrates from sediments through eDNA metabarcoding
(Fraser et al., 2018).
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FIGURE 1

The diversity of groundwater habitats prone to extreme environmental conditions around the globe. (A) Aktru River, Siberia, Russia. (B) Veronica
Ice Cave, Picos de Europa, Spain (Photo: Bernard Hivert). (C) Lava tube in Hawaii (Photo: D. Boyle). (D) Movile Cave, Romania (Photo: Mihai Baciu).

Ice caves from karst regions are present in the latitudinal band
stretching between 19-80°N and from 30 ma.s.l. in Svalbard to
3,350m on Mount Alberta (Canada) (Yonge, 2004; Persoiu and
Lauritzen, 2018). Specific cryogenic habitats are the ice pools
formed by the accumulation of percolating water from the ceiling
on the ice floor or ice formations (stalagmites), beside the typical
cave habitats in periglacial sectors (i.e., fissures, cracks, micro-
fissures, temporary or permanent pools, and subterranean rivers
and lakes (lepure, 2018).

The variability in temperature, ranging from 0°C down to
—14°C, particularly characterizes the environmental conditions in
ice caves (Persoiu et al., 2011). The presence of perennial ice inside
galleries causes a drop in the air temperature extending from the
cave entrance to a few hundred meters, resulting in the freezing of
drip water and the formation of speleothems with short or long
life (Persoiu and Onac, 2012; Persoiu and Lauritzen, 2018).

Groundwater invertebrates below ice

GW habitats from glacierized catchments host relatively
simple communities from different phyla, including rotifers,
tardigrades, annelids, insects and crustaceans (amphipods,
copepods, ostracods, isopods, and syncarids; Milner et al., 2017;
Tepure, 2018; Camacho et al., 2020). In these habitats, the food
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webs are short with reduced trophic levels; the trophic chain is
sustained by low primary productivity and oligotrophic waters,
being so far known to be entirely dependent on surface
allochthonous input (Hillebrand-Voiculescu et al., 2014; Tepure,
2018; Paun et al., 2019).

Several species from formerly Pliocene and Pleistocene
glaciated areas are old colonizers of these GW and they are
supposed to survive in the so-called subglacial refugia such are
nunataks (Kristjansson and Svavarsson, 2007; Thulin and Juergen,
2008; Dumnicka et al., 2020). However, not all surviving species
can be considered true psychrophiles - freeze-tolerant species that
survive ice formation in tissues, since some of them are not
tolerant to cold waters but they likely survive these climatic events
in GW flowing through the porous lava tubes beneath the glaciers.

Crustacean amphipod species like Crangonyx islandicus
2006)
thingvallensis (Kristjansson and Svavarsson, 2004) (belonging to

(Svavarsson and Kristjansson, and Crymostygius
an endemic family) are one of the first stygobites — true GW
dwellers (cf. Gibert et al., 1994), found in eskers of Island and
springs. These waters flow from lava fields in the geologically
youngest parts of the country, about 10,000 years old (Thulin and
Juergen, 2008). Ireland hosts several species of amphipods, i.e.,
Niphargus wexfordensis G. Karaman, Gledhill and Holmes, 1994,
Microniphargus leruthi Schellenberg, 1934, Niphargus kochianus
irlandicus Schellenberg, 1932; syncarids such as Antrobathynella

frontiersin.org


https://doi.org/10.3389/fevo.2022.1054841
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Pop et al.

10.3389/fevo.2022.1054841

FIGURE 2

Ice caves and sub-glacial aquifers invertebrates’ biodiversity. (A) Amphipod Crymostygius thingvallensis found in eskers and springs of Island
(Photo from Kristjansson and Svavarsson, 2004). (B) Amphipod Stygobromus allegheniensis from Sam’s Point Ice Cave, United States (Photo: Amy
Cahill). (C) Amphipod Niphargus rhenorhodanensis a European cold adapted species (downloaded from https://boldsystems.org/). (D) Polychaet
Troglochaetus beranecki. (E) Syncarid Antrobathynella stammeri from United Kingdom (Photo: Ana Camacho). (F) Syncarid Vejdovskybathynella

edelweiss from caves in northern Spain (Photo: Ana Camacho).

(Jakobi, 1954), and ostracods such as

Fabaeformiscandona breuili (Paris, 1920). The formerly glaciated

stammeri

areas of northern Germany, Poland and Belarus host a relatively
rich assemblage of cold-tolerant species comprising small species
of copepods such as Parastenocaris sp., archiannelids such as
Troglochaetus beranecki Delachaux, 1921 and mites, but also some
Crangonyctidae amphipods (Figure 2; Kunz, 1938; Dumnicka
et al, 2020). Recently a new genus and a new species of
Bathynellidae, Altainella calcarata (Camacho et al., 2020) has been
described from the hyporheic zone of the glacier-feed river Aktru
in Altai Mountain (Russia) (Camacho et al., 2020).
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Several stygobitic endemic species persisted in the GW below
ice sheets during glacial events, i.e., Riss-Wiirm glaciation in the
Alpine region (including Jura, the Pyrenees, Alps and partially the
Carpathians Mountains; Holsinger, 1981; Castellarin et al., 2005).
Cold - tolerant stygobites were found in karstic aquifers and
glaciofluvial sediments of the HZ of Alpine rivers in Austria,
France, Italy, Slovenia, and Switzerland (Malard et al. 1999, 2001;
Griebler and Moslacher, 2003; Castellarin et al., 2005).

Similarly, to the previous GW habitats from glacierized
systems, Alpine ice caves host cold-tolerant species that push their
physiological and behavioral limits to live at temperatures <0°C
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and avoid the thermal stress by adopting specific strategies (e.g.,
lepure, 2018). The crustacean cyclopoid Speocyclops infernus
(Kiefer, 1930) and the harpacticoid Bryocamptus sp. have been
found to live in the epikarst zone of SneZna Ice Cave in Slovenia
(Papi and Pipan, 2011). The harpacticoids Arcticocamptus
cuspidatus var. ekman (Schmeil, 1893) and Elaphoidella sp., and
the syncarid Bathynella natans Vejdovsky, 1882 were found in
pools on ice in Dobsinska Ice Cave (Slovakia; Birstein and
Ljovuschkin,1967; Schminke, 1986; Camacho, 2006; Camacho
and Valdecasas, 2008; Juberthie et al., 2016).

In Siberia, although being a white spot related to the
knowledge of GW fauna, species of amphipods, such as
Stygobromus pusillus (Holsinger, 1987), have been reported from
glaciated parts. Several species of Crangonyx are endemics from
ice caves in Russia, being associated with the cold waters of
Kungur Ice Cave (Ural Mountains) and Ledjanaka Ice Cave
(Samara basin). Crangonyx chlebinkovi ssp. maximovitchi Pankov
and Pankova, 2004, first discovered in Kungur Ice Cave, has been
later on found in other GW habitats (caves, wells, small springs,
seeps) in the Priuralye karst area (Ural Mountains). The
individuals of C. chlebinkovi ssp. maximovitchi seem to live under
constant low water temperatures (0 to 5.5°C; Decu et al., 2019).
The only syncarid species known here is Bathynella glacialis
(Birstein and Ljovuschkin, 1967), which was found in Khabarovsk
Ice Cave (Russia; Birstein and Ljovuschkin, 1967).

In northern America, species of Stygobromus, i.e.,
S. canadensis Holsinger, 1980; S. secundus Bousfield and
Holsinger, 1981 and Bactrurus (amphipods), as well as several
crustacean isopods (Salmasellus steganothrix Bowman, 1975)
have been found to survive in subglacial refugia below ice sheet
from Columbia Icefield in the Canadian Rocky Mountains
(Bowman, 1975). Diacyclops crassicaudis brachycercus (Kiefer,
1927), a crustacean cyclopoid species, has been found in ponds
in  Woodville Nova Scotia

and streams Ice

(Moseley, 2007).

Cave,

Adaptations of groundwater
invertebrates to cold water

Groundwater from glacierized environments hosts a relatively
large array of ectothermic (cold-blooded) organisms, termed
psychrophiles, that are cold-tolerant species able to live and
reproduce at low temperatures ranging from —20°C to +10°C
(Tepure, 2018). These species can be divided into two groups
according to the strategies they adopt to cope with thermal stress and
survive at low temperatures through biochemical, physiological and
metabolic processes: 1) freeze-tolerant species that survive ice
formation in tissues (psychrophiles or cryophiles) and 2) freeze-
avoiding organisms that tolerate low temperature but not the
crystallization of the body fluids (Colson-Proch et al., 2010; Castafio-
Sanchez et al., 2020; Di Lorenzo et al., 2020; Sim¢ic¢ and Sket, 2021).

Ice caves from the United States and Canada host several
species of amphipods adapted to cold waters (Moseley, 2007).
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Stygobromus allegheniensis (Holsinger, 1967) is a large species fully
depigmented and eyeless that has been reported from Sam’s Point
Ice Cave (United States; Cahill et al., 2015) and ice caves located in
the Shawangunk Ridge, New York (Espinasa et al., 2015). In Sam’s
Point Ice Cave, S. allegheniensis inhabits pools that freeze only at
the surface; the individual organisms likely remain at the bottom
of the pool to avoid being frozen. The metabolism of
S. allegheniensis seems to be adjusted to survive at low
temperatures, in a similar way to the European species Niphargus
rhenorhodanensis Schellenberg, 1937, a cold-adapted amphipod
that accumulates cryoprotective molecules such as glycerol and
free amino acids to endure extreme thermal conditions (Issartel
etal., 2006). Laboratory experiments indicated that the amphipod
Niphargus rhenorhodanensis can survive below 0°C for more than
60days by accumulating large amounts of cryoprotectants (e.g.,
polyols, sugars, free amino acids, and antifreeze proteins) (Issartel
etal., 2006; Ramlov and Friis, 2020). More specifically, this species
contains an elevated concentration of trehalose (a sugar
functioning as a cryoprotectant at low temperatures), as well as
amino acids such as glutamine proline, alanine, lysine, and glycine
acting as enzyme- stabilizers to maintain their activity (Issartel
et al., 2006). It is assumed that this ability is a relict adaptation
dating back to Quaternary glaciations when the temperature was
around or below 0°C not only at the surface but in subterranean
environments as well (Tweed et al., 2005). Stygobromus canadensis
(Holsinger, 1980) is another cold-tolerant amphipod dweller of
Castleguard Cave in Canada that has been found in a series of
pools located at about 2 km inside the cave (Holsinger et al., 1983).
The cave also hosts an asellid isopod, Salmasellus steganothrix
Bowman, 1975, abundant in pools rich in sediments (Holsinger
et al., 1983).

Living in hot waters
Thermal and hot springs

The springs, natural windows to the subterranean world, are
considered ecological islands because of their irregular distribution
and isolation from each other, making them fascinating habitats
to investigate biological communities (Fattorini et al., 2016).
Thermal springs associated with the geothermal activity are
extreme environments located all over the world, although they
are most common in areas of senescent or inactive volcanic
activity (Pritchard, 1991). However, there is a second type of
thermal spring unrelated to volcanism. In this case, the meteoric
waters from rain and snow have heightened temperatures at depth,
due to the geothermal gradient, after sinking into the ground
through rock fissures and pores (Stackebrandt, 2001).

The definition of thermal springs is not consistent around the
globe. In Europe, they are defined as having a temperature of
more than 20°C (Warning et al, 1965), whereas, in the
United States, they are described as having a temperature of at
least 9°C higher than the mean annual temperature of the air in
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their geographic region (Warning et al., 1965). Some springs that
do not freeze in winter due to natural protective circumstances
can also be described as “thermal” In places where the mean
annual air temperature is low or in tropical regions, some springs
that are just a few degrees warmer than the air temperature may
be classified as “thermal” (Warning et al., 1965). However, the
high temperature in springs can be either thermal (i.e., they have
higher temperatures than the mean annual air temperature), or
hot (i.e., they have a lower temperature limit of 36.7°C, the
average human body temperature) (Glazier, 2012; Negus
et al., 2020).

Geothermal springs are often highly stable ecosystems, with
unique ecology and little variation in environmental variables
like temperature and chemical composition (e.g., pH,
conductivity, ionic composition, nutrient composition, oxygen
concentration) over time (Szczucinska and Wasielewsk, 2013).
The temperature of these springs varies widely (hot, warm,
tepid, or boiling water), as does their discharge rate (Brues,
1927). The heat source could be explained either by the
association of thermal water with volcanic rocks or the chemical
processes beneath, such as the oxidation of iron pyrite and a few
other minerals or the breakdown of radioactive elements
(Warning et al., 1965).

Thermal waters have variable chemistry as they flow through
underground rock channels, and their discharges generate
temperature gradients and chemical precipitates that support a
wide range of microbial populations while encasing their remains
(Shock et al., 2005; Des Marais and Walter, 2019). As a result, hot
spring systems contain a rich record of fossils, from bacteria to
trees and macroscopic organisms. Thus, they are considered
potential cradles for life’s genesis on Earth and maybe on other
planets (Des Marais and Walter, 2019).

The chemistry of hot spring water varies from severely acidic
(pH as low as 0.2) to very alkaline (pH=11), and different
organisms flourish at specific pH levels (Dodds and Whiles, 2010).
Another typical feature of thermal springs, especially those at
extremely high temperatures, is the reduced quantity of dissolved
oxygen (Brues, 1924; Brues, 1927).

Hydrothermal springs can be classified into four major groups
depending on their principal anion-based compositions (Drake
et al., 2014; Des Marais and Walter, 2019):

(a) The alkaline chloride springs with an almost neutral pH
are formed when GW and volcanic gases (e.g., CO,, H,S) mix with
silicate rocks. When these fluids cool, they usually create siliceous
sinter deposits.

(b) The acid-sulfate springs with pH values typically <4 are
formed when rising H,S is oxidized to H,SO,, which combines
with adjacent rocks, forming alteration compounds such as clays,
oxides, and silica residue.

(c) Bicarbonate-rich springs often create CaCO; deposits
(thermogene travertine), when the ascending CO, is of volcanic
origin and dissolves the carbonatic rocks.

(d) Iron-rich springs support microbial populations and
produce an abundance of flocculant iron-bearing deposits.
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Groundwater invertebrates in thermal
and hot springs

Even when there is no light, or the temperatures are too high,
life flourishes in thermal and hot springs (e.g., photosynthetic
algae >74°C, while
non-photosynthetic bacteria flourish at ~95°C; Castenholz, 1969).

blue-green live at temperatures
The biota of thermal and hot springs is characterized by very few
species. The assemblages become less diversified as the
temperature rises, while certain organisms, such as cyanobacteria,
prosper at warm temperatures (30-40°C; Dodds and
Whiles, 2010).

Warming contributes to the simplification of food web
architecture and the reduction of energy fluxes between
consumers and producers (Glazier, 2012; O’Gorman et al., 2019).
Temperature stability promotes a reduction in available ecological
niches, which is one of the reasons for the taxonomic simplicity of
thermal and hot springs (Pritchard, 1991).

The water chemistry of most thermal and hot springs is not a
significant limiting factor for invertebrates (Lamberti and Resh,
1985). However, the high-water temperature is a significant
constraining factor because organisms generally cannot withstand
temperatures >50°C and only a few can survive at temperatures
above 40°C because of the low levels of oxygen and increased
1991). high
temperature and water chemistry may rule out the most sensitive

oxygen consumption (Pritchard, However,
species in springs, and even whole orders of invertebrates, acting
either directly or indirectly through competitive interactions
(Pritchard, 1991; Dodds and Whiles, 2010). The distribution of
species in these springs is controlled by disparate factors, including
the temperature of the source, the distance from the source, the
turbulence of the stream flow, the flow speed, the elevation, the
intake of water from other sources, the food availability, and the
photosynthesis presence (Mason, 1939; Pritchard, 1991).

Thermal and hot springs are among the harshest environments
for freshwater invertebrates (Poinar, 2015; Thorp and Covich,
2015). Metazoan life is rarely conceivable in the upwelling zone of
these types of springs. However, when ambient temperatures
reach 40°C or lower in lateral channels and pools, as well as
in locations further downstream, circumstances become
acceptable for some invertebrates (Lamberti and Resh, 1985).
Aquatic invertebrates are strongly related to this water temperature
gradient (40-42°C), which has been identified as a critical barrier
to their distributions (Negus et al., 2020).

The metazoans in thermal and hot springs include a few
species of ostracods, nematodes, oligochaetes, aquatic
coleopterans, water mites, dipterans, odonates,
ephemeropterans, and a few other crustaceans such as copepods
and cladocerans (De Jong et al., 2005; Derso et al., 2015; Thorp
and Covich, 2015; Negus et al., 2020). The aquatic invertebrate
groups can show distinct seasonal variations in abundances due
to life history traits such as hatching, emergence, resting stages,
or end of dormancy. Aquatic insects with an aerial dispersal

stage (e.g., dipterans) dominate the invertebrate assemblages in
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spring and summer, whilst fully aquatic taxa (e.g., ostracods,
copepods, aquatic coleopterans) are substantially more
abundant and frequent during the winter months (Kreiling
et al., 2020).

Thermophilic ostracods have previously been discovered in
hot springs with temperatures as high as 50°C (e.g., hot springs
in central Idaho and southcentral Oregon United States, or in
Australia) and frequently reported in travertine deposits as
fossils (Wickstrom and Castenholz, 1985; De Jong et al., 2005;
Negus et al., 2020). The ostracod species of the genus
Potamocypris collected from a hot stream in southcentral
Oregon, United States (35°C-48°C) are involved in grazing
activities on microbial mats, regulating the structure of
cyanobacteria communities (Wickstrom and Castenholz, 1985).
In the Talaroo spring complex, Australia, thermophilic
ostracods were spotted in the hottest parts of bare travertine,
feasting on insects that had died in the hot water (Negus et al.,
2020). Chironomidae and Hydrobiidae species were also
reported at temperatures of 51-52°C in two hot spring sampling
sites in Ethiopia’s East Amhara Region (Derso et al.,, 2015). The
record for life at extremely high temperatures among all
metazoan living organisms is held by the nematode
Aphelenchoides sp. discovered in a New Zealand hot spring at a
temperature of 61.3°C. Moreover, the temperature in the spring
where the aphelenchoids were collected ranged from 58 to
69.1°C, indicating that these nematodes may likely withstand
temperatures of 70°C (Mason, 1939; Poinar, 2015).

Adaptations of groundwater
invertebrates to thermal and hot waters

All organisms have a temperature range in which they can grow,
reproduce, and function at their best (Negus et al., 2020). Temperature
is a key factor affecting the development, metabolism, and survival of
invertebrates (Quinn et al, 1994). When it comes to high
temperatures, organisms often have an upper critical temperature
that, if exceeded, can alter or even damage biochemical processes,
membrane structures, enzymes and tissues (Willmer et al., 2009).
Thus, they will not be found in ecosystems that are outside of their
temperature tolerance (Prosser et al., 1952; Negus et al., 2020).

Experiments have shown that at temperatures close to the
lethal limit, the voluntary muscles of both vertebrates and
invertebrates enter a state of rigor (Everatt et al., 2013). As a
result, if organisms are unable to move, they are unable to search
for food or escape from potentially dangerous environmental
conditions or predators (Glazier, 2012). Insects enter a reversible
coma stage before dying as a result of high temperatures
(breakdowns of neural and muscular systems), which protects
them from cellular damage and complete energy depletion
caused by repair mechanisms, allowing them to stay alive at
temperatures that would normally be lethal (Rodgers
etal., 2010).

It is generally agreed that the invertebrates’ geographical
distribution and abundance are influenced in part by the
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temperature ranges at which they can survive and function
optimally (Everatt et al., 2013). Moreover, thermal tolerance also
defines interactions between species by regulating species
distributions (Gonzalez-Tokman et al.,, 2020). Therefore, it is
obvious that the inhabitants of hot springs are equipped with
different adaptations to withstand or tolerate high temperatures
(Brues, 1927).

Tolerance and responses to high temperatures are the
consequence of a complex combination of internal physiological and
biochemical processes, including sensory and regulatory neuronal
pathways, cellular stress responses, and metabolic and hormonal
responses, mechanisms which remain inadequately studied
(Gonzélez-Tokman et al., 2020). Sensorial processes, which involve
neurons and neurotransmitters that detect an environmental signal
and initiate reactions such as changes in the metabolic rate and the
use of the anaerobic metabolism (metabolic rate increases
exponentially with temperature), are the first physiological systems
used in response to heat (Gillooly et al., 2001). For example, the blind
shrimp Rimicaris exoculata Williams and Rona, 1986, an oceanic
floor hot spring species, has highly developed “eyes” that are thought
to detect variations of weak light emitted by the 350°C fluids of black
smokers, potentially preventing the shrimp from being boiled by the
heat (Van Dover, 2019).

Hormones like catecholamines (i.e., adrenaline, noradrenaline,
dopamine) also regulate physiology, development, and behavior by
modulating responses to high temperatures (e.g., diapause)
(Gonzalez-Tokman et al., 2020). It has been demonstrated that
Niphargus inopinatus gradually increases its adrenaline concentration
in response to a sudden heat shock of either +6 or+12°C relative to
the temperature of the collection site (Avramov et al., 2013).

However, the most studied mechanism of heat tolerance is the
stress response which involves the synthesis and use of heat shock
proteins (HSP). These proteins are molecular chaperones that are
increased in response to a wide variety of stressors (heat, cold,
starvation, infection, inflammation, or exposure to contaminants)
and protect other proteins from denaturing and aggregation at high
temperatures (Wang et al., 2012; Gonzélez-Tokman et al., 2020).
Therefore, the increased levels of HSP protect against oxidative stress
(Oksala et al., 2014). The sequencing of the whole transcriptome of
Allobathynella bangokensis, a subterranean aquatic crustacean
occasionally found in hot springs (the subterranean region of
Hongcheon-Gun, Gangwon-Do, South-Korea), revealed the presence
of expressed conserved gene family sets, such as heat shock proteins,
suggesting that this species has evolved adaptations involving
molecular mechanisms of homeostasis (Kim et al., 2017).

Living in volcanoes
Volcanic caves

Volcanic caves, also known as lava tubes, are the remains of
lava’s internal drainage conduits beneath a solidified crust, which

can form in one of two ways: by crusting over a flowing lava
stream or, more typically, by fluid lava continuing to stream
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beneath the crust (Lauritzen, 2018; Figure 1C). The basaltic
volcanic terrain contains active hydrothermal systems and
transmissive, heterogeneous and discontinuous aquifers formed
by the mechanical fracturing during cooling and separations
between distinct lava flows. These aquifers are typically unconfined
and fissured, and the water table can be found at great depths
(Kiernan et al., 2003; Lauritzen, 2018).

The aquifers that run through volcanic rocks provide a
significant portion of water resources in several parts of the world,
including islands (e.g., Canary Islands — Spain, Jeju Island — South
Korea, Hawaii Islands — United States, Galapagos Islands — Ecuador)
and continental regions (e.g., Northwest Ethiopia, Mount Erebus —
Antarctica, Somma - Vesuvius and Roccamonfina volcanoes - Italy;
Fraser et al., 2018; Pantaleone et al., 2018; Fenta et al., 2020; Ahn
et al,, 2021). Their productivity is heavily dependent on volcanic
stratigraphy, which varies greatly, ranging from high permeability
interflow zones to almost impenetrable tuffaceous layers (Ahn et al.,
2021). Volcanic rocks are more chemically reactive than most other
geologic formations, allowing chemolithoautotrophic microbial
populations to survive in the absence of light by providing them with
electron acceptors and donors (Tebo et al,, 2015). The geochemical
characteristics of GW are also influenced by the chemical
components of rainfall as well as numerous geochemical processes
(e.g., rock-water interactions) that occur when water flows from
recharge to discharge regions (Fenta et al., 2020).

Groundwater invertebrates in volcanic
caves

One of the most investigated subterranean faunas from
volcanic regions in the world is represented by the Canary
Archipelago in the eastern Atlantic (Oromi, 2018). It consists of
seven islets and seven main islands, including Tenerife, the world’s
largest, highest, and most diverse island, and Lanzarote, which has
the most diverse volcanic anchialine ecosystems in the Eastern
Atlantic. Volcanic eruptions generated all the islands over the last
20 million years (Juan et al., 2000).

Due to the impermeable nature of the volcanic rocks, the
accumulation of subterranean freshwaters took place at the
phreatic level in elevated areas and near the coast, where the water
is more saline and habitats can be considered as anchialine or
mixohaline (Oromi, 2018; Bishop et al., 2020). Survival conditions
in lava tubes are also challenging, being characterized by
oligotrophy, especially in the deepest sections (limited food
resources, constant temperature, hypoxia, darkness, and higher
CO, concentrations; Oromi, 2018). Furthermore, in the case of
anchialine habitats, there are additional challenges such as varying
salinity (prevalence of CI~ and Na* ions, transition zones between
the fresh and marine water—halocline), or the presence of
hydrogen sulfide caused by microbial degradation of organic
detritus trapped in the water (e.g., La Corona lava tube, Lanzarote,
Canary Islands, Spain—a detritus-based system; Jaume and
Boxshall, 2011; Iliffe, 2018).
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The variety of aquatic invertebrates in the volcanic islands of
Tenerife (lava tubes and phreatic) showing markedly
morphological and physiological adaptations (stygobites) sum
about 44 species (Martin and Oromi, 1986). Crustaceans are the
most represented and all are endemics of the archipelago, or a
single island. The amphipod Pseudoniphargus fontinalis Stock,
1988 has been collected from anchialine wells in Tenerife and
Gran Canarias, whereas the interstitial stygobitic Ingolfiella
canariensis (Vonk and Sanchez, 1991) has been found on more
than one island. However, they are clearly related to the marine
environment (Vonk and Sanchez, 1991). In the lowland, where the
habitats have no seawater influence, the most significant groups
are copepod species (i.e., Parastenocaris sp.) and amphipods.
Noteworthy to mention is the tantulocarid Stygotantalus stocki
(Boxshall and Huys, 1989), an ectoparasite on harpacticoid
copepods and the smaller arthropod in the world (0.1 mm)
(Boxshall and Huys, 1989).

The anchialine fauna of Tenerife is well known and species
have direct marine origin (Wilkens et al., 2009). The most
known lava tube from Lanzarote (Tenerife) is the system Cueva
de los Verdes, the 15" most extended lava tube in the world and
the longest underwater cave (Wilkens et al., 2009). The cave has
two parts, a submarine one of 2km (Tunel de Atlantida) and, in
the opposite direction, is Jameos del Agua and Hameo de
los Lagos.

This lava tube is a detritus-based system, in which particulate
organic matter is delivered via tidal exchange or penetration
through the surrounding lava rock. The abundance of suspended
organic matter in the water column promotes a diverse array of 77
species (37 endemic consumers), including stygobitic copepods,
ostracods, amphipods, remipedes, thermosbaenaceans, mysids,
decapods, isopods and molluscs, as well as a few highly specialized
annelid species (Wilkens et al., 2009; Martinez and Gonzalez,
2018). The most remarkable species is the archaic remipede
Speleonectes ondinae (Garcia-Valdecasas, 1984), whose genus
includes a few species inhabiting anchialine caves from West
Indies and Yucatan (Schram et al, 1986) and the decapod
Munidopsis polymorpha Koelbel, 1982 and endangered crustacean
species (Figure 3). Palmorchestia hypogea Stock and Martin, 1988
from La Palma (Canary Islands) is one of the few terrestrial
amphipods known to be adapted to volcanic cave life.

A special case of underground volcanic habitat is the
geothermal subglacial environments in Antarctica, such as
subglacial caves on volcanic Mount Erebus (Warren Cave, 22 Blue
and Harry’s dream), the world’s southernmost active volcano,
which might have served as important refuges for terrestrial life
on this severely glaciated continent (Wardell et al., 2003; Fraser
et al., 2018). The habitability of these environments appears to
be a direct outcome of the volcanic activity that generates steam,
the main source of water required to sustain life (Shock and
Holland, 2007). These subglacial ecosystems are frequently 10
degrees hotter than ambient air temperatures (on average ~ 0°C),
may contain liquid water, and can get sunlight near their
entrances or where the covering ice is thin. Overlying ice and
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FIGURE 3

Invertebrates’ biodiversity found in volcanic groundwater settings. (A) Amphipod Pseudoniphargus sp. from Canary Islands, Spain (Photo: H.
Lopez). (B) Tantulocarid Stygotantalus stocki, ectoparasite on copepods (Photo: )
(C) Remiped Speleonectes ondinae from Lanzarote caves, Canary Islands, Spain (Photo: Ulrike Strecker). (D) Decapod Munidopsis polymorpha

(Photo: Ondrej Machac)

snow are melted by volcanic heat and gas exhalations, resulting
in liquid water that can seep down into the volcano, where it
might come into contact with heated rocks, turning it into a
stream ( ). The water in these oligotrophic caves
ensures exceedingly challenging living circumstances, with liquid
water at very low temperatures at or above freezing (0°C) near the
surface, or extremely hot in the deepest parts (60°C), and large
amounts of magmatic CO, dissolved in water (

). Furthermore, it is likely that gases
produced by volcanic activity and the subsequent interactions
between condensed steam, these gases, and subterranean
minerals constitute the main energy source that supports the
residing populations ( ).

According to a metabarcoding (eDNA) analysis that
involves mitochondrial COI gene and nuclear ribosomal 28S
gene (via Ion Torrent sequencing), and nuclear ITS (via
cloning), these subglacial geothermal volcanic caves are home
to various eukaryotic groups, including invertebrates such as
(arachnids and collembolans),

arthropods oligochaetes
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(Achaeta sp. and Bryodrilus sp.) and nematodes (Enchodelus sp.)
( )

The sulfide-rich continental aquifers and
caves

Extreme habitats, such as those rich in naturally occurring
hydrogen sulfide (H,S), can be found in aquatic systems all over
the world (
Proterozoic (2,500 to 541 million years ago), H,S was abundant,

). In the anoxic waters of the

serving as an energy source for early forms of life and shaping the
biochemical and physiological processes of organisms. When life
first began, H,S was likely the most versatile molecule because it
could operate as a critical organic product, reactant, proto-
enzyme, proto-membrane, or an important energy source (

).
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TABLE 1 H,S concentration and temperature in different sulfide-rich groundwater continental habitats.

Sulfide-rich groundwater Country H,S concentration (mg/L) Temperature (°C) References

continental habitats

Movile cave Romania 10-43 21 Sarbu et al. (1994a, 1996)

Frasassi caves Italy 17.05 13 Galdenzi and Jones (2017)

Melissotrypa cave Greece - 16-19 Popa et al. (2020)

Ayyalon cave Israel 44-47 28.5-30 Wagner (2012), Por et al. (2013)

Tashan cave Iran - 25 Fatemi et al. (2019)

The thermal spring of Fetida cave  Italy <15.6 14.5-29.1 D'Angeli et al. (2021), Jurado et al. (2021)
Zveplenica sulfidic spring Slovenia 8.5 10.6 £ 0.2 Mulec et al. (2014)

Sulfide spring environments Mexic 0.8-35 5-100 Greenway et al. (2014)

The freshwater springs releasing sulfide-rich waters have been
spotted on every continent except Antarctica (Greenway et al.,
2014). The occurrence of sulfide in these ecosystems can vary
significantly and is generally linked to one of two sources
(Greenway et al., 2014): (1) the volcanic activity, where a variety
of compounds leach into solution during the interaction of water
with the hot basaltic rock (sulfate and other sulfur compounds),
which are easily converted into sulfide under highly reductive
conditions; and (2) the underground oil deposits, where mineral-
rich GW, including sulfate, combines with hydrocarbons produced
from fossil organic matter in anoxic conditions.

High concentrations of H,S are presently found in a few
aquatic settings as a result of production through biogeochemical
processes such as thermal vents and cold seeps in marine
environments (Table 1; Greenway et al., 2014; Tobler et al., 2016).
Aquifers with sulfide-rich GW are sparsely scattered in the
proximity of the sea’s shores (Sarbu, 2000; Engel, 2007). These
unique ecosystems are supported by primary production through
bacterial chemosynthesis (Sarbu et al., 1994a,b; Sarbu, 2000;
Kumaresan et al., 2018). Here, the primary production is very
high, supported by chemo-autotrophic bacteria and protozoa that
derive their energy through chemical reactions with inorganic
molecules such as H,S, elemental sulfur and NH; under low
oxygen environment or in anaerobic conditions (Sarbu, 2000;
Engel, 2007; Frumkin et al., 2020). In detail, the sulfide-oxidizing
bacteria use H,S as an energy source, as electron donors, to
assimilate CO, and produce oxidized sulfur species as a metabolic
by-product (Engel, 2007).

Apart from nutrient and energy limitations, darkness, oxygen
scarcity up to hypoxia (dissolved oxygen concentrations less than
2mg/L) or even anoxia, and geochemically variable conditions,
which usually characterize GW ecosystems (Diaz, 2001; Hancock
et al., 2005; Engel, 2007), sulfidic-rich GW poses additional
pressure to organism including higher average temperatures,
higher concentrations of H,S, CH, and other ions (e.g., heavy
metals, bicarbonate, calcium sulfate, sodium chloride), and lower
pH (Table 1; Xu et al., 1998; Sarbu, 2000; Engel, 2007; Greenway
et al, 2014). The location of springs/caves, as well as the final
sources of H,S generation, appears to be involved in temperature
variation (Greenway et al., 2014).
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On a biochemical level, H,S toxicity to invertebrates is well
understood (Tobler et al., 2016). H,S easily penetrates biological
membranes and invades organisms due to its lipid solubility,
having different effects such as the interruption of cellular
respiration, neurotoxic effects modulated by disruption of
calcium homeostasis, or alteration of a wide variety of other
proteins (O, transport proteins and other 20 enzymes; Tobler
et al, 2016). Its toxicity is manifested primarily through
interfering with oxidative phosphorylation in mitochondria by
the inhibition of cytochrome C oxidase (COX) in the
mitochondrial respiratory chain, which prevents ATP production
(Cooper and Brown, 2008). Therefore, exposure to H,S in the
environment can affect the organisms’ capacity to survive and
reproduce (Kelley et al., 2016).

In these GWs, sulfuric acid speeds up the dissolving of
limestone bedrock in a process known as sulfuric acid
speleogenesis, resulting in the creation of sulfidic caves (Sarbu,
2000; Northup and Lavoie, 2001; Engel et al., 2004; Porter et al.,
2009; Galdenzi and Maruoka, 2018). Hydrogen sulfide-rich
phreatic fluids and microbially-generated sulfuric acid likely
played a significant role in the speleogenesis of about 10% of the
world’s caves (Engel et al., 2004; Fatemi et al., 2019).

Sulfide concentrations vary significantly across all springs,
with levels decreasing as the distance from the springheads
increases due to evaporation and oxidation of sulfide molecules
(Chen and Morris, 1972). The lower pH is most likely due to the
presence of sulfuric acid via chemical and microbiological H,S
oxidation, and it is also influenced by the region’s water buffering
capacity (Xu et al,, 1998; Greenway et al., 2014). Despite these
challenging conditions, sulfide-rich groundwater offers ecological
advantages such as enhanced resource availability, less competition
by providing a larger variety of ecological niches when compared
to “classical” aquifers, and reduced exposure to predators (Tobler
et al., 2016). Moreover, adaptation to H,S-rich settings can also
promote speciation, resulting in biodiversity hotspots with high
levels of endemism (Tobler et al., 2016).

Sulfidic caves have been examined the most in terms of
primary production, sulfide-oxidizing, methanotrophic, and
nitrifying bacteria providing the trophic base for the entire local
community in these habitats (Sarbu et al., 1996; Sarbu, 2000;
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Porter et al., 2009; Bauermeister et al. 2013; Flot et al., 2014;
Greenway et al., 2014).

Groundwater invertebrates in sulfide-rich
continental aquifers and caves

The impact of H,S on aquatic invertebrates, including the
ecology and evolution of species, has primarily been investigated
in cold seeps and deep-sea hydrothermal vents (Greenway et al.,
2014). However, continental sulfide GW has received more
attention since the first discovered ecosystem based on
chemosynthesis: Movile Cave in Romania (Sarbu et al., 1996).
More recently, the investigations on the aquifer to which the cave
belongs (Grapa, 2022) as well as the discovery of other
chemoautotrophically-based subterranean ecosystems improved
the knowledge on GW diversity as well as on species adaptation
to such a particular environment, i.e., Ayyalon Cave in Israel (Por
et al,, 2013), Melissotrypa Cave in Greece (Popa et al., 2020),
Tashan Cave in Iran (Fatemi et al., 2019), and more recently, the
sulfidic caves in Chechnya in the Caucasus Mountains
(Chervyatsova et al., 2020).

While the richness of bacteria that live in sulfide-rich
continental habitats is pretty well understood at several levels of
biological organization, few studies have focused on metazoan
diversity patterns (Greenway et al.,, 2014). Lithoautotrophic
microorganisms in sulfidic habitats can sustain a relatively
but
environmental conditions in which only highly specialized

abundant invertebrate community, they create
species can live. As a result, sulfide invertebrate populations are
seen as a model of “extreme lifestyle,” where the only prosperous
species are those capable of tolerating low O, and high H,S
concentrations (Lee et al., 2012; Flot et al., 2014; Galassi et al.,
2016; Brad et al., 2021).

Different phyla of organisms have inhabited this harsh
environment for most life forms, resulting in diverse biological
communities with high levels of endemism similar to marine
habitats (Sarbu et al., 1996; Tobler et al., 2016). The GW
invertebrate communities are characterized by a relatively
large diversity of species and complex trophic levels that could
be attributed to the abundant and diverse, chemosynthetically
produced food source that has allowed organisms to live in
and adapt to harsh environmental conditions (Engel, 2007; Por
et al., 2013; Galassi et al., 2016; Popa et al., 2020; Brad et al.,
2021). The invertebrate groups that live in continental sulfide-
rich environments include copepods (cyclopoids,
harpacticoida, calanoids), thermosbaenaceans, decapods,
amphipods, isopods, ostracods, hemipterans, as well as
platyhelminthes (Rhabditophora), nematodes (Chromadorea,
Enoplea), annelids (Clitellata, Polychaeta), gastropods,
molluscs, and rotifers. However, the crustaceans dominate the
invertebrate groups in the sulfidic habitats, which are
particularly rich and diverse (Figure 4; Plesa, 1989; Engel,

2007; Peterson et al., 2013; Por et al., 2013; Flot et al., 2014;
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Greenway et al., 2014; Mulec et al., 2014; Galassi et al., 2016;
Khalaji-Pirbalouty et al., 2018; Borko et al., 2019; Fatemi et al.,
2019; Mulec and Engel, 2019; Popa et al., 2020; Brad et al,,
2021; Supplementary Table 1).

Among the most extensively investigated sulfide-based
ecosystems is Movile Cave located at about 3 km from the Black
Sea coast in the Southern Dobrogea region of Romania (Sarbu,
2000). Movile Cave is a hypogenic system generated by rising
fluids via different geological and tectonic structures at various
depths through various dissolution processes (Sarbu et al., 1996).
This cave has one of the most diversified subterranean invertebrate
populations in the world despite its isolation from the surface: 37
out of the 52 species (21 aquatic and 31 terrestrial) are endemic to
the cave (Brad et al., 2021; Grapa, 2022). The trophic web is
remarkably complex and the food base consists of the
chemoautotrophic microorganisms (e.g., Archaea, sulfur- and
methane-oxidizing bacteria, or nitrifying and denitrifying
bacteria), that live in the sulfide-rich water and sediments (Chen
et al., 2009; Kumaresan et al., 2014; Hillebrand-Voiculescu, 2018;
Chiciudean et al., 2022). The rich cave-adapted meiofauna in
Movile Cave includes arthropods, platyhelminths, annelids,
rotifers, mollusks, and several species of crustaceans (Brad et al.,
2021). The top predators in the cave are the water scorpions Nepa
anophthalma Decu et al., 1994, which hide beneath the water’s
surface and wait for prey composed of amphipods and isopods;
the leech Haemopis caeca Manoleli et al., 1998, which feed on
earthworms (Helodrilus sp.), and the flatworm Dendrocoelum
obstinatum Stocchino and Sluys, 2013, that feed on bacteria,
worms, or crustaceans (Sarbu et al., 1996,2019). A predator-prey
relationship was identified between the nematodes (Panagrolaimus
sp. and Poikilolaimus sp.) and the endemic copepod Eucyclops
greateri scythicus Plesa, 1989, which predate actively on nematodes
(Muschiol et al., 2008). Several of these stygobites present in the
Movile Cave have also been found to live in the associated sulfidic
aquifer in Mangalia area, and among them the amphipod
crustacean Niphargus dancaui (Brad et al., 2015), the cyclopoids
Eucyclops greateri scythicus and a new species of ostracod from the
genus Pseudocandona (Danielopol, 1994; Sarbu, 2000; Grapa,
2022). Furthermore, the diversity of Movile Cave never fails to
amaze us, as new inhabitants, earthworms, a new genus, Coventina
sp. Marchan, (Szederjesi and Csuzdi, 2022), and a new species,
Imetescolex movilensis Szederjesi, Sarbu and Csuzdi, 2022, brought
the total number of species hosted here to 54 (Szederjesi
etal., 2022).

The characteristic feature of the aquatic invertebrates living in
Movile Cave is the ability to endure high levels of H,S and low
concentrations of O, or hypoxia (Hillebrand-Voiculescu, 2018).
Despite the differences in nutrient availability, habitat, water
chemistry (sulfidic vs. non-sulfidic freshwater), ancestral genetic
variability, and population genetic structure, there is a parallel
evolution of eye loss, depigmentation, and elongation of some
appendages with all stygobionts. This was demonstrated in a study
that compared Asellus aquaticus (Linnaeus, 1758) from Romania’s
sulfidic waters (Movile Cave, springs and wells from the same

frontiersin.org


https://doi.org/10.3389/fevo.2022.1054841
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Pop et al.

10.3389/fevo.2022.1054841

FIGURE 4

Sulfide-rich groundwater continental habitats invertebrates’ biodiversity. Movile Cave, Romania (Photos: Serban Sarbu): (A) water scorpion Nepa
anophthalma; (B) leech Haemopis caeca; (C) gastropods Heleobia dobrogica. Ayyalon Cave, Israel (Photos: Amos Frumkin): (D) decapod
Typhlocaris ayyaloni; (E) thermosbaenacean Tethysbaena ophelicola; (F) cyclopoid Metacyclops subdolus.

aquifer) with a cave-adapted Asellus from freshwaters in Slovenia
(Konec et al., 2015).

The Frasassi Caves system in central Italy, a flourishing oasis
for underground life, is composed of a series of ramifying, mostly
subterranean tunnels that run more than 30 kilometers and are
organized on multiple interconnected levels in which sulfidic
waters flow (Galdenzi and Jones, 2017). Moreover, the sulfide and
oxygen content in the cave system’s streams and lakes fluctuate
considerably, leading to the occurrence of both sulfidic and
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non-sulfidic water habitats with specific groups of invertebrates
having different tolerances to both parameters (Macalady et al.,
2008). In the habitats,
chemosynthetic bacteria generate organic matter and support a

sulfidic water sulfide-oxidizing
rich and diversified invertebrate community, including ostracods
(Mixtacandona sp., Pseudolimnocythere sp.), niphargid amphipods
Niphargus ictus (Karaman, 1985), Niphargus frasassianus Karaman
et al., 2010, and Niphargus montanarius Karaman et al., 2010),
calanoids (Eudiaptomus intermedius Steuer, 1897), harpacticoids
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(Nitocrella stammeri Chappuis, 1938, Maraenobiotus sp., Nitocrella
psammophila Chappuis, 1955), cyclopids (Diacyclops cosanus,
Speocyclops sp.), gastropods (Islamia pusilla Piersanti, 1951), and
platyhelminthes (Dendrocoelum leporii Manconi, 2017), the
majority of them being endemic to this cave system (Engel, 2007;
Peterson et al., 2013; Flot et al., 2014; Galassi et al., 2016; Borko
etal., 2019).

The Tashan Cave, located in Southwest Iran, offers a unique
hypogean chemoautotrophic environment with several pools and
lakes containing GW rich in hydrogen sulfide (Fatemi et al., 2019).
Trogloiranica tashanica Fatemi et al. (2019) is one of the few
stygobitic gastropods reported in subterranean sulfide-rich waters,
and the isopod Stenasellus tashanicus (Fatemi et al., 2019), are
among the endemic invertebrate species found in this cave (Jones
et al., 2014; Khalaji-Pirbalouty et al., 2018; Fatemi et al., 2019).

In the case of Ayyalon Cave from Israel, another hypogenic
cave system, six of the eight species on the list are new and
currently restricted to this sulfidic aquifer (Por et al., 2013). The
stygobitic species list associated with the sulfidic pool
(4.4-4.7 mg/L dissolved H,S) includes four crustacean species: two
copepods (Metacyclops longimaxillis Defaye and Por, 2010,
Metacyclops subdolus Kiefer, 1938), one thermosbaenacean
(Tethysbaena ophelicola Wagner, 1994), and one decapod
(Typhlocaris ayyaloni Tsurnamal, 2008), considered to be a
primary consumer in this chemoautotrophic ecosystem.
Metacyclops longimaxillis and Tethysbaena ophelicola are
permanent inhabitants, mating in the pools near-anaerobic,
sulfidic, and hot water (Wagner, 2012; Por et al., 2013; Frumkin
et al,, 2020).

More recently, biological studies have been initiated in
Melissotrypa Cave in central Greece, which has both sulfidic and
non-sulfidic lakes (Borko et al., 2019; Popa et al., 2020). Biological
investigations in this cave led to the discovery of several stygobitic
invertebrates species, some of them being strictly associated with
sulfidic waters, such as platyhelminthes (Dendrocoelum sp.),
annelids (Haplotaxis sp., Delaya sp.), mollusks (Iglica hellenica
Falniowski and Sarbu, 2015, Daphniolla magdalenae Falniowski
and Sarbu, 2015), ostracods (Mixtacandona sp.), cyclopids
(Tropocyclops prasinus Fischer, 1860, Acantocyclops sp.), isopods
(Turcolana lepturoides Prevor¢nik, Konec and Sket, 2016), and
niphargid amphipods (Niphargus gammariformis Borko, Collette,
Brad, Zaksek, Flot, Vaxevanpoulos, Sarbu and Fiser, 2019; Borko
etal., 2019; Popa et al., 2020.

Adaptations of groundwater
invertebrates to sulfidic-rich
environment

The tolerance levels and adaptations to sulfide in aquatic
invertebrates have been analyzed. Sulfide exposure was combined
with hypoxia or anoxia in tolerance experiments, and the effects
were compared to hypoxia or anoxia alone. The findings showed
that sulfide exacerbated the consequences of hypoxia and anoxia
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(Bagarinao, 1992). However, H,S is a gaseous messenger in cell
communication as well as a regulator of physiological processes,
as it acts directly on ionic channels (Peers et al., 2012). Moreover,
HS,S is generated internally as a byproduct of the breakdown of
sulfur-containing proteins, coenzymes, enzymes, or by microbial
fermentation in the alimentary tract (Vismann, 1991). Hence, it
has become clear that organisms may not just try to remove H,S
from their body, but rather maintain optimal amounts that allow
it to function as a physiological regulator (Tobler et al., 2016). In
other words, at low concentrations, H,S has a crucial physiological
role in cell signaling, but at high concentrations, it is a severe
respiratory toxicant (Tobler et al., 2016).

Therefore, colonizing sulfide-rich GW ecosystems requires
specific adaptations to the stress of living underground besides the
common ones characterizing the stygobite species usually
occurring in the subterranean realm. The ability of organisms to
cope with the harmful effects of H,S is mediated by a variety of
mechanisms (Tobler et al., 2016). The increased tolerance reported
in adapted invertebrate species living in H,S-rich habitats could
be achieved by four processes (Kelley et al., 2016; Tobler et al.,
2016): (1) the ability to reduce the amount of H,S that enters the
body through avoidance and exclusion strategies (behavioral
adaptations or morphological changes in structure and
components of the integument and respiratory surfaces); (2) the
reduction of toxic compounds’ adverse effects (physiological
adaptations); (3) the increased capacity to regulate internal H,S
levels despite the continuous environmental influx (low
endogenous H,S production, detoxification or sequestration); and
(4) potentially by the presence of symbiosis with sulfur-
oxidizing bacteria.

The ostracod Cyprideis torosa (Jones, 1850), a geographically
widespread surface species, can oxidize penetrating sulfide to
non-toxic thiosulfate and sulfite and then promptly eliminate the
oxidation products. It can also withstand long-term sulfidic
conditions due to its strong capacity for long-term anaerobiosis,
which enables the ostracod to survive or escape adverse
environmental conditions (Jahn et al., 1996; De Deckker and
Lord, 2017).

Some crustaceans use certain behavioral strategies to adapt to
the local environmental conditions. Some Thermosbaena species,
swim in an upside-down, notonectic position, often “hanging”
motionless on the water surface, such as the populations of
Tethysbena ophelicola from Ayyalon Cave in Israel (Fryer, 1965;
Por, 2014). The thermosbaenacean’s hyponeuston-like swimming
allows the specimens to be maintained in the density layer of the
redox interphase, where bacteria proliferate (Por, 2014). Therefore,
the ability to float on the support of water density represents a
significant energy saving for the creatures in the anoxic or
microxic chemoautotrophic conditions in which they reside (Por,
2014). Moreover, dorsal breeding, unique among crustaceans, is a
consequence of the notonectic swimming position (Por, 2014).
The marsupium with the developing eggs and embryos is
suspended at the anaerobic level, safe from predation. The beating
maxillipeds and pereiopods, on the other hand, keep a constant
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stream of oxygenated water flowing through the body (Barker,
1962; Por, 2014).

Symbioses among aquatic invertebrates and
bacteria in sulfidic—rich environments

In dark, isolated and sulfide-rich marine and non-marine
habitats, symbioses between invertebrates and chemosynthetic
bacteria (e.g., sulfur- or methane-oxidizing) are common and
have developed separately in various invertebrate groups
(Bauermeister et al., 2012). At least three protist groups and
invertebrates from seven phyla, including poriferans, cnidaria,
mollusks, platyhelminthes, annelids, nematodes, and various
arthropods, are involved in chemosynthetic symbiotic associations
(Bauermeister et al., 2013; Flot et al., 2014; Tobler et al., 2016;
Sogin et al., 2021).

Symbioses were essential for the origin and diversification of
eukaryotes, and they continue to be a primary driving factor in
evolution because they cause physiological, morphological, and
developmental changes in the species involved (e.g., metabolism,
pathogen defense, feeding, reproduction, ecology; Sapp, 2004; Shin
etal., 2011). This type of association is most common in habitats
where there is not enough organic matter to support a heterotrophic
lifestyle. The benefits of associating with chemosynthetic bacteria
are apparent: by collaborating with primary producers who can
access energy resources such as sulfur and methane, these
organisms gain access to energy sources they could not reach
otherwise (Tobler et al., 2016; Sogin et al., 2020). Chemosynthetic
bacteria also benefit from collaborating with eukaryotes because
the host offers them a constant supply of reduced substrates,
oxidants, and CO, by hitch-hiking to areas where some vital
elements are present (Flot et al, 2014; Tobler et al, 2016).
Chemosynthetic symbiotic associations occur in a wide variety of
shapes and sizes, reflecting how convergent evolution has allowed
both hosts and bacteria to adapt to a symbiotic way of life. Some
symbionts (ectosymbionts) only colonize the organism’s surfaces,
whereas others (endosymbionts) dwell either extracellularly or
intracellularly within their host in the integument, respiratory
structures, or specialized organs of the host (Bauermeister et al.,
2013; Flot et al,, 2014; Tobler et al., 2016; Sogin et al., 2020).

Symbiotic  relationships between organisms and
chemoautotrophic microorganisms have been first evidenced
around hydrothermal vents where symbiotic bacteria use
reduced inorganic compounds such as sulfide and methane
from venting fluid to gain energy, offering primary nutrition for
the host organism (Beinart et al., 2015). Some host species, such
as the gutless hydrothermal vent tube worms Riftia pachyptila
Jones, 1981 or the gutless marine oligochaete Olavius algarvensis
Giere, Erséus and Stuhlmacher, 1998 found in the coastal
sediments of Elba Island, Italy, rely only on endosymbionts for
nutrition (and excretion-Olavius): a single bacterial phylotype
stored in trophosome in case of Rifftia or multiple phylotypes
from different phyla housed beneath the cuticle in case of Olvius
(16S rRNA gene sequencing; Childress et al., 1991; Kleiner
et al,, 2012).

Frontiers in Ecology and Evolution

16

10.3389/fevo.2022.1054841

Later on, two potential symbioses were first reported from
sulfidic continental caves, such as Ayyalon Cave, Israel: an
endosymbiotic relationship in the case of T. ophelicola, a preferred
monophagous sulfur-bacteria-eating pelagic crustacean, which
has the intestinal tracts entirely packed with bacterial cells, and an
ectosymbiotic relationship in the case of the prawn T. ayyaloni,
which has a bacterial layer on the body surface (Tsurnamal, 2008;
Por et al., 2013).

However, the first extensive study of symbioses has been
evidenced in the sulfidic waters of the Frasassi Caves system,
Italy (Dattagupta et al,, 2009). The symbiosis involves three
Niphargus amphipod species (N. ictus, N. frasassianus, and
N. montanarius) and sulfur-oxidizing Thiothrix bacterial
ectosymbionts. These ectosymbionts are predominantly linked
to hairs (setae) and the spines of their legs and antennae
(Dattagupta et al., 2009; Bauermeister et al., 2012). The Thiothrix
ectosymbionts of Frasassi-dwelling Niphargus (N. ictus and
N. frasassianus) do not appear to be involved in sulfide
detoxification for their hosts, according to a previous study
(Bauermeister et al., 2013). However, even without their Thiotrix
ectosymbionts, which had been eliminated by antibiotic
treatment, the amphipods appear to have very high sulfide
tolerances. It remains to be seen whether these sulfur-oxidizing
bacteria provide any further advantages to their invertebrate
hosts (Bauermeister et al., 2013).

A Niphargus-Thiothrix association has also been discovered
in Movile Cave and the surrounding aquifer in Mangalia, Romania
(Flot et al., 2014; Boanca, 2022). Six of the seven niphargid species
recorded in this region (sulfidic and non-sulfidic GW) have
potential Thiothrix ectosymbionts attached, similar to that seen
before in Italy’s Frasassi Caves. Thus, this suggests that they could
be widespread in continental sulfidic and non-sulfidic aquifers
(Flot et al., 2014).

More recently, the molecular evidence (16S rDNA) of the first
association between microcrustaceans (ostracods and cyclopoids)
and Thiothrix was revealed in the sulfidic GW habitat of Mangalia,
demonstrating the versatility of such Thiothrix-crustacean
associations in sulfidic ecosystems (Boanca, 2022).

Future directions and outlooks

The study of aquatic invertebrates has propelled our
knowledge of the boundaries of life in extreme habitats. However,
there is a fundamental lack of studies addressing the tolerance of
stygobitic “extremophile” metazoans to multiple extremes, and
this hampers our understanding of their tolerance to the
interaction between several parameters. Given the high pressures
that anthropogenic activities pose on GW habitats in general and
on those with “extreme” environmental parameters in particular,
searching for life’s in GW actual limit under the combined effects
of natural and anthropogenic parameters is essential.

The unique and reduced complexity of extreme GW
ecosystems offers an excellent opportunity for studying the

frontiersin.org


https://doi.org/10.3389/fevo.2022.1054841
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Pop et al.

functions of natural stygobitic communities. Omics techniques
have the potential to resolve patterns and ecological drivers of these
“extremophile” assemblages, uncovering linkages between
community function and environmental variables. Especially,
integrative-omic studies are expected to shed light on the molecular
adjustments (including epigenetic effects) that occurred during the
transitions to extreme GW habitats. This will help disentangle the
role of standing genetic variation and phenotypic plasticity in
driving the evolution of subterranean populations in extreme GW
habitats, similarly to what was observed in non-extreme cave
habitats (BilandZija et al., 2020).

Finally, thanks to ongoing scientific investigations, we still
find life in unexpected, extreme GW habitats. Many
invertebrates, including phylogenetically deeply rooted taxa,
many of which are novel to science, are found to survive and
live in extreme GW environments. Given the number of Earth
ecosystems that still need to be explored in detail, we expect the
current frontier of GW life to be pushed even further. Again,
genetic tools, such as barcoding and metagenomics, are a
critical premise to highly increase the probability of finding new
invertebrate in difficult-to-reach

extremophile species

underground places.
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