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Chapter 1 ®)
Preamble cnee

Oana Teodora Moldovan, Cubomir Kovac, and Stuart Halse

Wherefore each of you, when his turn comes, must go down to
the general underground abode, and get the habit of seeing in
the dark. When you have acquired the habit, you will see ten
thousand times better than the inhabitants of the cave, and
you will know what the several images are, and what they
represent, because you have seen the beautiful and just and
good in their truth.

Plato, Republica

1.1 On Caves, Cave Ecology, and Cave Inhabitants

Caves are seen as natural openings large enough to allow entrance of humans. Caves
are formed in many types of rock and by many processes, although the largest and
most common caves are those formed in limestone, dolomite, and solidified lava.
Nevertheless, when considering caves as living spaces, the size of the cave is often
less important than the size of the cave inhabitants. Most cave organisms are a few
millimeters or even less in size, and they can colonize any void of larger size than
this, especially where there is no light and environmental conditions are relatively
constant throughout the year. “The subterranean environment would be as insignifi-
cant by the small space it occupies on Earth, as by the low number of beings
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inhabiting here; it would only be a kind of nature’s oddity. Now, there is no falser
idea!” (translated from French) was a statement by Racovitza in 1907, and he added
further that subterranean fauna consists of a heterogeneous mixture of very different
forms in origin, hereditary aptitudes, degree of organization, and time of immigra-
tion into caves.

We use the term ‘cave’ for any space or void that fulfills the environmental
requirements of living organisms for their survival. The anthropocentric view of a
cave size has been reconsidered in the last three decades, and the syntagm cave
ecology was replaced by subterranean ecology, not always in a justified way.

Ecology is the science that studies the interactions between organisms and their
relationship with the environment, and cave ecology studies the connections of cave
organisms with their cave environment, at multiple levels. The abiotic environment
is represented by the cave habitats, and the organisms are those typical troglobionts
or stygobionts, which live permanently in caves. The focus of the book is less on
troglophiles/stygophiles and guanobionts although all these categories are men-
tioned when appropriate.

1.2 Cave Ecology as the Center of Biospeleological
Researches

It is difficult to think about the beginning of cave ecology without referring to the
“Essai sur les problémes biospéologiques” (Essay on biospeleological problems),
which was published by Racovitza in 1907 and ignored for a long time simply
because it was written in French. It is the manifesto of biospeleology, marking the
birth of this science, where the author defines the terms to be used, the habitats, and
the adaptation of cave inhabitants and outlines the ecological research to be done.

As knowledge of the fauna and habitats increased, details of the life histories of
various species were published by different authors (Delamare-Deboutteville 1960;
Vandel 1964; Ginet and Decou 1977), and almost one century later, the encyclo-
pedias (Juberthie and Decu 1994, 1998, 2001; Gunn 2004; Culver and White 2005;
White and Culver 2012) and books (Culver 1982; Camacho 1992; Wilkens et al.
2000; Romero 2009; Culver and Pipan 2009, 2014) brought together information on
the subterranean world, including its ecology.

1.3 What Can Bring a Multi-author Book on Cave
Ecology?

We want this volume to regenerate interest in the study of caves and their living
organisms by highlighting that caves are spaces of any size as long as they support
life. “Traditional” caves are still the places to which we have access, where
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organisms can be studied in situ and where communities can best be observed and
sampled. In caves we find the specimens used for laboratory experiments and
many other different studies in astrobiology, human health, paleoclimatology,
geomicrobiology, etc. The smaller caves, often referred to as micro- and
mesocaverns, may occur as a network of spaces around traditional caves or below
surface streams. The vast majority of these spaces, however, occur in groundwater or
weathering parts of the vadose zone elsewhere in the landscape, and the study of
these systems is in its infancy.

Cave ecology, as with all other areas of biological study, has numerous hypo-
theses and theories regarding cave inhabitants and the processes that sustain them. A
book with multi-authored opinions provides a more comprehensive overview of the
subject. Although it is the duty of the authors to provide an objective and embracing
view on what they write as scientists, the diversity of authors and their different
opinions enrich our understanding of cave ecology and its importance, as well as
increasing the range of topics covered and the perspectives on subterranean life.

This is a book about the state of the art and future directions in biospeleological
research addressed to students, teachers, and specialists who need simple definitions,
clear explanations of existing knowledge and theories, and informed opinions about
future directions for research in a single book. We do not pretend to have extensively
covered all the possible aspects and topics of cave ecology. Foremost in our aims
was to thrust the cave and the cave organisms into the spotlight in the hope that this
will lead to greater conservation and protection of this wonderful environment that is
under the increasing pressure from human activities.

Acknowledgment We would like to express our special thanks to Francis G. Howarth for the
reading of the book and useful suggestions and comments. OTM acknowledges the financial
support from the Romanian Academy and the grant of the Romanian Ministry of Research and
Innovation, CNCS—UEFISCDI, project number PN-III-P4-ID-PCCF-2016-0016, within
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Part I
Into Karst, Caves and Cave Habitats



Chapter 2 ®)
Physiography of the Caves s

Stein-Erik Lauritzen

2.1 Introduction

This chapter deals with the physiography (formation, morphology and internal
environment) of underground habitats (see also Chap. 3), generally known as
“caves”, and smaller interstitial spaces that can be occupied by organisms
(e.g. Poulson and White 1969). Caves are, by definition, natural underground
voids (White and Culver 2012), and passable caves (that are accessible to humans)
are just fragments of the hydrogeological network (Fig. 2.1). Caves exist in a variety
of geological materials, but they share many common characteristics with respect to
environmental factors: total darkness except in entrance zones, relatively constant
temperature and humidity and a compartmental geometry over a wide range of
dimensions.

The most commonly known “cave” types are karst caves, which are formed by
chemical dissolution of the host rock. These are so-called “true” karst caves
(Fig. 2.1). Other “pseudokarst” caves are lava tubes and various fissure and talus
caves that are formed in rocks that do not dissolve fast enough in water to make them
“karstic”. They are thus formed by processes other than chemical dissolution alone.
Caves may connect into vast, interconnected systems of complex architecture but
can also consist of physically isolated units, to be likened with islands, and can
therefore host endemic biota.

S.-E. Lauritzen (<)
Department of Earth Science, University of Bergen, Bergen, Norway
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Fig. 2.1 Conceptual cross section of a karst system

2.2 Cave Patterns

Depending on bedrock structure, and on hydrologic regimes, solutional caves
develop into several distinct architectures or patterns (Fig. 2.2). A basic difference
of pattern exists between caves developed along bedding planes and along fracture
networks. This difference is depicted by the top and bottom rows in Fig. 2.2.
Dendritic caves are the basic pattern formed on stream passages that converge as
tributaries, similar to surface rivers (Fig. 2.2a and e). Mazes or labyrinths consist of a
network of interconnected passages that have evolved simultaneously. They are
generally interpreted as created by periodic flooding that pumps into and drains all
available fractures with water, thus enlarging all fractures at the same time. An
alternative mechanism is diffuse recharge through a porous caprock or an underlying
porous formation, thus feeding every fracture with aggressive (corrosive) water. This
is particularly effective in situations where two waterbodies of different origin (and
chemistry) meet. Their different chemical composition may enhance the rate of
dissolution as a result of their mixing (mixing corrosion, Bogli 1964). The water
flow can be quite slow. Spongework and ramiform patterns are characteristics of
so-called hypogenic caves, where ascending water moves through porous rocks and
the voids are created by release of chemical aggressiveness due to mixing. In
particular, this may happen when saturated fresh and haline waters meet, forming
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Fig. 2.2 Various plan-view patterns or architectures of solutional caves. Upper row shows caves
formed along bedding planes or in porous rock; lower row depicts joint- or fracture-controlled
caves. (a) and (e) dendritic or branchwork caves; (b) and (f) anastomotic and network mazes; (c)
spongework cave; (d) ramiform cave; (g) linear, joint-controlled cave. Adapted from Palmer (2007)

halocline caves, and where hydrogen sulphide (as gas or dissolved in water) encoun-
ters oxygenated waters and produces sulphuric acid, which boosts the dissolution
rate (ramiform caves).

2.3 Size Distribution of Cave Voids

Apart from the absence of light and, as a consequence, photosynthesis, the cave
habitat can be characterized by the size distribution of individual voids. A “cave”
may be defined in two ways, either anthropomorphic or hydraulic. In the first case, a
cave is defined as a natural underground space that is passable by man, i.e. it is at
least 30—60 cm diameter; in the second case, a (karst) cave is a continuous under-
ground space that allows turbulent water flow, i.e. >10 mm diameter. From a
biological point of view, caves are voids large enough to host cave-dwelling
organisms. The distribution of elements (voids) with diameter 6 for proper caves,
sensu Curl (1986), follows a power or fractal law:

ns = as' P
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Cave Void Distribution

log number of voids

-3 -2 -1 0 1 2
log void diameter (m)

Fig. 2.3 Size distribution of cave elements (voids) relative to a (spherical) unit, 1 m in diameter
(the red dot at 0,0). Assuming that this particular cave obeys a fractal dimension, D ~ 2.73, i.e. the
Menger sponge, the size distribution of smaller voids would follow the graph. Associated with this
1 m diameter void, we may expect that there exists about 3000 and 150,000 voids greater than 1 cm
and 1 mm, respectively. This model illustrates the vast habitat available in a cave where only a few
passages are in fact passable to man

where n is the number of elements of diameter J, a is a scaling constant and D is the
so-called fractal dimension. In practice, there are a lot smaller elements than there are
large ones. Empirically, many dissolutional caves have D ~ 2.73, which means that
the cave is partially space filling, and with a dimension similar to the so-called
Menger sponge (Curl 1986). In consequence, if a person enters a cave with a
diameter of 1 m (e.g. Fig. 2.1), there may be another 10° voids in the surroundings
with a diameter down to about 1 mm (Fig. 2.3). The cave habitat is therefore vastly
larger than a human can reach, and it can accommodate space for small organisms.

The entrance of a cave is an intersection between the land surface and an
underground void. The formation of cave entrances is a stochastic process (Curl
1958, 1960); surface erosion processes may open or close entrances over time. The
longer the cave exists as a system, the more likely it is to have one or more entrances.
The likelihood is obviously greater for shallow caves than for systems deeply
beneath the land surface. In consequence, most caves in a region have no known
entrance and are therefore only indirectly accessible, e.g. through springs, boreholes
or construction works. This effect is not restricted to karst caves but applies to
pseudokarst voids as well.
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Box 2.1

Karst caves result from groundwater dissolving a rock mass consisting of
relatively easily dissolvable minerals: calcite, dolomite, gypsum and rock salt.
Carbonate karst is by far the most common type globally, followed by
evaporate (gypsum) karst (Ford and Williams 2007). For carbonates, the
process is an acid-base reaction, involving carbonic acid or other organic or
inorganic acids (Fig. 2.4).

The process from left to right creates caves (i.e. speleogenesis) and con-
sumes CO,, whilst the reverse process, from right to left, where H" or CO, is
removed from the system, actually fills the cave void—with speleothems.
From this, we realize that karstification is a CO, sequestration process that,
in fact, is of global importance.

2.4 Karst Caves

2.4.1 Speleogenesis

Speleogenesis occurs when water penetrates joints, fissures or bedding plane part-
ings. There is a considerable latency (10°~10° years), named “inception” or “break-
through time”, during which the downstream aperture of the proto-cave voids stays
below 10 mm (White 1977; Dreybrodt et al. 2005). This is because a relatively rapid,
first-order dissolution process consumes most of the aggressiveness over the first few
metres of flow along a tight fracture. After that, dissolution is extremely slow along
the remaining distance of the fracture, attenuated by a factor of 10*~10°. The key
issue is that the process approaches thermodynamic equilibrium very slowly, so that
the water emerging at the downstream end still has a minute dissolution potential and
consequently widens the downstream aperture (“bottleneck™) at a correspondingly
slow rate. When the downstream aperture has attained a diameter of 10-20 mm,
highly aggressive water emerges, and the aperture expands rapidly. This change in
process regime is named “chemical breakthrough”. At the same time, the conduit has
attained a dimension that permits the onset of turbulent flow, which greatly speeds
up the dissolution process. For a 200 m long fracture or bedding plane parting, the
nominal breakthrough time is of the order of 30,000 years. From this moment, the
conduit may grow to metre size in a few thousand years (Fig. 2.5). After this, the
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Fig. 2.5 The life cycle of a dissolutional (karst) cave passage; diameter as a function of time. Time
of growth from being a tight fracture (0.1 mm) to a 1 cm diameter proto-conduit may take 1010
years, depending on flowpath length. After that, growth is very rapid and may attain <1 mm year™'.
A diameter of >ca 3 m is often too large for natural recharge to keep it filled, and it turns into a
vadose passage. If situated deeply below the water table, the passage may continue to grow until it
becomes mechanically unstable and collapses. The ultimate speleothanatosis is when the surface
erosion destroys the cave. Compiled from White (1988) and Dreybrodt et al. (2005)

conduit may become too large for most surface streams to keep it completely full,
and it enters the vadose zone.

Alternatively, if the conduit is situated deep beneath the water table, it may
continue to grow until its diameter exceeds the mechanical strength of the host
rock, resulting in collapse. Such collapses may evolve through boulder chokes and
breccia pipes and eventually reach the surface. Collapses are high-porosity zones
which are not easily accessed by man. The cave’s life cycle ends when the surface
erosion destroys it (speleothanatosis, Sustersi¢ 1999) (Fig. 2.5). Caves are therefore
the most resistant elements of a landscape, and they do not disappear before the
surrounding rock is gone.

2.4.2 Hydromorphic Zones in Karst

Epikarst defines the interface between soil cover and the endokarst. It is generally a
<10 m thick zone of intensely fractured and dissolved rock. With numerous,
interconnected fissures and narrow channels, the epikarst is more porous than the
bulk rock beneath it. Where there is scanty or no soil cover, the epikarst is exposed as
a barren surface with karren and grikes (lapiés).
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The epikarst comprises a separate, perched aquifer that is poorly connected to the
vadose and phreatic zones deeper in the endokarst massif. The epikarst aquifer is
recharged through every fissure and hole, and water is transported horizontally
towards zones of denser and deeper fractures where water is conveyed vertically
into the vadose zone of the endokarst. These sites of capture are often situated
beneath dolines (closed depressions), which are also formed by this process through
a positive feedback loop (Williams 1985). The epikarst contain both air-filled and
water-filled voids.

The vadose zone occupies the upper endokarst in the vertical space between the
epikarst and the water table. The vadose zone is partially air-filled, and water
movement is mostly vertical as a result of gravity flow. There is a wide range of
types of water movement in the endokarst, including waterfalls and low-gradient
streams, trickles, seepage and slowly moving water films. Higher flow rates are
linked to inlets with correspondingly large catchments: streamsinks and dolines feed
streams and trickles, whilst fissures and percolation paths give rise to drips or film
movements. Vadose water is more or less directly connected to the surface environ-
ment and is an important nutrition vector for the cave habitats (Culver and Pipan
2009). Depending on climatic zone, cave geometry and ventilation, the vadose zone
may be quite wet or completely dry, as revealed by effervescence of moisture-
sensitive secondary minerals (Hill and Forti 1997; White 1997). The vadose zone
is the main locus for speleothem deposition, where carbonate speleothems are
precipitated by degassing CO, (Fig. 2.4).

Water levels in caves may be viewed as a simple water table or, more correctly, a
piezometric level, below which all available voids are completely water-filled. There
is no continuous water table in karst; the water surface is only observed in passages
(syphons) which may be compared to a complex system of interconnected U-tubes,
with a piezometric level applying across them. Due to dynamic (venturi) effects, the
water table in karst does not always slope in a simple manner, and it will also vary
with recharge and local passage flow rate. This zone of variable water filling is
named the epiphreatic or floodwater zone (Fig. 2.1). Due to the pumping effect of
the fluctuating water table, aggressive water is replenished periodically, so that
dissolution may be more intense here than elsewhere in the phreatic zone.

The phreatic zone is the zone of permanent water saturation, below the lowest
water level in the epiphreatic, and thus there are no airspaces (Fig. 2.1). The phreatic
zone in karst is distinguished from groundwater in, for example, gravel by having
much larger spaces (conduits) and that water movement in well-developed tubes
may be turbulent. In general, phreatic water circulation is slow, and residence times
may be 10°-10° years (Ford and Williams 2007). Deep circulation may go down to
about 300 m.

The deep phreatic zone designates the deepest limits of karstification, where
water movement is very slow in curved paths—downward at first, then rising
again towards the spring outlets at the boundary of the karst body. If the limestone
extends deep enough, there may be a relatively stagnant zone known as the
nothephreatic zone (Grimes 1999).

Even deeper-seated karst may form from ascending, thermal water, forming
hypogenic caves (Klimchouk 2007). The source of this water is connate
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(i.e. trapped within sedimentary rocks) or juvenile (of magmatic origin). Being
formed by ascending water, hypogenic caves display a characteristic, bulbous or
labyrinthic morphology (Ford and Williams 2007). It appears that most caves may
have a little recognized but significant, hypogenic prehistory, so that later
karstification tends to inherit older flowpaths and develop them further. Hypogenic
cave architectures are shown in Fig. 2.2c and d.

The cycle of meteoric water through a karst system is depicted in Fig. 2.6.
Infiltration from surface precipitation follows three main vectors, infiltration through
soil and through open fissures in bare karst or through discrete streamsinks. The
further movement through the karst is distributed among voids of a wide range of
dimensions (see Fig. 2.3), basically classified as epikarst fissures and micro-caves,
vadose fissures and shafts, sediment interstices and larger cave passages. The

| (thermal) hypogenic inlet boundary |

Y
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discharge boundary of karst waters often coincidences with the lithological bound-
ary of the karst, and discharge occurs through discrete springs feeding surface
drainage and diffuse seepage into neighbouring sediments or adjacent waterbodies.
Deep-seated karst has another input boundary of hypogene, thermal waters that may
reach the surface through the phreatic zone (Fig. 2.6). Thus, in terms of energy and
nutrition transport into the subterranean ecosystem, there are two principally differ-
ent vectors: the meteoric, surface-derived pathway that conveys organic matter
connected to photosynthesis and the hypogenic, thermal pathway that is connected
to chemoautotrophic biosynthesis.

2.5 The Physics and Chemistry of Caves

In principle, one should expect the cave to pick up the geothermal gradient of the
surrounding rock mass, so that ambient temperature would increase monotonically
with depth. This is rarely the case, as ground heat is intercepted by flowing
groundwater and air currents (Badino 2005). Long or deep caves may show interior
thermal gradients that reflect geothermal influence (e.g. Ford et al. 1976). The
distribution of temperature and humidity in the epikarst and vadose zone is driven
by air and water movement.

Box 2.2

If the cave air is warmer than the surface air, e.g. a winter scenario, the density
of the cave air is less than surface air; there is a positive pressure into the lower
entrance, forcing air upwards and out of the higher-level entrance. The lower
entrance is the locus of lowest temperatures and potential for perennial ice
formation. In summer, the situation is opposite, and the air current is reversed
(Wigley and Brown 1976).

2.5.1 Cave Ventilation

Cave ventilation may have several origins. Air movement in multi-entrance caves is
commonly caused by seasonal, thermal differences between the cave and the surface,
the so-called chimney effect (Box 2.2. Fig. 2.7). The chimney effect is driven by
difference in air density between the cave and the surface. (Air density depends on
temperature and moisture content, so that the virtual temperature is the crucial
parameter.) The density difference results in a pressure difference between the inside
and outside of the cave at its entrances.

Air velocities depend on difference in elevation between entrances, temperature
contrasts and entrance diameter but can exceed 10 m s '. In extreme cases, this
ventilation effect (also named Balch ventilation) may result in the formation of
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Fig. 2.7 The principle of the chimney effect of cave ventilation in a simple cave model.
Figure modified after Wigley and Brown (1976)

perennial ice behind the lower entrance, i.e. a “dynamic ice cave”. Such ice caves are
in fact pockets of local permafrost and occur in locations with mean annual temper-
atures far above zero degrees (Luetscher and Jeannin 2004; Persoiu 2018; see also
Chap. 15). Single-entrance shafts may trap cold, dense air during winter, whilst the
summer condition will cap the opening with warm, dry air, preserving the low
temperature at the bottom. This effect may also sustain perennial snow or ice and
is the “static ice cave” type of Luetscher and Jeannin (2004). Also, deep dolines or
other karst depressions particularly when connected to caves that have other
entrances at higher elevation may function as cold traps and have inverted temper-
ature gradients. Such caves host particular fauna and microbiota (Iepure 2018;
Purcarea 2018; see also Chap. 15).

Atmospheric pressure variations may also control ventilation in single-entrance
caves. Depending on the total volume of the cave system, the diameter of the
entrance and the range and speed of external pressure change, quite strong winds
may occur (Deike III 1960). The phenomenon is called “cave breathing”, as exha-
lation and inhalation often alternate with the pressure change (Wigley 1967).
Running water may entrain air currents through streamsinks into vadose passages
and cause return flow along other parts of the cave or along the ceiling of the same
passage.

2.5.2 Attenuation of Surface Temperature

Surface diurnal and seasonal temperature variations are attenuated in the cave
environment, but they rarely attain complete constancy (Cigna 2002), although an
asymptotic mean can be identified. The deep interior of well-ventilated caves attain
the surface annual mean temperature, and the lower opening of multi-entrance caves
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may develop a lower temperature regime than the annual mean surface (Wigley and
Brown 1971, 1976).

Neglecting latent heat effects, it can be shown that the amplitude is attenuated
exponentially along the cave passage from the entrance. Exponential damping is
characterized with a relaxation length, L,, over which the amplitude is attenuated by
1/e. Ly is a function of the passage diameter, d (in metres), and air velocity, v (m/s)
(Wigley and Brown 1976):

l{) =100 d142v().2,

which means that L, is much more sensitive to the diameter of the void than to the air
velocity through it. Temperature attenuation approaches an asymptotic value (7,)
which, for a well-ventilated cave system, is close to the mean annual surface
temperature, although local effects, like ground heat flux, may cause deviation
from it. When introducing latent heat and humidity, the attenuation deviates signif-
icantly from the Wigley and Brown (1976) equation, although the concept of L, is
still applicable. The attenuation depends on the relation between the external tem-
perature (7,), the asymptotic deep-cave temperature (7,) and the dewpoint temper-
ature (7y). From this, three principally different situations may be identified
(Fig. 2.8).

In the summer situation, 7, and Ty are both greater than 7,, and condensation at
shallow depths may in some cases lead to a slight temperature rise (Fig. 2.8a). In
winter, 7, and Ty are both smaller than T,, and the air is simultaneously warmed by
direct contact with the walls and cooled by evaporation of wall moisture so that a
cold zone forms next to the entrance where the temperature is lower than both T, and
T, (Wigley and Brown 1976). In a similar way, humidity in caves depends on
ventilation and on the humidity of the external air. The model (Fig. 2.8b) suggests
that during summer, a well-ventilated cave never reaches saturation, although local
effects, like annexes and dead-end passages may override the model expectation.
During the transition regime, saturation is reached within one or two relaxation
lengths; in winter this distance is much shorter.

2.5.3 The Chemistry of the Cave Environment

Due to the carbon dioxide equilibria, the chemical environment in carbonate karst
water is buffered to pH 7-9, depending on the total hardness and hydrological history,
e.g. Figs. 2.4 and 2.5. Total hardness ([Ca**] + [Mg**]) depends on climate and
respiration in the environment (Atkinson 1977) and ranges from a few mMol L 'in
arctic and alpine environments to several hundred mMol L' in a humic tropic
environment (Ford and Williams 2007). Similarly, the CO, content of cave air
depends on respiration and ventilation and may vary from atmospheric values
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Fig. 2.8 Season-dependent attenuation curves for temperature (a) and humidity (b) amplitudes
through a well-ventilated cave system. Figure modified after Wigley and Brown (1971). See text for
further discussion

(~400 ppm) to >10* ppm or more in closed chambers. Respiration-derived CO,
levels are independent of whether the cave is karstic or not.

In the case of noncarbonate host rocks (silicate, gypsum, halite), or where acces-
sory minerals that may oxidize and form acids are present (e.g. sulphides and skarn
minerals), the pH of the dry and aquatic cave environment may have extreme values.
For instance, the oxidation of pyrite produces sulphuric acid, as revealed by minerals
like jarosite (pH 1-2) and copiapite (pH < 1) (White 1997). Oxidation of base-metal
sulphides may release metallic ions of high toxicity (e.g. Zn>*, Pb**, Hg**), whose
concentration gradients may provide conditions where there is selection for metal
tolerance. Similarly, oxidation of hydrogen sulphide as expelled as gas or solute from
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petroleum reservoirs or from sulphate reduction may produce quite low pH in
condensation and drip water (Macalady et al. 2007).

Soils in karst caves are often, but not always, basic and provide excellent
conservation for bones, which will otherwise dissolve in acidic soils
(e.g. Shahack-Gross et al. 2004).

2.6 Non-karstic Caves

Lava tubes are remnants of the internal drainage conduits of lava under a hardened
crust (see also Chap. 17). Lava tubes occur most commonly in low viscosity,
“pahoehoe lava”, but are also found in the coarser, “aa lava”. Lava tubes form
when the surface crust of a lava flow freeze, but liquid lava still flows underneath.
Lava tubes may form in two ways, by crusting over an active lava channel and, more
commonly, by liquid lava continuing to flow under a hardened crust. Hydrostatic
pressure from liquid lava may inflate the soft roof and enlarge the conduit (“infla-
tion”). When the upstream supply of lava ceases, the conduit may empty and leave
the roofed cave. Diameters can extend to >6 m, and many are branched. Lava tubes
can attain great lengths and complexities; the longest on Hawaii is some 65 km long
and 1000 m deep. However, the tubes are generally quite shallow; some 1-20 m
below the land surface, sloping lava flows may however give them “depth”. Lava
tubes are of the same age as the lava flow, and most are quite young, as the thin roof
makes them fragile and new lava flows often erode into them. At a temperature of
700-1200 °C in flowing lava, the tubes are sterile and pristine at the moment of
formation.

Due to tensile fracturing during cooling and partings between individual lava
flows, basalts host transmissive aquifers. Collapse of cave roofs and occasional
stream capture emphasize the pseudokarstic appearance of lava flows. Due to
elevation differences between entrances, many lava tubes are well ventilated and
may host perennial ice.

Silicate Karst Caves Complex solutional cave systems, containing branchwork, anas-
tomotic and network patterns, exist in quartzites and quartz-sandstone rocks, of which the
most famous examples are those of the tepuis in Venezuela and in western Brazil. Various
modes of genesis have been attributed to such cave types, which display morphology that
is strikingly similar to carbonate karst caves of solutional origin. Quartz is slightly soluble
in water (cad mgL™ 1), amorphous silica cement is more soluble, and the dissolution rate
of quartz in water at moderate pH is in the range of 10~'* mMol cm 2 s~ (Ford and
Williams 2007). For comparison, the corresponding rates for calcite and dolomite are in
the order of 10~ and 10" mMol cm > s™'. Although slower, but comparable to
dolomite dissolution rates, given sufficient time, quartzite karst caves can form by simple
dissolution. However, it is sufficient to dissolve only the silica cement in quartzite
sandstones in order to create a cavity, as the loose grains can then be evacuated through
incipient fissures (arenization, e.g. Auler 2012) or simply by erosion through zones of
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lateritization or incomplete cementation (Aubrecht et al. 2011). The latter views have
been challenged by Sauro et al. (2013). Deep weathering of feldspar- and mica-rich rocks,
like granite, gneiss and arkosic sandstones, will produce clay mineral residues that are
easily removed and so can also produce complex cave systems, as with quartzite.

Fissure and Talus Caves Tectonic stresses, due to faulting or unloading, may result
in open fractures and voids in any kind of rock. Along escarpments, tension joints
are likely to develop into fissure caves. Likewise, large talus deposits may host
complex underground cavities. For instance, the so-called Bodagrottorna in Sweden
are 2.6 km long over four levels and cover an area of 4 ha (Sjoberg 1986). In steep
fjord walls of Western Norway, deep talus caves contain ground ice and are efficient
aquifers. Weathered granite may host complex cavities of biospeleological impor-
tance, e.g. Sallstedt et al. (2014) and Bauer et al. (2015). There are also caves formed
by piping (resulted from removal of particles by channelled flow of groundwater; e.g.
Halliday (2007)).
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Chapter 3 )
Where Cave Animals Live Check or

Francis G. Howarth and Oana Teodora Moldovan

3.1 Introduction

Subterranean habitats support discrete ecosystems composed of communities that
often include species highly specialized to live only underground. The physical
environment is rigidly constrained by the geological and environmental setting,
and because it is surrounded and buffered by layers of rock, it can often be defined
with great precision. These enclosed habitats represent rigorous, high-stress envi-
ronments for most surface organisms, and they are difficult for humans to access and
study. Nevertheless, because the environment is discrete, rigorous, and easily
defined, accessible subterranean habitats provide exemplary systems in which to
conduct biological studies (Culver 1982; Howarth 1983). Although they interact and
share many attributes (Fig. 3.1), the terrestrial and aquatic habitats are described
separately in this chapter.

Communities of specialized cave-adapted species are known from unglaciated
areas in the temperate zones to the humid tropics. In fact, they have been found
wherever suitable voids have been searched; however, many regions have yet to be
adequately surveyed. Biodiversity of troglobites is highest at mid-latitudes in the
north temperate zone (Culver et al. 2006), but this pattern may be an artifact of
incomplete sampling in tropical caves or other regions.

Only a small subset of the local surface taxa have successfully colonized subter-
ranean habitats in each region. The ancestors appear to have been preadapted for
cave life; that is, they already preferred to live in damp, dark habitats on the surface.
In temperate regions, many cave species were considered relictual since they have
survived severe climatic changes during glacial episodes, while their surface
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relatives became locally extinct (Barr 1968; Barr and Holsinger 1985). Recent
advances in molecular phylogenies (see Chap. 12) contradict this view, and active
colonization of subterranean habitats is advocated.

Box 3.1

In caves, habitats are of different sizes, but the degree of habitat interconnec-
tivity (the so-called permeability of rocks) makes possible the dispersal of cave
fauna throughout large and small voids in a karst massif. The common features
of cave (and other subterranean) habitats are constant darkness; relative
constancy of temperature and high relative humidity; food resources that are
primarily allochthonous and scattered; often limited potential for subterranean
dispersal, as this ability is contingent on the presence of suitable
interconnected voids; and absent or weakened environmental cues used by
surface species for dispersing, locating food, and reproduction in the three-
dimensional dark maze.

There is a continuum between caves and the other subterranean habitats
(Table 3.1) with barriers represented by different types of rocks, water, or sediments
that limit animals migration. Despite this continuum, the diversity of cave habitats is
reduced compared to the surface, with an increase of the physical inertia with depth
according to Gibert et al. (1994). Nevertheless, slight differences between different
parts of the cave habitats are discernible, and these define the microhabitats
(Table 3.1; Fig. 3.2). Spatial diversity of microhabitats within a three-dimensional
profile of a karstic massif can be much higher than supposed because environmental
factors, intrinsic population processes, and disturbances can shape spatial biodiver-
sity on very small scales. They also provide spatial and temporal protection from
disturbance and advantages in biotic interactions (Keppel et al. 2011). The use of
different microhabitats is one mechanism that makes possible the coexistence of
species with the same environmental requirements and using the same resources
(defined as niches), especially in caves where living conditions and food are patchily

Table .3.1 Examples of Microhabitats Caves MSS
:ﬁiﬁifaagif;ts)t\evii?:ir;ve- Damp mud, clay, and other sediments \ \
adapted species are often Under and near rocks and debris \ \
found. MSS = mesocavernous Decomposing organic material v v
shallow substratum; see also Guano deposits v
explanation is the text Wet flowstone N
and Fig. 3.2 Damp walls v

Hygropetric habitat \

Biomineral oozes \

Plant roots \ v

Water surface N
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Fig. 3.2 Examples of microhabitats in caves: (a) biomineral ooze with larval trails of the crane fly,
Dicranomyia jacobus, on a wall in a Hawaiian lava tube; (b) tree roots (probably Ficus sp.) in the
stagnant air zone of Bayliss Cave, Queensland, Australia; (¢) Hadesia sp. (Coleoptera) feeding on the
film of water flowing on calcite and defined as the hygropetric habitat. Photos by © Francis G
Howarth (a, b) and © Jana Bedek (c¢)

dispersed. Cave microhabitats were defined in studies on cave invertebrates and
vertebrates based on environmental characteristics for both terrestrial and aquatic
representatives, for example, substrate and the available space (Christiansen 1961,
1965; Trontelj et al. 2012); physicochemical characteristics of the water (Moldovan
et al. 2012; Brancelj 2015); water depth and flow regime (Culver 1970; Moldovan
et al. 2012; Jourdan et al. 2014); concentration of H,S in water (Sarbu et al.
1996; Jourdan et al. 2014); abundance of food, such as carbon and nutrients (Jourdan
et al. 2014); presence of biomineral oozes (Barton and Northrup 2007); and tree
roots (Howarth et al. 2007); and distribution of predators (Jourdan et al. 2014).
Microhabitats in caves can be temporary due to changing microclimatic features,
such as drying of pools or of wet surfaces. Some species can be found in different
microhabitats, while others are microhabitat specialists. The best examples are given
by microhabitat partitioning in the caves with the highest diversity in cave fauna.
One of these caves is Vjetrenica Pecina in Bosnia and Herzegovina with more than
60 cave species (Culver and Sket 2000), where some of the species can be found in a
single place of no more than few square meters (OTM, personal observation).
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3.2 Terrestrial Cave Habitats

3.2.1 Abiotic Factors Characteristic of Cave Communities

Substrate Subterranean habitats occur in a broad range of sizes from tiny voids to
exceptionally large caverns and from shallow to great depth beneath the surface.
They also are found in many different rock and substrate types, but solution caves in
limestone and volcanic caves in basaltic lava are the best known. Subterranean
habitats can be divided into three size classes based on the environment and
communities supported. These are microcaverns (generally <5 mm in width),
mesocaverns (~5-500 mm in width), and macrocaverns (i.e., caves >50 cm in
width) (Howarth 1983).

Microcaverns rarely support terrestrial species because these tiny spaces quickly fill
or become blocked by debris. However, flowing water can keep such spaces open
and interconnected as well as transport food resources.

Mesocaverns are intermediate-sized spaces, large enough to remain open and
serve as dispersal corridors for cavernicolous animals yet small enough to restrict
airflow and gas exchange. Food resources can also be limiting especially in smaller
passages. Recent studies using new sampling methods have demonstrated that
mesocaverns provide a major part of the habitat as well as dispersal routes between
caves for many cave-adapted species (Howarth 1993; Lépez and Oromi 2010).
Mesocavernous networks are especially important in young basaltic lava flows,
unconsolidated river deposits, and talus slopes. In addition, they can occur in almost
any rock type in which erosional or depositional processes create and maintain
interconnected air-filled voids. Based on faunal characteristics and environment,
mesocavernous shallow substratum (MSS) is considered distinct from deeper
mesocavernous profound substratum (MPS) voids (Juberthie 1983). If the MSS
merges with deeper caves, these shallow habitats can harbor a subset of the cave
fauna (Uéno 1987) as well as many unique species (Derkarabetian et al. 2010; Olmi
et al. 2014; Jiménez-Valverde et al. 2015).

Finally, macrocaverns include the accessible cave passages familiar to most
people. They commonly occur in soluble rock types (such as limestone, dolomite,
gypsum) and in basaltic lava flows, but they can also be created in other rock types
by a variety of geologic processes (see also Chaps. 17, 19, and 21). The fauna of
limestone caves is best known partly because these are the most accessible and long-
lasting stable caves. In the past few decades, lava tubes have been recognized as also
harboring highly diverse cave ecosystems (Ashmole et al. 1992; Peck and Finston
1993; Howarth 1996). Accessible cave passages also often harbor large colonies of
vertebrates (e.g., birds and bats) that introduce large quantities of food resources into
caves (Price et al. 2004; Holland et al. 2009; Ladle et al. 2012).

Darkness The single overarching characteristic of subterranean environments is the
absence of light. Total darkness affects nearly all aspects of how organisms adapt
and respond to environmental signals. Cues used by surface species (such as sight,
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orientation, air motion, odor plumes, sound) are absent or act inappropriately in
caves and mesocaverns. Special behavioral and physiological characteristics must be
important for animals to avoid or escape harmful circumstances, locate food, and
reproduce in the dark three-dimensional mazes.

Atmosphere The atmospheric variables affecting cave ecosystems include temper-
ature, relative humidity and potential evaporation and condensation rates, diurnal
and seasonal periodicity, air movement, and gas concentrations (see also Chap. 2).
These factors vary according to the size, shape, and location of the passage within
the cave as well as by biogenic activity and climatic events. Fortunately, these
factors can be understood by considering caves as zonal habitats, with each zone
defined by these variables.

3.2.2 Environmental Zones

Box 3.2

Terrestrial subterranean habitats are strongly zoned, with five environmental
zones recognized, each with different communities of organisms and defined
on the basis of its physical environment, especially the amount of light,
moisture, air flow, gas concentration, and evaporative power of the air.
These are the entrance, twilight, transition, deep, and stagnant air zones
(Fig. 3.3 and Table 3.2) (Howarth 1993). Since potential evaporation rate
increases nearly exponentially with temperature, the boundaries between cave
zones are often more pronounced in tropical caves. Also, the boundaries
between zones are often highly dynamic within given caves, and animals
living in one zone may make brief forays into neighboring zones for food
and dispersal or even by accident, making static descriptions and predictions
on animal distributions tenuous. Nevertheless, the zonation provides a useful
classification scheme to understand cave ecology.

The entrance zone (euphotic) includes the area with sufficient light for vascular plant
life. It is the zone of mixing of surface and underground communities, and since the
more mesic environment can produce more food resources, this zone often supports
a larger number of species of plants and animals than is found in nearby surface or
cave habitats. The twilight zone, as the name implies, is the area with reduced light
between the limit of vascular plants and the region of total darkness. It is alternately
wet and dry, with a high and variable potential evaporation rate. Species diversity is
low and mostly composed of waifs from neighboring zones, surface animals seeking
shelter, scavengers, and predators. Beyond the twilight zone, there is often a
transition zone, which is characterized by total darkness and a variable abiotic
environment, especially changing humidity levels, airflow, and potential evaporation
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Entrance-zone Transition-zone

Twilight-zone

Deep-zone Stagnant-zone

Fig. 3.3 Stylized profile view of a cave showing the five environmental zones. Scale for length
greatly condensed relative to height. Figure modified after Howarth (1993), with permission

Table 3.2 Abiotic and biotic parameters of each of the five zones found in caves

Dark
Zones Entrance Twilight Transition Deep Stagnant air
Light Sunshine/ | Shade to edge | Total Total darkness | Total darkness
vascular of darkness darkness
plants
Temperature | Ambient Reduced Nearly stable | Stable Stable
surface variation
Humidity Variable/ | Reduced var- | Reduced var- | Saturated Saturated/
desiccating | iation/ iation/ condensing
desiccating desiccating
CO; (vol- >0.04% 0.04-0.5% 0.04-1% 0.1-3% 3->6%
ume %)
Fauna Surface Trogloxenes, | Trogloxenes, | Troglobites, Predominately
troglophiles, | troglophiles troglophiles, troglobites
waifs trogloxenes

rate. The variability is produced by diurnal and seasonal climatic cycles as well as by
local weather events on the surface. The habitat is generally dry, and species
diversity is generally low and composed of trogloxenes, scavengers, predators, and
waifs. However, locally large colonies of trogloxenes, such as bats or cave crickets
(Lavoie et al. 2007), can support a high diversity of guanophiles and guanobionts.
Twilight and transition zones are sometimes recognized as disphotic zone.

The deep cave zone (aphotic) lies beyond the transition zone where light is also
completely absent; the air remains still and saturated with water vapor, the substrate
remains moist, and potential evaporation rate is negligible, at least for relatively long
periods of time. There is usually a constriction in the passage that creates a barrier to
air exchange and marks the boundary between the transition and deep cave zones.
Caves that have multiple entrances or do not have such an obstruction may never
develop a deep cave zone. The most stable deep cave zone environments often occur
in dead-end upper-level passages since water vapor is roughly 0.625 as dense as air
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and thus can become trapped in such passages. This is the zone in which cave-
adapted animals typically are found. Many troglophiles and trogloxenes, including
both invertebrates and vertebrates, also inhabit this zone.

The stagnant air zone occurs where air exchange is restricted even further; the
atmosphere periodically stagnates and gas concentrations, particularly carbon diox-
ide, become stressful. There is increasing evidence that this is the primary habitat of
troglobitic species (Howarth and Stone 1990). This zone is believed to be the
principal zone present in mesocavernous cracks and voids (Howarth 1993).

Behavioral, ecological, and environmental evidence all indicate that many of the
specialized cave animals live primarily within these medium-sized voids and enter
cave-sized passages only where the stagnant conditions are approximated. Thus,
important habitats may extend significantly beyond accessible cave passages. Caves
allow researchers to enter only the accessible fringes of subterranean habitats to
conduct studies on the underground community.

3.3 Agquatic Cave Habitats

Part of the precipitation that falls as rain or snow seeps underground and percolates
downward through soil and rocks until it reaches the water table or saturated zone
(Fig. 3.4). Subterranean water is called groundwater, which can fill voids completely
or only partially as it sinks to the water table (see also Chap. 2). The water-filled
voids comprise the groundwater habitats, which occur at different scales (Danielopol
1989), from the largest, the macrohabitat (known as aquifers), that can cover from
1 to more than 100 square kilometers in area; through mesohabitats, intermediate in
size and covering few square meters up to less than one square meter in area; to
microhabitats that are small in sizes that can be measured in square centimeters.

Macrohabitats are more heterogeneous and represent the principle living space of
most cave-living aquatic animals. Mesohabitats have relatively uniform physico-
chemical features and represent part of the species’ living space that is used during
different periods of the year or their life cycle. Microhabitats define the habitat of an
animal at a certain moment in time. Within microcaverns, liquid water movement is
controlled largely by capillary forces; however, flowing water under sufficient
pressure can keep such spaces open and interconnected as well as transport food
resources, which can provide suitable microhabitats for tiny aquatic species. Con-
solidated and unconsolidated rocks provide distinct microhabitats for different
species assemblages (Gibert et al. 1994; Malard et al. 2009). In consolidated rocks
(limestone, dolomite, granite, basalt, and sandstone), the voids can be from big
(especially in limestone and dolomites) to small in size, different from unconsoli-
dated rocks (gravel to sand) where voids are generally small but can be increased by
bioturbation (Datry et al. 2003).
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Fig. 3.4 The relationship between aquatic cave habitats and other subterranean aquatic habitats in
karstifiable limestone

3.3.1 The Aquatic Living Space

Groundwater habitats in unconsolidated sediments and in various rocks (Table 3.3)
represent one of the most extensive ecosystems on our planet (Gibert 2001). The
degree of connectivity between cave habitats and other types of groundwater habitats
depends of the rock permeability for animal migration and for nutrients, organic
carbon, and dissolved oxygen input (Cornu et al. 2013). Therefore, groundwater
habitats form a domain that extends from the superficial hypothelminorheic to the
interstitial of the marine littoral (Fig. 3.4). Groundwater animals (i.e., stygobionts;
see also Chap. 4) were considered to have much larger distribution areas than
troglobionts. However, more recent molecular analysis has brought a different
view on the distribution of groundwater species to less than 200 km in linear extent
(Trontelj et al. 2007; see also Chap. 9).

Box 3.3

Carbonate dissolution in karstic systems results in highly heterogeneous rock
permeability. Rock permeability is important because it defines the living
space of cave animals, including stygobionts. In karst massifs two major
zones are defined according to the hydrologic behavior: the saturated and the
unsaturated zones (Fig. 3.1). The unsaturated zone has two main parts, the
epikarst and the vadose zone, the last containing also most of the caves
accessible to humans.
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Table 3.3 Examples of aquatic cave habitats/microhabitats and connected groundwater habitats
where stygobionts were found

Cave and microcave aquatic habitats/microhabitats Other groundwater habitats

Dripping water Hypotelminorheic

Small pools (gours)/puddles Springs

Big pools/lakes Wells

Streams Hyporheic zone = freshwater interstitial
Riffles Littoral interstitial

Rocks in water

Sediments next to water bodies

Underwater/marine caves
Calcretes (see Chap. 18)

The epikarst is a highly weathered zone (see Box 3.3) where water can be stored
for long periods with a leaky capillary barrier at its base (Mangin 1975) that can
reach a depth of 0.5-2 m on average (Bonacci 1987). The epikarst is characterized by
slow percolation of air and water into narrow fissures and water storage. In the
vadose zone, water percolates from the surface to the water table by rapid drainage
through connected pipes (Ford and Williams 2007). The saturated zone is often
sandwiched between the unsaturated zone and an impermeable level. The saturated
karst is also known as the “flooded karst” (or phreatic zone) and represents the main
water storage of the karst aquifer (see also Chap. 2). Aquifers are rock formations
that can store, transmit, and yield economically significant amounts of water (Ford
and Williams 2007). Karst aquifers like those of other rocks are of three types:
unconfined, confined, and perched. The unconfined aquifers, known as water table
aquifers, extend to the surface and are more vulnerable to climatic and human influ-
ences. Confined aquifers are isolated from the surface by overlying and underlying
impervious geologic formations, but they can also be limited by thick layers of
un-karstified rocks (Ford and Williams 2007). Perched aquifers are suspended
above the water table, within the vadose zone, and they are of small volumes,
vulnerable to climate conditions, and therefore highly variable in time. Natural and
artificial wells are the windows to the confined aquifers, and springs are the outlets of
the karst aquifers. Both wells and springs represent accessible habitats for research
and fauna observations.

Aquatic cave habitats in karstic rocks were classified and defined into four
categories by Leruth (1939). Here, we redefine these categories and add a fifth one
(see also Fig. 3.1):

1. Highly dynamic flowing waters (sinking streams): these can be permanent or
temporary cave rivers with high flow that bring gravel from the surface or rework
the rocks inside the cave, shaping the walls and the riverbed by forming smooth
surfaces and few hiding places for aquatics. These waters provide few habitats
suitable for cave animals, although they can bring important amount of organic
matter and debris from the surface. The fast-flowing water and the lack of
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constancy hamper the establishment of aquatic cave microhabitats, and they are
usually dominated by surface aquatic invertebrates and even vertebrates (sala-
manders, fishes, and frogs; Ginet and Decou 1977).

2. Slow-flowing waters and lakes are characterized by the fine sediments deposited
on the bottom. Slow or no flow and the presence of sediments of different sizes
are the prerogatives for forming microhabitats for aquatic fauna and even terres-
trial fauna on the water surface. The diversity of this type of habitat can be very
high, from free-swimming large stygobionts, such as crustaceans and fishes, to
minute animals, which rest in hidden places, such as under rocks or in sediments.
Slow-flowing waters are the most stable aquatic cave habitats because with their
high volume, they are less prone to complete drying. This type of habitat can be
fed by surface water, groundwater, or films of water flowing through the
vadose zone.

3. Gours or pools formed on flowstone are of different volumes and are present in
most limestone caves. They are formed by the dripping water and, thus, can be
permanently or temporarily filled with water; also, they can be filled during
flooding periods if a cave river flows nearby. These pools can have clay and/or
organic matter brought by water from the karstic voids above. However, such
gours can have important communities that belong both to aquatic and terrestrial
fauna: amphipods and harpacticoids hiding in the sediments, swimming
cyclopoids, and collembolans and acari on the surface of the water. They can
form a microcosm where dripping water brings new prey or predators and food
from the vadose zone and sometimes even an unexpected terrestrial visitor such
as beetles or pseudoscorpions can hide under the calcite and sediments near the
water.

4. Small pools on clay or mud can be dynamic aquatic habitats because they can
form only during periods of very intense percolation or by the flooding rivers.
During the periods with water, they can contain crustaceans from the vadose zone
(Brancelj 2015).

5. Dripping or percolation water brings inside caves both epigean fauna from the
surface and hypogean fauna from the unsaturated zone above. Dripping water is
an extremely rich domain that can contain hundreds of individuals of different
species, especially crustaceans, and its richness was for the first time mentioned
by Rouch (1968) and Delay (1969), followed by many other researchers in the
last decade. The ways taken by the water from the surface to the collection point
inside caves can be very different, even for drips few meters apart. Water crosses
different limestone layers, fractures, and voids of different sizes; it can remain
longer periods in the unsaturated zone, from minutes to days and even years
depending on the voids size and their interconnectivity.

Uniformity and relative stability characterize cave waters that are not in direct
contact to the surface waters (Camacho 1992). However, differences between
microhabitats exist and are sometimes measurable inside a single cave where one
can find different species if it collects different dripping points or pools (Moldovan
et al. 2012; Brancelj 2015; Fig. 3.5).
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Fig. 3.5 Distribution and abundance of species in seven dripping stations of the Ciur Izbuc Cave
(Romania); species are in abundance order in each station. Modified from Moldovan et al. (2012)

3.3.2 Groundwater Habitat Features

Box 3.4

Aquatic subterranean habitats potentially include all the voids with water and
conditions of survival and reproduction. What best defines the groundwater
habitats, beside the features common with terrestrial subterranean habitats, are
usually the relatively constant chemical composition, low concentration of
organic matter, complex relationship with surface water (Schmidt and Hahn
2012), flow rate, permeability, and void size (Cornu et al. 2013). The con-
stancy of physicochemical features seems to be more important for the sur-
vival and range extension of groundwater fauna than the seasonality and
availability of habitats (Zagmajster et al. 2014).

Darkness is absolute in cave waters, as in all subterranean habitats. Water temper-
ature is relatively stable in deep habitats and very similar to air temperature inside
the cave. The slight difference is no more than 1 °C lower (Camacho 1992).
Dripping water can have more variable temperatures that are in the order of few
degrees in the deep zones (e.g., ~ 5 °C maximum in Meleg et al. 2012). Flow rate,
velocity, and water level in aquatic habitats can be variable if in direct contact to the
surface waters. High flow rates bring organic matter underground, but it destabilizes
the constancy of cave habitats, which in turn may promote the short-term coloniza-
tion of epigean species. Slow flow limits the input of nutrients inside caves that
become even scarcer with depth. Water pH is neutral or slightly acidic in limestone/
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dolomite caves due to the presence of carbonic acid buffered by carbonates. Oxygen
content is generally low mainly because primary producers, the main water oxygen-
ators, are absent in cave waters. Cave waters with highly dynamic flows can have
more oxygen produced by physical processes. Hardness of the water is given by the
calcium ions that also give the karstic water the beautiful turquoise color. Water
mineralization depends on five independent variables (Bakalowicz 1974):
karstification degree, aquifer confinement, sediments cover, surface washaway and
its loss, and bioclimatic conditions on the surface.
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Part 11
There is Rich and Diverse Life in Caves



Chapter 4 )
The Ecological Classification of Cave e
Animals and Their Adaptations

Francis G. Howarth and Oana Teodora Moldovan

4.1 History of Classification Schemes

During the earliest studies of cave biology, researchers soon recognized that animal
species living permanently in caves often shared a suite of similar morphological
features, even when only distantly related (Racovitza 1907; Vandel 1964). The most
notable features are the loss or reduction of structures normally considered necessary
for life, such as eyes, bodily color, and robustness. To better understand cave
ecology, early workers attempted to classify cave animals by correlating the different
degrees of morphological change with the observed levels of their association with
caves. However, the high variability in morphology displayed by cavernicoles, lack
of ecological data for most species, and the subjective nature inherent in determining
their status in caves make ecological classification of some species problematic.

One of the earliest attempts to classify cave animals was presented by the Danish
biologist Schigdte (1849). He proposed four levels or categories distinguished by the
amount of light and the nature of the walls in the preferred habitat: (1) shadow
animals (Skygge-Dyr), (2) twilight animals (Tusmorke-Dyr), (3) obscure area ani-
mals (Hule-Dyr), and (4) obscure area with flowstone animals (Drypsteenshule-
Dyr).

Later, Schiner (1854) visiting several caves in southeastern Europe recognized
three categories of cave animals based on their ethology: (1) occasional hosts,
animals encountered in caves but also living in surface habitats; (2) troglophiles,
animals inhabiting regions where daylight still penetrates but which can be rarely
encountered on the surface; and (3) troglobionts, animals living exclusively in caves

F. G. Howarth
Bernice P. Bishop Museum, Honolulu, Hawaii, USA

O. T. Moldovan (P)
Emil Racovitza Institute of Speleology, Romanian Academy, Cluj Napoca, Romania

© Springer Nature Switzerland AG 2018 41
O. T. Moldovan et al. (eds.), Cave Ecology, Ecological Studies 235,
https://doi.org/10.1007/978-3-319-98852-8_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-98852-8_4&domain=pdf

42 F. G. Howarth and O. T. Moldovan

and which are only encountered in epigean habitats following exceptional events
such as floods.

Joseph (1882) was a German biologist who proposed three categories
corresponding to topography: (1) inhabitants of cave entrances, i.e., well-lit regions
with variable temperature; (2) inhabitants of middle areas, i.e., where the noon sun
produces a kind of twilight; and (3) inhabitants of deep areas, with complete
darkness and constant temperature.

These early attempts were reviewed by Racovitza in 1907 who subsequently
provided more precise definitions of each category. Racovitza’s system proved
useful in understanding the evolutionary ecology of cavernicoles and his scheme,
which is called the Schiner-Racovitza classification, became the basis for all subse-
quent classifications (see Box 4.1).

Box 4.1
Racovitza’s original definitions are as follows:

1. Trogloxenes are lost or occasional visitors that do not live or reproduce in
caves. They rarely display any special adaptive features for life in caves,
and moreover, they usually stay near cave entrances.

2. Troglophiles are able to live and reproduce in subterranean environments
but are also able to live in surface habitats. In caves, they generally prefer
areas near entrances. They may have reduced eyes and other adaptations to
life in darkness.

3. Troglobionts exclusively inhabit subterranean environments and usually
are found only in the deepest areas of caves. They are highly modified
morphologically for underground life. Racovitza believed troglobionts were
among the oldest cave animals.

Unfortunately, placing cavernicoles in a classification scheme is often subjective
until their true association to caves is better known. Given the variability and
differing degrees of adaptation to caves and other subterranean habitats, it is often
not possible to determine the status of all species based on morphology or the
environment where they are found. Many species found in caves also live in soil
or cryptic habitats on the surface and their occurrence in caves may be accidental or
facultative. In cases where the status is uncertain, the general terms epigean and
hypogean are often used. Sket (2008) and Trajano and Carvalho (2017), among other
authors, discussed the difficulties and pitfalls in the application of the Schiner-
Racovitza classification. Trajano and Carvalho (2017) identified difficulties in the
“separation of subterranean organisms from accidentals, use of troglomorphisms to
infer the troglobitic status, distinction between troglophiles and trogloxenes, detec-
tion of obligatory trogloxenes.” Sket, retrieving a classification proposed by Ruffo
(1957), proposed to split the troglophiles in two categories, the subtroglophiles
(species inclined to perpetually or temporarily inhabit a subterranean habitat but
intimately associated with epigean habitats for some biological functions like
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Fig. 4.1 Habitus of the epigean Catops fuliginosus (left, Photo by © Udo Schmidt) compared to
cave species at different degrees of adaptation to life in caves: Ptomaphagus hirtus, Speonomus
hydrophilus, Closania winkleri, and Leptodirus hochenwartii (Photos by © Pawel Jaloszynski)

feeding, seasonally or during the life history) and the eutroglophiles (epigean species
able to maintain a permanent subterranean population). Further discussions on
classifications are also presented in Chap. 7.

Christiansen (1962, 2012) coined troglomorphy as a general term for adaptive
traits commonly associated with cave-adapted species. An animal displaying at least
some troglomorphies and also known only from caves can be consid-
ered troglobiont/stygobiont (Fig. 4.1). The term troglomorphic is roughly equivalent
to “le facies morphologique cavernicole” (= the cavernicole morphological appear-
ance) used by Vandel (1964). How and why troglomorphies have occurred has long
intrigued both evolutionary biologists and laymen.

Preadaptation was originally proposed by Cuénot in 1911. As used here, the term
refers to a set of characters that evolved within a population, which allowed the
population to survive in a specific environment and which subsequently facilitated
the colonization of a novel habitat with a similar environment. For example, many
cave species have relatives living in cryptic dark and moist habitats on the surface,
such as in soil, under rocks, among moss, etc.

4.2 Overview of Common Features of Cave Inhabitants

The relationship of cavernicoles to subterranean environments ranges from being
casual visitors to highly specialized animals that are restricted to life underground.
Consequently, the traits displayed by cavernicoles are frequently related to their
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Table 4.1 Common troglomorphic features for cave representatives. Modified after Langecker
(2000) and Christiansen (2012)

Features Troglobionts Stygobionts
Morphological features
Pigmentation loss All groups All groups
Loss or reduction of eyes/ocelli and eye | All groups All groups
structures
Increased body size/body elongation Arachnids, Coleop- | Some crustaceans, fishes
tera, Collembola,
etc
Elongation of appendages All groups Some crustaceans
Elongation/increased number/different All groups Cave Asellus aquaticus and
spatial distribution of sensory receptors some other crustaceans, fishes
Cuticle thinning/scale reduction All groups All groups
Physiological features
Low metabolism rate All groups All groups
Fasting/lipid storage All groups All groups
Dietary changes All groups All groups
Loss of water balance mechanisms All groups -
Tolerance to high CO,/low O, All groups All groups
Behavioral features
Loss of circadian rhythm All groups All groups
Changes in mating behavior All groups All groups
Special features
Life cycle reduction All groups All groups
Egg number reduction All groups All groups
Egg volume increase All groups All groups

degree of association with caves (Howarth 1983; Trontelj et al. 2012). These traits
range from no discernible adaptation among waifs and casual visitors in caves to the
often-bizarre modifications displayed by obligate cave species. The morphological,
physiological, and behavioral modifications displayed by obligate subterranean
animals are convergent and arose independently in different taxa (see also
Table 4.1 and Fig. 10.6). Convergent morphologies of cave (subterranean) animals
are highly predictable (Derkarabetian et al. 2010), although explanations of their
function and fitness are rarely provided (Hiippop 2000; Jeffery 2009). In caves, there
is one major selective environmental feature whose extreme value gives predictabil-
ity and convergent traits, and this is the lack of light (Culver et al. 2010;
Derkarabetian et al. 2010).
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4.3 Adaptations to Caves by Terrestrial Animals
4.3.1 Morphological Adaptations

Box 4.2

Loss of sight, bodily color, and fragile appearance are the classic hallmarks
displayed by cave-restricted species and initially were considered examples of
enigmatic regressive evolution (see also Chap. 10). Additional reductions of
morphological features include degeneration of wings and flight among
insects and thinning of the cuticle of arthropods. These traits are often con-
vergent, that is, evolved independently in different taxa inhabiting caves
(Figs. 4.2 and 4.3).

Although reductive troglomorphies are often the most conspicuous features of
obligate cavernicoles, there also are many “positive” changes. Examples include
an increase in size and number of sense organs (receptors); elongation of the body,
legs, antennae, and other appendages (Figs. 4.1 and 4.3); and specialization of foot
structures in Collembola and other terrestrial arthropods. The reduction of the
pronotum displayed by the most evolved cave Leptodirini and Trechini beetles is a
feature probably linked to the mechanics of locomotion associated with elongated
legs. The increase of the antennal surface is not by widening but by lengthening of
the antenna (Fig. 4.3a). This lengthening allows for an increase in the total number of
receptors, especially those responsible of mechanical reception (Moldovan et al.
2004). In springtails, the tarsal specializations allow the animals to walk on water
and climb the meniscus and thus escape from pools of water (Christiansen 1965).

Fig. 4.2 Hawaiian Lycosidae spiders comparing epigean, Lycosa hawaiiensis (left), and two cave
species: Lycosa howarthi with vestigial eyes (center) and Adelocosa anops with no eyes (right)
(Photos by © William P Mull)
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Fig. 4.3 Examples of morphological adaptations in cave beetles (Leiodidae) compared to their
troglophilic relatives: (a) antennal length in troglophilic Ptomaphagus elabra (left) and cave
P. troglomexicanus (right); (b) sternal exocrine gland in endogean Bathysciola meridionalis (top)
and cave B. delayi (bottom) [Figures from Peck (1973; a) and Moldovan (1998; b)]

Changes in pretarsal structure also occur in some cave planthoppers (Howarth 1981;
Hoch and Howarth 1989). In this group, the arolium (a flexible pad at the apex of the
tarsus) is vestigial, whereas the claws are greatly elongated and adapted for walking
on barren wet rock instead of walking on vegetation (Fennah 1973). In beetles,
reduction of the sternal exocrine gland, which probably produces pheromones, has
been documented in cave representatives of Bathysciola (Fig. 4.3b; Moldovan and
Juberthie 1994). More about the specific adaptations in some groups can be found in
Chaps. 7 and 8.

4.3.2 Physiological Adaptations

Dietary Changes Troglobionts often broaden the types of food eaten compared to
their surface relatives; e.g., many species become omnivores, and some predators
add carrion to their diets. In addition, many troglobionts are able to consume
prodigious amounts of food and then are able to survive long periods without eating.
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In caves, food resources are often scattered and difficult to find and exploit; there-
fore, cavernicoles cannot afford to be selective and adapt to take advantage of a
broad range of resources discovered.

The Leptodirini group of cave beetles are mainly detritivorous or saprophagous.
Differences in their mouthparts are obvious among genera and even among cave
species that display the same level of adaptation to life in caves. The main modifi-
cations concern the shape and structure of the different parts, as well as their length
and both position and number of hairs, bristles, and setae (Moldovan et al. 2004).
Some species show modifications of the mouthparts associated with their dietary
niche, being adapted to a semiaquatic way of life such as found in hygropetric
habitats on cave walls (Fig. 4.4). The adaptation to an aquatic niche has modified the
mandibles, which acquired a spoonlike form to bring water near the mouth, the
lacinia, which has taken on the role of stirring, and the galea, which can filter organic
particles with its modified fine and very dense hairs. Other terrestrial groups, such as
Diplopoda and Collembola, may also be adapted to take food from water with
modified mouthparts, especially structures evolving toward a spoonlike form
(Deharveng and Christian 1984; Enghoff 1985a, b; Adis et al. 1997; Enghoff et al.
1997).

Low Metabolism Rate Troglobionts often exhibit low levels of activity and low
mobility even during active periods. This is usually correlated with a low metabolic
rate (Hiippop 1985), but in some studies comparing closely related cave and surface
species, this relationship is unclear. In Caconemobius rock crickets in Hawaii, the
surface species has a high metabolic rate when active at night but rests in a torpid
state during daylight, whereas its cave-adapted relative is continuously active at a

Fig. 4.4 Frontal view of the mouth of Hadesia vasiceki (left) and ventral view of the head of
Tismanella chappuisi (right), both cave beetles (Leiodidae Leptodirini): A antenna, g galea, [b
labium, Ip labial palp, M mandible, me mentum, mp maxillary palp [From Moldovan et al. (2004)]
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low metabolic rate, as would be expected. However, averaged over 24-h periods and
corrected for weight, the two morphs have a similar overall rate of oxygen con-
sumption (Ahearn and Howarth 1982).

The reduced metabolic rate, as well as conspicuous loss of normally critically
important traits such as eyes and pigments, has been considered evidence that
troglobionts evolved to exploit food-poor environments (Hiippop 2005). This
hypothesis appears corroborated by the apparent barren rocky substrate usually
present in deep cave passages. However, energy conservation is a universal trait
shared by nearly all organisms in adapting to their environment, and therefore, such
adaptations may not indicate a food-poor environment. In fact, other evidence
suggests that food-rich environments may also foster reductions in morphological
and physiological traits. For example, among polymorphic arthropods living in
resource-rich habitats, the greatest reduction in morphological features often is
correlated with the presence of the largest amount of stable food resources, and
food scarcity triggers a switch to individuals with greater dispersal ability (Steffan
1973; Roff 1986). Also, the degree of cave adaptation found among troglobionts is
not closely linked to the amount of energy sources available, nor does it indicate the
age or time since the colonization of the cave system. Studies in Hawaiian (Hoch and
Howarth 1999) and Australian caves (Hoch and Howarth 1989) demonstrated that
the degree of cave adaptation is strongly correlated with the cave environment and
extent of geographic area available rather than with age of the cave or amount of
available food. The relative abundance of food resources, however, appears to be
correlated with the numbers of individuals and species that can share the habitat.

Fasting for long periods is possible due to the capacity of large body for fat
storing, a depressed metabolism, during which they mainly subsist on lipid stores, a
prolonged state of glycogen- and protein-sparing, and low energetic requirements
(Hervant and Renault 2002). This ability to store fat is found in all life stages, i.e.,
eggs, juveniles, and adults (Fig. 4.5).

Water Balance Deep cave environments, where troglobionts live, remain at or near
100% relative humidity, and occasionally the air becomes supersaturated. Saturated
atmosphere is stressful for most epigean organisms, and cavernicoles have altered
their water balance mechanisms to cope. Since saturated air is above the equilibrium
humidity of bodily fluids, troglobionts must deal with excess water rather than
desiccation. In doing so, they have lost many attributes (such as reduction and
change in composition of cuticular hydrocarbons and of thinning of the cuticle)
that conserve water and have become highly sensitive to desiccation (Howarth 1980;
Ahearn and Howarth 1982; Hadley et al. 1981).

CO, Tolerance Decomposition of organic material can increase the concentration
of carbon dioxide to stressful levels in underground environments. Most inverte-
brates can tolerate brief exposure to high CO, concentrations. Organisms living in
soil and shallow mesocaverns may be able to migrate to less stressful conditions, but
species living in deeper caves, especially those in deep mesocaverns, would be
unlikely to find refuge habitats since the dark, three-dimensional maze provides
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Fig. 4.5 Electron microscope details of fat stored in the form of glycogen vesicles in the posterior
abdomen of cave beetle Drimeotus bokori (male; x11,400): g = glycogen, m = mitochondria
(Photo by © Oana T Moldovan)

few cues for escape. Humid bad air passages have been found to harbor highly
diverse communities of troglobionts (Howarth and Stone 1990).

4.3.3 Behavioral Adaptations

The perpetually dark, complex three-dimensional mazes in caves and mesocaverns
(see also Chap. 3) present special problems for organisms attempting to find food,
mates, and safe havens. Many important cues for life (e.g., light\dark cycles, air
currents, temperature changes, odor dispersion, and acoustics) are absent or provide
inappropriate signals in subterranean habitats. Thus, behavior must play a big role in
adaptations to live permanently underground. For example, an animal following a
scent plume, whether a pheromone or food odor, would spend most of its effort
walking away from the source since the animal must walk around or over numerous
irregularly shaped obstacles along the path. The main special behaviors exhibited by
troglobites are described below.

Loss of Circadian Rhythm Troglobites have lost the ability to entrain their activity
to daily cycles but instead exhibit a continuous level of activity, albeit movement is
often infrequent and irregular. The loss of daily rhythm results from the relaxed
selection pressure to maintain it, whereas the irregular activity allows the animal to
better exploit resources in the cave. Some cavernicoles living in shallow
mesocaverns or airy caves have reduced eyes and can entrain to light/dark daily
cycles.
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Random Walks Troglobites move slowly in a random path, following a fractal
pattern (Moldovan and Paredes Bartolome 1998/1999). This behavior minimizes
energy consumption while maximizing the chance of finding food or mates. It also
minimizes the chance of falling victim to dangers, e.g., many troglobites actively
avoid entering pitfall traps (Kustor and Novak 1980). Numerous pits and crevices in
cave passages often act as natural pitfalls, and selection to avoid these has been
harsh. Similarly, cave crickets and other jumping arthropods have greatly reduced
their ability and propensity to jump since this behavior is hazardous in total darkness.
Many, if not most, volant cave insects characteristically fly forward slowly with legs
extended to contact the substrate first (Howarth 1983).

Mating Behavior Finding mates and successfully reproducing in caves has been
little studied but is likely an important factor in the isolation and evolution of
troglobites. Visual cues are the primary means used to locate and recognize suitable
mates among many epigean animals, but of course this cue would be ineffective in
total darkness.

Some troglobites have elaborate pheromone glands (exocrine sternal gland and
isolated exocrine glands in cave beetles; Fig. 4.3), which indicate that pheromones
are important for sexual communication in some species (Cazals and Juberthie-
Jupeau 1983; Juberthie-Jupeau and Cazals 1984; Moldovan and Juberthie 1994).
Similarly, cuticular hydrocarbons, which are molecules with reduced or no volatility,
would function over short distances for intraspecific communication and mate
recognition (Moldovan 2003). Each species has a specific mixture of cuticular
hydrocarbons that is influenced by phylogenetical constraints and external factors,
and they might promote speciation in a changing climate much faster than genetic
isolation alone (Moldovan 2003).

Except for sonar used by cave-roosting bats and birds, airborne sound commu-
nication is exceptionally rare among cavernicoles, which is probably a result of the
poor acoustical properties within cave passages. However, substrate-borne sound
may be widely used at least for short range communication. This has been studied in
troglobitic cixiid planthoppers (Hoch and Howarth 1993; Hoch and Wessel 2005;
Wessel et al. 2013; see also Chap. 7). Epigean planthoppers duet on the host plant;
receptive females remain stationary, while males fly to potential host plants and sing.
When a receptive female hears the appropriate song, she responds and then the two
alternately sing until the male locates the female. In contrast, receptive female cave
cixiids initiate calling. They remain stationary on the host root and periodically call.
Their species-specific songs are transmitted along plant roots. Males wander among
patches of host plant roots and listen. When they hear a female song, they answer.
Upon hearing the appropriate male song, the receptive female responds, and the two
sexes then sing alternately until the male locates the female (Hoch and Howarth
1993).
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4.3.4 Special Adaptations

Behavior May Precede Morphology Christiansen (1965) reported a stepwise
sequence in the evolution of the ability to climb a meniscus and thus escape from
pools of water in cave Collembola. Christiansen found that initially a small change in
behavior, which improved the animal’s ability to walk on water, was followed by
morphological change, which further improved the ability and which set the stage for
a subsequent behavioral change. The fully formed and functional troglomorphic foot
required several sequential behavioral and morphological steps.

Life History Adaptations to life in cave habitats often involve convergent changes in
life history traits. Troglobionts exhibit K-adapted traits, such as producing a few
large eggs (i.e., low fecundity; Vandel 1964; Poulson and White 1969). In addition,
the number of immature stages is reduced, and lifespan of the adult stage is extended.
For example, epigean wolf spiders (Lycosidae) produce more than 300 eggs per
clutch and the young ride on the female for a month or more until ready to disperse
(Fig. 4.6a). The small-eyed cave species (Lycosa howarthi) has about 40 spiderlings
per clutch, which stay with their mother for about 2 weeks (Fig. 4.6b). The no-eyed
wolf spider (Adelocosa anops) has about 25 spiderlings, which are able to leave the
mother in a few days (Fig. 4.6c) (Howarth and Mull 1992).

Increased lifespan also makes possible a longer investment in reproduction that
compensates in some groups the low number of offspring. Cave beetles show the
modification of life cycles at different levels of adaptation to life in caves
(Deleurance-Glacon 1963; Deleurance and Deleurance 1964). Embryonic and larval
phases are longer in troglobionts compared to endogean relatives (Fig. 4.7). An
increase in the quantity of vitellus allows the development of the embryo for a longer
period. A larger egg ensures larger juveniles that have higher fitness; e.g., larger
young can cope better with the restrictive environment, have a higher resistance to
starvation, and exploit a broader range of food resources (Roff 1992; Hiippop 2000;
Wilhelm and Schindler 2000). Unless triggered by seasonal or regular pulsed input
of food resources, the timing of reproduction by cavernicoles is generally not

Fig. 4.6 Hawaiian Lycosidae comparing fecundity with each female carrying young. Epigean wolf
spider, Lycosa hawaiiensis (left; photo by © William P Mull), and two cave species, small-eyed
wolf spider, Lycosa howarthi (center), and no-eyed wolf spider, Adelocosa anops (right) (Photos by
© Francis G Howarth)
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Fig. 4.7 The development cycle of cave Leptodirini (Coleoptera, Leiodidae): normal cycle (a) of
epigeans and intermediary (b) and contracted (c) cycles of cave beetles [Modified after Deleurance-
Glagon (1963)]

synchronized, and all life stages are often present simultaneously throughout the
year.

Neoteny or Pedomorphosis Many of the troglomorphic changes commonly found
in cavernicoles may have evolved by neoteny (the retention of juvenile characters
into adulthood) (Culver 1982; Howarth 1993). Matsuda (1982), studying amphib-
ians and terrestrial amphipods, proposed that, in these groups, adaptive shifts to new
habitats are facilitated by stress-induced neoteny. Neoteny can arise rapidly as it
would require changes in only a few regulatory genes. Natural selection may favor
neoteny as an energy-saving mechanism, e.g., reduction of eyes and other traits by
changes in allometric development (Matsuda 1982). Neoteny may be positively
selected in cavernicolous species whose immature stages already live underground,
e.g., cixiid planthoppers. Cixiid nymphs feed on plant roots and characteristically
display many troglomorphies. In addition, the nymphs feed on xylem sap, which is
very dilute; thus, they have well-developed physiological and morphological adap-
tations to deal with excess water. Adults of epigean species metamorphose into
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typical surface planthoppers and emerge from their underground lairs to disperse and
reproduce. Adults of the cave species have retained many features found in the
nymphal stage and remain underground (Howarth 1993).

Pseudo-physogastry The swelling of the posterior part of the more cave-adapted
Leptodirini (Coleoptera) body is due to a false physogastry caused by the enlarge-
ment of the elytra volume, while the abdomen remains normal (Fig. 4.1). One
possible explanation is that a spherical chamber formed by elytra can regulate the
hydric equilibrium of the body since cave animals living in saturated air humidity are
very sensitive to desiccation.

4.4 Adaptations to Caves by Aquatic Animals
4.4.1 Morphological Adaptations of Stygobionts

Pigmentation The lack of pigmentation (also called albinism) occurs not only in
stygobionts but also in some stygophiles that spend most of their life inside caves.
Some of the aquatic cave vertebrates are pigmented when young but then lose bodily
color as they age. For example, Proteus anguinus salamanders have black chro-
matophores as larvae but lose these and maintain a pink coloration of the body
during their entire life. The pink color is not due to pigments but to blood circulating
under a thin and depigmented skin (Durand 1983). Fish belonging to Typhlichthys
and Amblyopsis lose their grayish color during growth. Aquatic crustaceans may be
completely transparent (Troglocaris) or white and opaque, their integument being
impregnated by calcium salts (e.g., Proasellus, Niphargus, Cambarus). Some
aquatic invertebrates can also recover color when exposed to light, and some
populations are colored by pigments that are ingested together with the food, such
as carotenoids (Ginet and Decou 1977).

In cave populations of Asellus aquaticus, albinism (Fig. 4.8 and Chap. 8) can be
achieved in two different genetic ways involving three different genes within the
same population (Protas et al. 2011), unlike the cave fish Astyanax mexicanus where
the same gene is involved in the evolution of the albinism in three independently
evolved cave populations (Protas et al. 2006). Albinism might make stygobionts
more vulnerable to ultraviolet light with deleterious effects (Langecker 2000), and
direct light exposure is deadly or stressful for cave planarians (Merker and Gilbert
1932), ostracods (Maguire 1960), and for some amphipods, i.e., Niphargus virei
(Ginet 1960) and N. stygius (Simci¢ and Brancelj 2007).

Vision (Eyes or Ocelli in General) In completely dark caves, selection will strongly
favor individuals with a reduced visual system to reduce overall energy expenditure
(Moran et al. 2015), although some species retain remnants of these organs
(Fig. 4.9). Accordingly, the nerve centers are also reduced, and the reduction is
believed to reflect the degree of adaptation to caves or to the ancientness of
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Fig. 4.8 The isopod Asellus aquaticus lives in surface waters (pigmented populations — upper left)
and inside caves (depigmented or translucent populations — center and right) (Photo by © Boris
Sket)

adaptation to cave life; some crustaceans have eye structures as embryos or young.
All blind cave vertebrates exhibit initial eye development followed by secondary
degradation during later development stages (Durand 1976; Jeffery 2009; Jeffery
and Strickler 2010). Proteus has normally pigmented eyes when they hatch, but
these become reduced and the structure altered during development. The two black
spots at the side of the head eventually disappear completely (Durand 1971), and this
is an ontogenetic regression rather than a phylogenetic regression, which occurs in
some fishes and crustaceans.

Eye loss and eye reduction have different genetic bases within populations of
Asellus aquaticus and in different populations of Astyanax mexicanus (Wilkens and
Strecker 2003; Jeffery 2005; Borowsky 2008; Protas et al. 2011). Nevertheless,
many cave species that were considered blind prove to be microphthalmic and
respond to light stimuli in a more buffered way than their stygophilic relatives living
in springs (Langecker 2000; Borowsky 2013; Soares and Niemiller 2013).

Other Senses It was assumed that other senses must compensate for the reduction or
complete lack of sight, e.g., the sensorial compensation proposed by Poulson (1963)
for amblyopsid fishes. The lateral line, olfaction, taste, and touch and electro-sense
are hypertrophied in cave species (Langecker 2000) together with drastic modifica-
tion of the brain (Fig. 4.10). Proteus anguinus, with its flattened and enlarged head,
can carry a larger number of sensory receptors (Schlegel et al. 2006) and use
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Fig. 4.9 The normal eye in surface Astyanax mexicanus (a) is reduced in cave populations (b), and
lack of eyes is compensated by the neuromasts (not shown here) [Photos from McGaugh et al.
(2014), with permission]
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Fig. 4.10 Adaptation of the brain in amblyopsid fishes to life in caves involves the reduction of the
optic lobes and the volumetric increase of both the cerebellum and otoliths from the epi-
gean Chologaster cornuta (a) to the cave adapted Forbesichthys agassizii (b) and Amblyopsis
rosae (c¢) [Modified after Culver (1982)]

chemical clues (Uiblein et al. 1992) as well as mechanoreceptors and
electroreceptors (Schlegel and Bulog 1997). The cave Astyanax have larger jaws
and more taste buds that together with a modified brain induce changes in behavior
(Yamamoto et al. 2009). The lateral line of fishes consists of a canal and superficial
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neuromasts; the superficial neuromasts in cave Astyanax mexicanus are several times
more numerous than in surface fish (Schemmel 1967; Teyke 1990; Jeffery et al.
2000). Cave fishes neuromasts are also larger and contain more sensory hairs than
those of surface fish. The superficial neuromasts cupulae (hair cells covered by a
gelatinous case) are almost eight times longer in cave fishes compared to surface
fishes (Teyke 1990), which enhance detection and reaction to vibrating stimuli in
cave fishes (Yoshizawa et al. 2010). In populations of Asellus aquaticus, the
aesthetascs acting as chemoreceptors are longer, and setal patterns change in cave
populations compared to surface relatives (Turk et al. 1996; Prevor¢nik et al. 2004).
In the cave shrimp Troglocaris, lengthening of the rostrum and significant enlarge-
ment of the postorbital carapace represent defense mechanisms against predation by
Proteus. This adaptation has been observed in places where these two taxa co-occur
(Jugovic et al. 2010).

Some species show reduction of senses in addition to vision, e.g., the lack of
statocysts in stygobiontic Bathynellacea and the scarcity of aesthetascs in
stygobiontic isopods (Camacho 1992), although in-depth studies are still scarce
and incomplete for most groups. The reduction of the optic lobe is correlated with
enlarged deutocerebral olfactory centers in malacostracans (Crustacea), which
implies an important role of the olfactory sense in this group (Stegner et al. 2015).
On the other hand, within Peracarida (Crustacea), the missing optic sense is not
correlated with an emphasized mechanosense.

The modification of the pineal organ is variable in different cave fishes, ranging
from disorganization to complete reduction, as in Typhlichthys subterraneus
(Langecker 2000). The pineal photoreceptors in fishes have the combined roles of
photoreception and as neuroendocrine cells for the synthetization and secretion of
the melatonin hormone under the control of light.

Body Size The void sizes of groundwater microhabitats strongly select the size of
the inhabitants resulting in giants or dwarfs of the cave world (Ginet and Decou
1977). In some Harpacticoida (Crustacea), that live in small and narrow spaces, the
body size, length and number of the swimming legs, and setaec number are reduced
[e.g., in Parastenocaris, Speocyclops, and Morariopsis; Brancelj (2004)]. In some
genera, body size is highly variable even within species inhabiting the same cave
(Fig. 4.11).

4.4.2 Physiological Adaptations of Stygobionts

Metabolism The reduced metabolic rate and energy-saving behaviors of
stygobionts have been experimentally demonstrated in cave fishes and crustaceans
(Hervant et al. 1997, 1998); it is as an adaptation to food and oxygen stress in cave
habitats (Hervant and Renault 2002) or a response to energy economy (Hiippop
2005). In other species there is apparently no difference in the metabolic rates of
cave species and surface relatives, as in Astyanax mexicanus, a species that is not
experiencing food limitation (Culver 1982).
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Fig. 4.11 Ecomorphs of Niphargus showing that the elongation of the appendages and the shape of
the body depend on the occupied microhabitat [Modified after Trontelj et al. (2012)]

Oxygen Consumption The first observations of low oxygen consumption in cave
inhabitants were made by Eigenmann in 1909 through observing the opercula
movement of Amblyopsis spelaeus. Deep cave waters, especially in the phreatic
zone, are often hypoxic (1 mg O,/L), but hypoxia can be also found few meters
below the water table (Malard and Hervant 2012). The response of the crusta-
ceans Niphargus and Stenasellus to hypoxia is a rapid reduction of locomotory
and respiratory activities, which allows longer survival. Recovery after periods of
low or no oxygen is also rapid, and the lactate resulting from the anaerobic
metabolism is reused, unlike surface Gammarus and Asellus crustacean relatives
which oxidize the lactate (Malard and Hervant 2012).

Fasting Stygobionts can store more fat than their epigean spring relatives (Hiippop
2000) and makes fasting for long periods a characteristic of stygobionts. Niphargus
can survive for more than a year (Gibert and Mathieu 1980; Mathieu and Gibert
1980), Stenasellus virei for more than 200 days (Hervant et al. 1997), Troglocaris up
to 2 years (Vogt and Strus 1999), and Proteus up to 96 months of starvation without
showing any signs of disease (Vandel 1964; Hervant et al. 2001).

4.4.3 Behavioral Adaptations of Stygobionts

Circadian/Seasonal Rhythm Experiments on the cave Niphargus virei and the
epigean Gammarus pulex demonstrated that the cave species moved one-tenth as
much as the epigean species and that Niphargus had fewer periods of activity during
daylight than Gammarus (Ginet 1960; Camacho 1992). Cave fishes and crustaceans
have their own internal rthythms not linked with changes at the surface (Poulson and
Jegla 1969); Proteus is another cave representative that does not display a circadian
rhythm (Schatz et al. 1977). Weak activity patterns are connected to low oxygen
consumption in Orconectes pellucidus (Jegla and Poulson 1968), but these crayfish
still kept a thythm of molting and reproduction in response to changes in both water
temperature and volume (Jegla and Poulson 1970).
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The existence of periodicities in the life of aquatic cave animals might be inherited
from their epigean ancestors (Trajano and Menna-Barreto 1995) and subsequently
evolve in the absence of light inside caves as well as to the scarcity of food sources,
at least during some periods of the year. Photosensitivity or photokinesis (defined as
sensitivity to light) experiments showed that cave fishes and crustaceans react to a
certain intensity of light by an avoiding reflex and by hiding, which proved to be a
conserved ability to detect light of the pineal eye in cave fishes (Yoshizawa and
Jeffery 2008). Surface amphipod species showed a weak photophobic, photoneutral,
or in one case, photophilic response, whereas all cave species showed a strong
photophobic response (Fiser et al. 2015). On a regional scale, photophobia could
explain limited dispersal and a high degree of endemism observed among subterra-
nean species (FiSer et al. 2015) that cannot use surface waters for dispersal.

Agonistic Behaviors Such behaviors include the reduction in aggressive and sub-
missive reactions observed in cave fishes. The highly cave-adapted Amblyopsis
rosae and Typhlichthys subterraneus engage in much shorter, simpler, and less
intense agonistic bouts, most frequently being the tail-beating (Bechler 1983). The
explanations for reduced agonistic behavior are the reduced selection pressures,
decreased metabolic rate, and increased longevity that all confer the advantage of
energy conservation (Parzefall 1992). In contrast, aggressive behavior linked to
territoriality was observed at Proteus anguinus for short periods of time (Parzefall
1976).

Active search for cryptic microhabitats in cave waters (under rocks, in clay, and
within small voids in the calcite formations) was observed in Proteus, which
otherwise rest most of the time by “hiding” under rocks; and they preferred places
formerly used by other individuals, which had deposited a substance at the resting
place (Parzefall et al. 1980).

Schooling Behavior Fish schooling and aggregation behaviors are social and group
activities exhibited by fishes for foraging, reproduction, and defense from predators.
Fish in schools can also obtain a hydrodynamic advantage, thus reducing the cost of
locomotion. A reduction of this behavior has been observed in cave fishes and is
believed to be an adaptation to the lack of visual orientation or to a change in
stabilizing selection for schooling (Parzefall 1992). Tests on different generations on
Astyanax fasciatus led to the conclusion that the reduction of this behavior is
genetically based (Kowalko et al. 2013).

Feeding Behavior The studied cave fishes search for food by holding their body at
an angle of 55° to the bottom substrate (Schemmel 1980); they also use a much
larger area of dense taste buds on the ventral side of the head, compared to epigean
species that have such buds only at the tip of the mouth (Wilkens 1992). Some
stygobionts occasionally may use resources outside of caves during the night, i.e.,
Proteus has been observed feeding overnight outside caves (Sket 2008), and
Niphargus timavi stomach content was full of ephemeropteran larvae that live
outside caves (FiSer et al. 2010).



4 The Ecological Classification of Cave Animals and Their Adaptations 59

Predation The lack of predators may account for the observed reduction of defen-
sive behaviors in some cave fishes, although cannibalism by bigger individuals is
present in Astyanax (Parzefall 1983). The decapods Orconectes and Procambarus
have a more intense reaction to the presence of predators than their epigean relatives
if water movements accompany their presence, but not in the presence of chemical
cues. In the presence of chemical cues, epigean species responded quicker than cave
species (Ginet and Decou 1977).

4.4.4 Special Adaptations

Life Cycles The adult stage is exceptionally long in cave species, being up to
35 years for Niphargus (Turquin and Barthelemy 1985), more than 2 years for
harpacticoids (Ginet and Decou 1977), and reaching dozens of years for the cave
crayfish Orconectes australis australis (Cooper and Cooper 1976). Proteus females
become mature at an average age of 15.6 years and reproduce every 12.5 years for a
lifespan of 68.5 to 102 years (three times higher when compared to its most closely
related species; Voituran et al. 2011). The timing and rhythm of reproduction is easy
to check for many aquatics as ovigerous females are easily identified and censused.
For example, the cave isopod Stenasellus reproduces once every two years in good
conditions, but with low food supply and the interval between reproductions can be
much longer (Fig. 4.12). Nearly every phase of the development cycle is much
longer in cave animals than in related surface animals, as was demonstrated for
amphipods and harpacticoids (Ginet and Decou 1977; Rouch 1968). In contrast, the
life cycle of epigean invertebrates is normally completed within a single year or few
months during one year.

Number and Size of Eggs The number of eggs produced by stygobionts is often
one-tenth of their epigean relatives. There are also cases in which females carry a
single egg, as in Microparasellidae (Coineau 1971). Niphargus females lay more
voluminous eggs compared to their surface relatives (Fiser et al. 2012) but invest less
in a single brood, similarly to cave fishes from different genera (Poulson 1963).
Nevertheless, investment in egg quality and high survival rate in Niphargus is not
correlated with low number of eggs but to an increase in the body size of adults,
which can lay bigger eggs (FiSer et al. 2010); the increased size of the coxal plates in
Niphargus females provides better aeration of the large eggs (Fiser et al. 2012).
Coevolution of traits, such as egg size, aeration capacity, and number of eggs,
minimizes the overall costs and contributes to lifetime fitness (FiSer et al. 2012). A
female of Amblyopsis spelaea produces 40—60 large, heavily yolked eggs (Poulson
1963) and the cave Poecilia mexicana, with smaller females than their surface
relatives, produces larger offspring (Riesch et al. 2011). For Proteus, the clutch
comprises about 35 eggs of which less than 50% hatch (Voituran et al. 2011).

Reduced sleep is a novel trait aquired by stygobionts, with genes underlying the
behavioral regression independent from those responsible for eye and pigment
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Fig. 4.12 The lifespan of the stygobiont Stenasellus (a), black = time the female carries the
embryos, light gray = juvenile period, dark gray = adult period, and of cave fishes at different
levels of adaptation to life in caves (b), from the epigean Chologaster to the more cave adapted
Forbesichthys and Amblyopsis, black = time to hatching, light gray = time from hatching to first
reproduction, white = reproductive lifespan [Modified after Ginet and Decou (1977; a) and Poulson
(1963; b)]

regression. In the same time, sleep regression evolved convergent in different,
isolated cave populations (Duboué et al. 2011). Cave Astyanax mexicanus have
drastically reduced sleep periods, and both daytime and nighttime sleep are reduced,
compared to their surface relatives (Soares et al. 2004).

Resistance to high concentration of sulfides in the water by Niphargus has been
associated with the resistance to low oxygen, or with traits involved in detoxifica-
tion, such as symbiosis with Thiothrix bacteria (Dattagupta et al. 2009). Adaptive
behaviors that improve oxygen uptake were proposed for Niphargus and a popula-
tion of Poecilia mexicana from Cueva de Villa Luz (Mexico), respectively (Plath
et al. 2007; Tobler et al. 2011, 2014).

Box 4.3

A comparison between cave-adapted Asellus from freshwater in Slovenia and
sulfuric waters in Romania shows that there is a parallel evolution of eye loss,
depigmentation, and elongation of some appendages. Water chemistry, nutri-
ent availability, and other factors like ancestral genetic variability and popu-
lation genetic structure are not hampering the convergent adaptation to caves
(Konec et al. 2015).
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Thermal Tolerance Experiments on three cave Proasellus isopods show different
response for species that live in a habitat with less than 1 °C yearly temperature
amplitude. Two of the species were sensitive to changes of less than 2 °C, while the
third species tolerated a variation of 11 °C, which shows that thermal physiology is
not solely shaped by the temperature in the natural environment for all groundwater
species (Mermillod-Blondin et al. 2013).

Salinity Tolerance Salinity tolerance is characteristic for the complex anchialine
systems where cave fauna is separated by salinity-stratified water layers (Iliffe and
Kornicker 2009; see also Chap. 17). Remipeds are restricted to the marine compo-
nent of the systems, and some atyid shrimps can be found in both marine and less
saline layers. The effect of salinity tolerance on habitat connectivity and
dispersibility of species living in these complex systems remains to be tested
(Moritsch et al. 2014).

Neoteny or pedomorphosis is striking for some of the cave salamanders. Eurycea
spelaea, Gyrinophilus subterraneus, and Proteus anguinus are neotenic, keeping the
gills outside the body and an aquatic way of life even as adults.

Ethophysiological Adaptations Cave animals display strong stereotropism (a reflex
in which the contact with a rigid surface is the orienting factor) and other
ethophysiological strategies (Ginet and Decou 1977; Holsinger 1988). For example,
Niphargus adapt to dry periods by digging a water-filled hole in wet clay that allows
survival of individuals even when water dries out (Ginet and Decou 1977).
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Chapter 5 )
The Microbial Diversity of Caves s

Olivia S. Hershey and Hazel A. Barton

5.1 Introduction

In attempting to describe microbial diversity, Baas-Becking famously stated that “Every-
thing is everywhere, but the environment selects” (Baas-Becking 1934). His hypothesis
was simple—the small size of microorganisms allows their broad environmental distri-
bution, with the appropriate conditions selecting species growth to dominate niche space
(Baas-Becking 1934). Given the many types of caves, and hence a myriad of environ-
mental conditions, it is difficult to describe a broadly relevant microbial diversity;
varying cave conditions provide opportunities to select a multitude of adaptations and
hence community diversity.

Despite this drawback, caves do represent an important environment for studying
microbial ecology, chiefly due to community adaptations to the resource limitation of the
subsurface; the lack of photosynthetic activity in caves requires microorganisms to rely
on either the heterotrophic breakdown of scant allochthonous organic carbon or auto-
trophic growth using in situ redox-active compounds (Peck 1986; Northup et al. 2003;
Carmichael et al. 2013; Desai et al. 2013; Parker et al. 2013; Jones and Macalady 2016).
While some caves, including sulfidic systems, are dominated by chemolithotrophic
primary production, such cave systems are relatively rare (and their microbial diversity
is reviewed in Chap. 15). In more common epigenic caves, nutrients entering from
surface-derived ecosystems are limited, with allochthonous organic carbon delivered by
vadose-zone groundwater generally measured below 0.5 mg/L (Barton 2015). This puts
cave environments firmly in the oligotrophic (<2.0 mg/L) spectrum of energetic
systems; for simplicity, we will to refer to such systems as oligotrophic caves (Engel
et al. 2010; Harmon et al. 2013; Barton 2015).
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Fig. 5.1 A passage within Poor Farm Cave, West Virginia, USA. Based on the age of fossil
skeletons found within cave sediments, it is unlikely that the environmental conditions within this
passage have significantly changed in the last 400,000 years (Grady et al. 2000). Energy for
microbial growth likely comes from allochthonous organic carbon entering via cracks or fissures
in the bedrock, or the presence of redox-active compounds [Mn(II), Fe(II), NO; ™, or NH;3].

Another unique feature of caves, and one commonly overlooked by microbiolo-
gists not used to working in such systems, is the static nature of the environment; once
cave forming processes have ended, the environmental conditions of a particular
niche might not change for thousands (to potentially millions) of years (Fig. 5.1;
Klimchouk et al. 2000; Palmer 2007). This is in stark contrast to surface ecosystems,
where plant species, foraging animals, anthropogenic impacts, and even the weather
can have a profound influence on microbial community structure in short (daily,
seasonal) time frames (Barton 2015; Palmer 2007). The absence of these dynamic
processes in caves means that the selective pressures driving diversity are dependent
on the variables that are present and strongly influenced by the geologic setting and
geochemical (environmental, local and regional) nature of the cave (Ortiz et al. 2013).

This review will not try to provide a synthesis of the ~400 papers published on cave
microbiology (Fig. 5.2). Instead, it will focus on the microbiology of oligotrophic caves
in limestone (carbonate; CaCOs) settings. We will also not produce a comprehensive list
of the microbial species found in caves, as this has recently been reviewed elsewhere
(Vanderwolf et al. 2013; Tomczyk—Zak and Zielenkiewicz 2016). Instead, we will
attempt to outline how the research history has led to our current understanding of
microbial ecology in caves, the potential for a core microbiome, and the common
ecological themes that might drive microbial diversity in caves.
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5.2 Microbial Diversity in Caves Prior to 1996

Our understanding of the microbial ecology of caves is influenced by the technology
of the time (Engel 2015). As microbiology was built upon the ability to culture
microorganisms within the laboratory, early cave researchers used the same cultiva-
tion techniques as soil scientists and (somewhat unsurprisingly) found that caves
were a weak reflection of the microbiology of surface soils (Hess 1900; Scott 1909;
Hgeg 1946; Caumartin 1963). The interpretation of microbial activity in caves was
therefore limited, and it seemed to be of little interest to the scientific community, with
less than 40 papers published prior to 1997 (Fig. 5.2; Engel 2015). Yet these papers
defined our understanding of cave microbiology, suggesting that caves were essen-
tially lifeless due to an absence of photosynthetic input, or simply home to transient
microbial species introduced by the activity of animals or humans (Caumartin 1963).

When endemic cave microorganisms were putatively identified, it was through
unusual metabolisms that were (incorrectly) thought to distinguish them from soil
species, such as iron oxidation (Caumartin 1963).

The primary limitation of cultivation-based approaches is that the vast majority
(>99%) of environmental microorganisms cannot be cultured; as in other microbial
environments, the ability to accurately describe microbial diversity within caves
required cultivation-independent techniques (Amann et al. 1996). Some early
non-cultivation approaches did support the idea that microbiology in caves was
more complex than originally thought: Fliermans and Schmidt (1977) used anti-
bodies to identify non-culturable Nitrobacter in Mammoth Cave sediments; the
microscopic techniques of Cunningham et al. (1995) demonstrated a rich structural
diversity from samples deep within Lechuguilla Cave; and Gonzalez et al. (1999)
demonstrated a rich diversity of actinobacteria in Spanish caves using fatty acid
methyl ester (FAME) analyses (Fliermans and Schmidt 1977; Cunningham et al.
1995; Gonzalez et al. 1999). Nonetheless, it wasn’t until the use of molecular
phylogenetics in the 1990s that the potential diversity of microorganisms in cave
environments emerged (Fliermans and Schmidt 1977; Cunningham et al. 1995; Pace
1997; Gonzalez et al. 1999; Barton 2006; Barton and Northup 2007; Engel 2010;
Lee et al. 2012).

5.3 Microbial Diversity in Caves: The Molecular Era
(1997-2012)

First introduced in the 1980s as a revolutionary way of identifying microorganisms
in the environment, Pace et al. used the 16S small ribosomal subunit rRNA gene
sequence as a genetic marker (phylotype) to distinguish previously uncultured
species (Stahl et al. 1984; Pace et al. 1986). It was also Pace (himself an avid
cave explorer) who facilitated the first molecular analysis of a microbial cave
community (Fig. 5.2). These investigators used molecular phylogenetic approaches
to examine the filamentous biofilms of a sulfidic stream within Sulfur River Cave,
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Kentucky (Angert et al. 1998). This study revealed the surprising dominance of the
Epsilonproteobacteria, which were previously seen only in deep, oceanic hydro-
thermal systems; it was also the first clue to the important influence that members
of this phylum have within sulfidic cave environments (Campbell et al. 2006).
Most importantly, the study also demonstrated that microbial cave communities
could be remarkably distinct from their surface counterparts (Angert et al. 1998).

Through the 1990s molecular phylogenetics was the most powerful tool to study
microorganisms within the environment (Pace 1997). But the tool remained limited to
labs with both the molecular expertise and computing resources necessary to translate
genetic difference into the robust phylogenies necessary to identify uncultivated
microorganisms, with only two labs carrying out such analyses in caves (Vlasceanu
et al. 1997; Angert et al. 1998). The ability to analyze cave communities was further
complicated by the low biomass of these environments (routinely < 10° cells/g), along
with a complex geochemistry, both of which interfered with the ability to obtain
sufficient DNA for analysis (Barton et al. 2006). This restricted early analyses to sites
with enough biomass to overcome DNA extraction limitations, such as those found in
the chemolithotrophic ecosystems of sulfidic caves, as examined by Pace (Sarbu et al.
1996; Angert et al. 1998; Engel et al. 2004a).

A lot changed over the next 15 years: new techniques improved the ability to
extract DNA from the environment (Barton et al. 2006; Tan and Yiap 2009); new
programs made phylogenetic analysis more accessible (Posada 2003; Wilgenbusch
and Swofford 2003; Edgar 2004; Kumar et al. 2006; Pruesse et al. 2007); sequencing
technologies reduced costs (Shendure et al. 2004); and high-impact journal articles
demonstrated the important contributions that the study of cave microorganisms could
provide (Cunningham et al. 1995; Engel et al. 2004b). A number of events further
raised the profile of cave microbiology, beginning with the 1994 Breakthroughs in
Karst Geomicrobiology and Redox Geochemistry Conference (59 conference pro-
ceedings), a special issue of the Geomicrobiology Journal in 2001 (10 journal articles),
and a special session on the Microbiology and Geomicrobiology of Cave and Karst
Environments at the 2009 International Congress of Speleology (32 conference
papers). The cumulative impact of these changes was a fivefold increase in the number
of journal articles on cave microbiology between 1997 and 2012 (from 43 to 256;
Fig. 5.2).

Traditional molecular phylogenetic approaches involve PCR amplification of 16S
rRNA gene sequences from environmental DNA, followed by cloning or denaturing
gradient gel electrophoresis (DGGE) to generate libraries of representative 16S rRNA
sequences (Pace 1997). These libraries can range in size from a few dozen to a few
hundred cloned sequences. Nonetheless, given the tens of thousands to potentially
millions of microbial cells in every sample, such “clone” libraries tend to identify the
species/phylotypes within an environment that make the greatest contribution to total
environmental DNA and/or 16S rRNA copy number (Fig. 5.4; DeSantis et al. 2007;
de Araujo and Schneider 2008; Kembel et al. 2012). While this does allow a snapshot
of the most successful microorganisms within an environment, it is also a limitation of
the technique, potentially missing a large number of organisms that play important
roles in ecosystem function (Fig. 5.4).
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Box 5.1

This dramatic rise in microbial research also opened our eyes to the potential
diversity of microorganisms in cave environments. Rather than supporting the
idea that caves were dominated by a few specialized species adapted to nutrient
limitation, caves appeared to be home to a diverse assemblage of species from
multiple phyla, including the Alpha-, Beta-, Gamma-, and Deltaproteobacteria,
Chloroflexi, Planctomycetales, Bacteroidetes, Acidobacteria, and Actinobacteria,
with small but significant contributions from members of the Nitrospirae,
Gemmatimonadetes, and Verrucomicrobia (Fig. 5.3; Northup et al. 2003; Barton
et al. 2004; Chelius and Moore 2004; Barton et al. 2007; Zhou et al. 2007; Cuezva
et al. 2012; Lee et al. 2012; Porca et al. 2012; Rusznyak et al. 2012; Ivanova et al.
2013; Barton 2015). These data also demonstrated the potentially significant
contribution of the archaea to subsurface communities (Northup et al. 2003;
Chelius and Moore 2004; Shabarova and Pernthaler 2010).
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Fig. 5.3 Box plot comparison of soil microbial communities to those found in caves. The represen-
tation of major phyla of pooled soil and cave samples is shown. The soil biome was obtained from the
collated data of Chu et al. (2010). The cave biome was collated from the data of Northup et al. (2003),
Barton et al. (2004, 2007), Chelius and Moore (2004), Zhou et al. (2007), Cuezva et al. (2012), Porca
et al. (2012), Rusznyak et al. (2012), and Ivanova et al. (2013). Only datasets including at least
100 cloned 16S rRNA phylotypes are included. The boundaries for the first and third quartile are
shown, with the centerline representing the mean and whiskers representing the max/min values
(outlier values for the cave biome data are shown in parentheses)
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5.4 Microbial Diversity in Caves: The Genomics Era
(2013-Present)

Among the many impacts of the Human Genome Project, the most powerful was the
development of optically based sequencing methods—collectively referred to as “next-
generation sequencing” (NGS) technologies (Ansorge 2009; Lander 2011). The dra-
matic increase in the number of bases that these technologies could sequence (>15
billion bases in as little as 4 h) combined with their significant cost reductions
revolutionized the ability to sequence DNA (Snyder et al. 2009; Forde and O’Toole
2013). Sogin et al. (2006) were the first to use NGS to identify environmental 16S
rRNA; rather than restricting the identification of phylotypes within a community to a
few hundred cloned 16S rRNA genes, NGS allowed Sogin and colleagues to sequence
120,000 PCR products directly. The results were transformative and demonstrated that
microbial ecosystems contained thousands of previously unidentified phylotypes
(Sogin et al. 2006). Sogin et al. referred to this extensive collection of previously
unidentified microorganisms as the “rare biosphere”—organisms of sufficiently low
number that they cannot be identified without deep-sequencing NGS approaches
(Fig. 5.4).

Due to limited access to NGS and the advanced statistical methods needed to
distinguish unique DNA sequences against a background of inherent PCR error, this
technology was also initially limited to a few specialized labs (Sogin et al. 2006). But as

Dominant
exclusion

Species space identified via NGS

Number of Cells

Rare biosphere

Species/Phylotypes

Fig. 5.4 Idealized microbial diversity in cave environments and representative portions screened
via different molecular techniques. Some species are able to rapidly utilize the available nutrient and
energy sources, providing a competitive advantage that allows them to become dominant in the
ecosystem (similar to r-type selection). These dominant species are most often identified in shallow-
coverage analyses, such as clone libraries and DGGE. The rare biosphere contains a combination of
numerically low, slower-growing, poorly adapted, or even viable but non-growing species (similar
to K-type selection). The rare biosphere can usually only be identified using deep-sequencing
approaches, such as Illumina sequencing. NGS, next-generation sequencing



76 O. S. Hershey and H. A. Barton

researchers developed more efficient mathematical algorithms to reduce the necessary
computational power, and techniques in bioinformatics simplified the analysis of large
NGS data sets, this technology rapidly became available to other researchers (Kuczynski
et al. 2012; Caporaso et al. 2010; Stamatakis 2014). The first to apply these applications
in cave environments were Ortiz et al. (2013) who used 454-pyrosequencing to examine
~400,000 PCR products from Kartchner Caverns, USA (Ortiz et al. 2013). Along with
the 13 phyla already identified in caves by cloning approaches, Ortiz et al. demonstrated
the presence of an additional 8 described and 12 candidate phyla, suggesting that caves
also contained rare biosphere microorganisms. In a significant step forward, these
researchers also used NGS to compare microbial communities in the cave with those
in surface soils directly above. These data demonstrated that only 16% of the sequences
were shared between the surface and the cave, confirming the uniqueness of microbial
cave ecosystems (Ortiz et al. 2013).

In the years since this study, there have been no other published 16S rRNA NGS
sequence datasets from oligotrophic caves; however, a number of studies have
submitted sequence data to public databases, such as the NCBI sequence read archive
(SRA) (Fig. 5.5; Leinonen et al. 2010). By processing these datasets, it is possible to
expand the work of Ortiz et al. across multiple cave systems with broadly distributed
geographical locations, including North America and Asia (Fig. 5.5). The results
confirm the robustness of the 13 dominant phyla already identified, along with another
14 phyla consistently represented in these populations (above a 0.1% threshold); these
include the Armatimonadetes (OP10), Chlorobi, Cyanobacteria, Elusimicrobia, Spi-
rochetes, and the candidate phyla BRC1, GN04, NC10, OP3 (Ca. Omnitrophica), TM6
(Ca. Dependentiae), WS1, and WS3 (Ca. Latescibacteria). Together these data support
the existence of a cave rare biosphere (Fig.5.5). The cave NGS datasets also contain a
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Fig. 5.5 Boxplot comparison of microbial cave community structure analyzed by 16S rRNA gene
clone libraries (from Fig. 5.3) or Illumina (next-generation) sequencing. The datasets SRR1686967,
SRR1686970, SRR1686976, SRR1693633, SRR1703816, SRR1703817, SRR1703818, SRR1703819,
SRR1703820, and SRR1703821, obtained from the NCBI sequence read archive (SRA), were used.
The datasets, which contained between 12,901 and 585,434 unfiltered sequence tags, were processed in
QIIME (Caporaso et al. 2010) to assign taxonomic identity. The boundaries for the first and third
quartile are shown with the centerline representing the mean and whiskers representing the max/min
values
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significant proportion of sequences that cannot be classified using the taxon reference
databases, Greengenes and SILVA (Fig. 5.5; McDonald et al. 2012; Quast et al. 2013).
These sequences, which cannot be easily placed within the current taxonomic frame-
work, are known as microbial dark matter and represent the currently unexplored
diversity of microbial populations (Rinke et al. 2013). Such sequences tend to have a
higher representation in caves than other habitats, suggesting that the true diversity of
caves requires further description (Sogin et al. 2006; Rinke et al. 2013).

While targeted PCR amplification makes it possible to rapidly screen the 16S
rRNA sequences in the environment, it is also susceptible to significant technical
issues, including primer and amplification biases that preferentially select certain
DNA sequences for amplification (Chandler et al. 1997; Polz and Cavanaugh 1998;
DeSantis et al. 2007; Kembel et al. 2012). Overcoming these limitations requires
bypassing the PCR amplification step entirely and sequencing the sum of the genetic
information in the environment (Miller et al. 2011). This process requires randomly
fragmenting DNA into sizes appropriate for NGS sequencing (35-300 bp), either by
mechanical means or using transposons (Adey et al. 2010). These fragments are then
sequenced, and the overlapping ends are computationally reassembled back into a
full-length DNA contig, ranging in size from a few hundred to millions of bases—a
technique referred to as “shotgun sequencing” due to the randomness of the initial
DNA fragmentation (Sanger et al. 1977; Adey et al. 2010). Prior to the advent of
NGS, shotgun methods were not possible using environmental DNA as the com-
plexity of the samples reduced the likelihood of obtaining sufficient coverage for
assembly (Venter et al. 2004). But NGS dramatically increased sequence coverage,
making it possible to examine all the genes in an environment rather than just one—a
technique called metagenomics. Such metagenomic approaches allow the interac-
tions that support microbial ecosystem dynamics to be identified through the func-
tional gene composition of the community (Handelsman 2004; Tyson et al. 2004;
Venter et al. 2004).

Carrying out metagenomic approaches in oligotrophic caves continues to be prob-
lematic, primarily due to the significant amounts of DNA that are needed to create
shotgun libraries, from a minimum of a few hundred nanograms to multiple micrograms,
depending on the method (Thomas et al. 2012). Despite these limitations, in 2014 Ortiz
et al. were able to carry out metagenomic analyses of the microbial communities within
Kartchner Caverns. Their data identified over 365,000 gene fragments from the micro-
bial populations found on speleothems and walls within the cave and demonstrated that
the enrichment of genes involved carbohydrate metabolism and CO, fixation. The
enrichment of these genes suggested that both heterotrophic and autotrophic metabolic
activity were important in community growth and subsistence, along with potentially
novel mechanisms of nutrient cycling, especially in regard to nitrogen.

To date, the technical limitations of low biomass have prevented other researchers
from publishing metagenomic studies from oligotrophic caves. Nonetheless, alter-
nate approaches still allow researchers to use NGS to explore evolutionary adapta-
tions, including genomic sequencing of cultured isolates (Lee 2008; Land et al. 2009;
Bhullar et al. 2012; Barton et al. 2013; Saw et al. 2013; Gan et al. 2014; Jiao et al.
2015). Land et al. (2009) were the first to sequence the genome of a bacterial species
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isolated from a cave: Beutenbergia cavernae. Their data demonstrated the significant
contribution of carbohydrate catabolism and nutrient cycling genes to the genotype of
this organism, mirroring the results of Ortiz et al., despite the large geographic
distance between the two cave sites (China versus Arizona, USA) (Land et al.
2009). A culture study by Bhullar et al. (2012) on antimicrobial resistance phenotypes
in Lechuguilla Cave (USA) sequenced the genomes of a number of isolates, revealing
the presence of a novel antibiotic resistance pathway and suggesting the in situ
evolution of antibiotic resistance. Finally, a comparative study between cave and
soil strains of Pseudomonas fluorescens determined that cave isolates had adapted to
living within a mineral (rather than soil) environment, demonstrating genomic traits
that could be considered evidence of endemism, including horizontal gene transfer
events, increased scavenging efficiency using twitching motility, and an increased
ability to cycle nutrients, particularly nitrogen (Barton et al. 2013). Thus, while
culturable organisms within caves do represent a small minority (<1%), they are
still able to provide important clues to microbial adaptation within caves (Land et al.
2009; Bhullar et al. 2012; Barton et al. 2013).

5.5 Ecological Themes in Cave Microbial Communities

Box 5.2

Microbial communities in oligotrophic caves are dominated by the Alphapro-
teobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacte-
ria, Chloroflexi, Planctomycetales, Bacteroidetes, Firmicutes, Acidobacteria,
Actinobacteria, Nitrospirae, Gemmatimonadetes, and Verrucomicrobia
(Fig. 5.3). This distribution appears to be robust across a broad geographic
range, indicating that the key drivers of cave community structure are consis-
tent and that this diversity represents a core cave microbiome.

More than 80 years after Baas-Becking developed his theory of “everything is
everywhere. . .” the identification of a rare biosphere appears to provide the neces-
sary empirical support—a cosmopolitan distribution of microorganisms that can
proliferate or “bloom” under the appropriate conditions (Lynch and Neufeld
2015). If all environments contain such functionally diverse populations, then the
primary drivers of population dynamics and structure are simply those factors that
favor one microorganism over another (Lynch and Neufeld 2015).

Yet these same 13 phyla (see Box 5.2) are also dominant in soils, which have
remarkably different conditions of light, productivity, disturbance, and pH (Fig. 5.6).
The simplest explanation of such similarity is that soil microorganisms seed caves. The
seeding hypothesis for cave community structure would certainly provide an expla-
nation of how cave environments are populated: the solvent action of surface (mete-
oric) water creates the cave, while also carrying microbial species into this newly
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Fig. 5.6 Boxplot comparison of soil microbial communities under alkaline conditions to those
found in caves. The cave biome includes the data shown in Fig. 5.3. The soil biome data was
obtained from the studies of Lauber et al. (2009), Zhou et al. (2007), Ganzert et al. (2014), and
Zhalnina et al. (2015). The boundaries for the first and third quartile are shown, with the centerline
representing the mean and whiskers representing the max/min values (outlier values for the cave
biome data are shown in parentheses)

forming habitat. Recent studies support this idea, including the identification of
surface/epikarst-derived microorganisms in stalactite drip water (based on their covari-
ance with seasonal events) and the scant (<0.1%) population of cyanobacteria
observed in cave samples via deep sequencing (Fig. 5.5) (Geric et al. 2004; Harmon
et al. 2013; Yun et al. 2015). Nonetheless, several pieces of evidence suggest that the
long-term impact of surface species on cave community structure may be diminished
over time, including (1) the finding by Ortiz et al. that less than 16% of the microor-
ganisms found in caves share taxonomic identity with soil species, (2) the significant
evolutionary adaptations observed in the genomes of indigenous microorganisms, and
(3) a study by Johnston et al., which demonstrated that human commensal species
introduced into a cave habitat are quickly lost (Land et al. 2009; Barton and Barton
2012; Johnston et al. 2012; Ortiz et al. 2013). Thus, while soil may seed these
environments, unique selective pressures within caves “sort” microbial species into
the observed cave populations (Fig. 5.3).
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5.6 An Incomplete View

This review has focused on the contributions of bacteria to cave microbial community
structure as most studies likewise focus on the members of this domain (Peck 1986;
Vlasceanu et al. 1997; Schabereiter-Gurtner et al. 2002; Laiz et al. 2003; Barton et al.
2004; Engel et al. 2004b; Ikner et al. 2007; Zhou et al. 2007; Banks et al. 2010; Iker
et al. 2010; Bhullar et al. 2012; Cuezva et al. 2012; Ortiz et al. 2013). Nonetheless,
focusing on the bacteria provides an incomplete view of microbial populations, which
commonly include contributions from the archaea and microscopic eukarya—in
caves, primarily in the form of filamentous fungi (Pace 1997; Barton and Northup
2007; Vanderwolf et al. 2013). While some studies have incorporated the archaea into
their analyses and others have focused exclusively on mycology, none have attempted
to determine community structure and metabolic relationships across all three domains
of life (Woese and Fox 1977, Northup et al. 2003; Tetu et al. 2013; Vanderwolf et al.
2013; Barton et al. 2014; Ortiz et al. 2014). Given the significant contributions that
members of these domains can make in other microbial ecosystems, it is reasonable to
assume that the archaea and fungi help shape community metabolic interactions and
diversity in caves.

5.6.1 Archaea

The first demonstration of archaea in caves was by Northup et al. (2003), who
identified members of the Thaumarchaeota (at the time still phylogenetically
grouped within the Crenarchaeota) in the ferromanganese deposits of Lechuguilla
Cave, USA. Other studies supported the presence of archaea in caves, including the
significance of the Thaumarchaeota across multiple cave habitats (Fig. 5.7; Chelius
and Moore 2004; Barton et al. 2007; Barton et al. 2014; Ortiz et al. 2014). In all
cases, the numerical abundance of the archaea remains small (<2%), although these
studies are based on sequence-only approaches, rather than direct cell counts
(Fig. 5.7). In our work, which incorporated direct cell counts using archaeal-specific
fluorescent in situ hybridization, we have observed a strong correlation between the
availability of nitrogen and presence of archaea; when nitrogen levels are at their
lowest (ng/L), the contribution of the Thaumarchaeota to total population size can
exceed 15% (Johnston and Barton unpublished data), indicating that the contribution
of archaea to population structure covaries with resource limitation. The small size of
Thaumarchaeota (up to 100-fold smaller than their bacterial counterparts), their
slow growth rate, and innate resistance to severe energetic stress could certainly
make the archaea more competitive under extreme nutrient limitation and explain
why they make a larger contribution to microbial community structure in some cave
environments (Konneke et al. 2005; Valentine 2007; Brochier-Armanet et al. 2008;
Brochier-Armanet et al. 2012).
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Fig. 5.7 Boxplot comparison of the relative distribution of three major Archaea phyla,
Thaumarchaeota, Crenarchaeota, and Euryarchaeota in cave environments as determined by
Ilumina sequencing. The datasets used were SRR1686967, SRR1686970, SRR1686976,
SRR1693633, SRR1703816, SRR1703817, SRR1703818, SRR1703819, SRR1703820, and
SRR1703821, obtained from the NCBI sequence read archive (SRA) and processed in QIIME
(Caporaso et al. 2010) as described in Fig. 5.5. The boundaries for the first and third quartile are
shown with the centerline representing the mean and whiskers representing the max/min values. Inset:
A histogram of the relative distribution of all archaeal 16S rRNA sequences identified from caves

Despite this, the dominance of Thaumarchaeota in archaeal populations should
be difficult to reconcile with the low levels of nitrogen found in caves (Barton 2015);
the Thaumarchaeota play an important role in nitrification, where they utilize the
oxidation of mineralized nitrogen (NH3/NH,") to generate energy for autotrophic
growth (Brochier-Armanet et al. 2008). In order to compete with bacterial species for
available NHj, the Thaumarchaeota express high affinity (nM) transport mecha-
nisms, making them better adapted to the low-nitrogen level found in caves, and
providing them an alternate growth strategy in an environment where competition
for other resources is likely to be high (Martens-Habbena et al. 2009). Given the
increased dominance of nitrogen cycling and recycling metabolic pathways
observed in bacterial populations in caves, the almost exclusive identification of
Thaumarchaeota in archaeal populations may suggest that nitrogen is one of the
most overlooked drivers of microbial community structure in caves (Fig. 5.7; Ortiz
et al. 2013; Tetu et al. 2013).
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5.6.2 Fungi

One aspect of diversity that has generally lagged behind our understanding of cave
microbiology is the role of fungi. While the human pathogen Histoplasma capsulatum
was found in guano from cave hibernacula in 1957, very few papers had examined the
mycology of caves beyond this organism (Ajello et al. 1960; Hasenclever et al. 1967;
McMurray and Russel 1982; Sterflinger 2000; Burford et al. 2003); however, in 2009
this rapidly changed, when a fungal agent was found to be responsible for the
devastating White-Nose Syndrome (WNS) epidemic in bats (Fig. 5.2; Reynolds and
Barton 2014b). This disease was first identified in the winter of 2006-2007, when a
cave in New York State, USA, contained a number of dead and dying bats. Every one
of the sick bats appeared to have an unusual, white-powdery substance on their
muzzles and wing membranes (Frick et al. 2010). This powdery substance was
subsequently identified as the conidia (asexual spores) of a previously undescribed
fungal pathogen, Pseudogymnoascus (known as Geomyces) destructans (Pd) (Gargas
et al. 2009; Frick et al. 2010; Minnis and Lindner 2013). Since this initial outbreak,
WNS has spread to infect bats across 38 US states and 5 Canadian provinces with
mortality rates approaching 71%, making it one of the most devastating wildlife
diseases of North America in modern history (Boyles et al. 2011; Reynolds and
Barton 2014b). The WNS fungus (Pd) originated in Europe, where it likely emerged
from a Pseudogymnoascus sp. endemic to cave environments (Peuchmaille et al.
2011; Warnecke et al. 2012; Reynolds and Barton 2014a; Reynolds et al. 2015,
2016). The identification of such an important mycosis demonstrated a significant
lack of our understanding of cave mycology, and there has been a surge in studies
attempting to determine how the Geomyces/Pseudogymnoascus fit into the ecology of
cave systems (Fig. 5.2). By attempting to produce a broader ecosystem prospective,
such studies have dramatically increased our understanding of the diversity of fungi in
caves (Fig. 5.1; Vanderwolf et al. 2013).

The most commonly identified fungal species in caves are members of the phyla
Ascomycota (~70%), Basidiomycota (20%), and Zygomycota (~7%) (Vanderwolf
et al. 2013); however, the relevance of these findings should be viewed with caution,
as these studies utilize cultivation-dependent techniques, which are susceptible to the
same sample bias that once plagued cave bacteriology (Anderson and Cairney 2004;
Tedersoo et al. 2014). The dominance of the phylum Ascomycota, which contains
filamentous (mold) species such as Aspergillus and Penicillium, would suggest an
environmental advantage for members of these genera; however, these fast-growing
species readily utilize the nutrients found in media, often outcompeting other species
during cultivation. One cave study based on molecular techniques suggested that the
Ascomycota and Basidiomycota were almost equal in abundance (52 and 48%,
respectively), although the investigators could not rule out contamination for dom-
inance of the observed Basidiomycota (Connell and Staudigel 2013). Other investi-
gators have suggested that fungal spores found in cave locations have been
introduced by human or animal activity, reiterating the hypothesis that microbial
populations in caves do not represent endemic species, but environmental
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Fig. 5.8 Scanning electron microscopy images of pristine surfaces from Lechuguilla Cave, USA.
Clearly visible on calcite mineral surface are fungal conidia (a), fungal hyphae (b), and etch marks
left behind by fungal growth (c; arrows), demonstrating how the fungi modify mineral surfaces
within the cave. Such etching of calcite by fungal species has been demonstrated before (e.g.,
Burford et al. 2003). Scalebars = 10 pm

contaminants (Shapiro and Pringle 2009, Vanderwolf et al. 2013). The use of
molecular techniques to identify the true fungal ecology of caves therefore remains
a high priority (Tedersoo et al. 2014).

Whatever the true diversity of fungi in caves, it is likely that they play a significant
role in ecosystem processes. Fungi have been described from pristine cave environ-
ments, ruling out the idea that they are introduced contaminants, while there is
evidence that they play an important role in altering mineral chemistry (Fig. 5.8;
Cunningham et al. 1995). In other geologic settings, fungi are known to be important
weathering agents, whether mechanically sugaring or chemically dissolving the sur-
face in an attempt to access nutrients, or concentrating important nutrients and trace
metal ions, which can be readily utilized by other microorganisms for growth
(Sterflinger 2000; Burford et al. 2003). The growth of these filamentous fungi across
mineral surfaces (Fig. 5.8) also generates microfabrics that support the growth of other
microbial species (Burford et al. 2003). Together these diagenetic processes change
the mineral matrix to form other deposits, such as calcite, goethite, halloysite, and
montmorillonite, all of which have been detected in caves (Polyak and Giiven 2000,
1996). Within surface soils, fungi play a most dominant role in breaking down
macromolecular structures, and it is likely that their dominance in caves is greatest
where particulate detritus (such as sticks and leaves) is brought in through flooding or
direct anthropogenic impact (Jurado et al. 2010; Schneider et al. 2012). The effective
ability of fungi to breakdown these recalcitrant carbon sources could subsequently
provide a pool of nutrients for the growth of other microorganisms (Barton 2015).

5.7 Toward a Better Understanding of Microbial Cave
Diversity

There has been a rapid increase in the pace of research in cave microbiology (Fig. 5.2).
While just a handful of labs in North America, Europe, and Australia published on the
topic in the 1990s, a tally of current publications reveals over 47 separate research



84 O. S. Hershey and H. A. Barton

groups, including numerous labs in Asia and the emergence of the discipline in South
America. Such increased contributions have started to impact the broader microbiolog-
ical sciences, where interest is growing in the ability of cave environments to provide
important clues into the emergence of infectious mycoses, novel antibiotics, and the
evolution of antibiotic resistance (Bhullar et al. 2012; Fisher et al. 2012; Derewacz et al.
2013, 2014).

Despite this increased interest, there remain several barriers that need to be over-
come by new researchers wanting to enter the field. These barriers include the difficulty
in accessing and carrying out research in the challenging environment of caves and the
technical limitations of working with low biomass samples. Cave access limitations can
be overcome by reaching out to local cavers and speleologists, who often have the best
information on appropriate caves for access and can even help identify microbial
habitats for research; however, working with low biomass samples remains challeng-
ing, particularly in regard to preventing contamination, DNA extraction, and low DNA
template levels (Barton et al. 2006). Such limitations can be overcome by using targeted
cultivation approaches that take into account potential bias or circumvented by access
to technologies that make it possible to work with low biomass samples (Summons
et al. 2014). Currently, advances in DNA extraction and analysis make it possible to
extract and work with nanogram to picogram- levels of DNA from geochemically
complex environmental samples, while a new Nextera protocol only requires 1 ng/puL
of template DNA to prepare Illumina libraries for metagenomic sequencing (Pel et al.
2009; Grunenwald et al. 2010; Rinke et al. 2013). Low biomass limitations may be
overcome in the future by emergent technologies, such as new NGS approaches;
PacBio (sequencing individual DNA fragments >40,000 bp in length) or Nanopore
(sequencing single DNA molecules up to millions of bases in length) sequencing could
be combined with single-cell whole-genome sequencing (SCWGS) (Branton et al.
2008; Rinke et al. 2013; Rhoads and Au 2015). While these methods have not yet
been used in caves, such technologies could revolutionize the way low biomass
environments are examined.

Over the next decade, it is likely that cave research will adopt many of the technology
trends currently advancing the field of environmental microbiology, including the use of
metabolomics (studying whole community metabolic products), metatranscriptomics
(studying changes in whole community transcription), and metaproteomics (studying
whole community protein expression patterns). Such data could help us understand the
relative contributions of heterotrophy, autotrophy, mutualism, and competition to com-
munity energetics, or the unique role geochemistry plays on microbial community
structure, with a goal of integrating the domain-level contributions of bacteria, archaea,
and fungi that make it possible for microbial communities to subsist in such nutrient-
limited habitats (Barton et al. 2007; Banks et al. 2010; Engel 2010; Lee et al. 2012;
Barton 2015). Such studies may identify the fundamental ecological principles and
adaptations that drive community dynamics and diversity and provide a more satisfying
answer as to what constitutes a cave microbiome.
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Chapter 6 )
Phototrophs in Caves s

Janez Mulec

6.1 Introduction

Cave passages that open to the surface experience some level of direct or indirect
illumination by sunlight. Natural light is available not only at the cave entrance but
also deeper inwards, and its amount depends upon entrance orientation, type of cave
(horizontal cave/shaft) and the surrounding relief around the cave entrance which
affects the pattern of light scattering and shading. Under suitable conditions, indirect
light reflected from water, ice or snow can penetrate deeper into underground
passages. In this illuminated zone, extending to the zone of complete darkness,
phototrophic organisms can utilize light as an energy source (Dobat 1998).
Vegetation commonly masks cave openings, but in some cases, its presence is
indicative of a cave, for example, where humidity from underground reaches the
surface in arid areas. With gradual light decrease, the zonation of phototrophs
reduces sequentially from phanerophytes, pteridophytes and bryophytes to algae
and cyanobacteria. Microscopic phototrophs including lichens and, especially, algae
and cyanobacteria colonize rocky and sedimentary surfaces at entrances. Colourful
vertical streaks named also ink streaks or tintenstriche (originally described as
Tintenstriche in German) are clearly visible on exposed limestone and dolomite
surfaces dominated by cyanobacteria (Luttge 1997). Their colour is intensified when
seeps become active. Cyanobacteria in particular live not only on the surface
(epilithic) but also beneath the surface (endolithic) and in crevices within stony
substrata as euendoliths (Komarek and Anagnostidis 2000). Differently coloured
patinas of biofilm on walls, ranging between greenish, bluish and brownish, span
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from the cave mouth deep into the twilight zone. Phototrophs submerged in
entrances of water cave colonize rocky surfaces as a part of periphyton. Researchers
have to improvise many times during sampling in caves. Once a proper sample is
collected, it is generally subjected to well-established laboratory methodologies
from plant and microbial ecology and lately more and more from molecular biology.

Light is a prerequisite for growth of phototrophs (Figs. 6.1a and b), but commonly
in cave entrances, there is no clear zonation of vegetation (Mulec et al. 2008). In the
Frasassi Caves (Italy), the cyanobacterium Phormidium sp. exhibited a light com-
pensation point at 13 pmol photons/m”/s and captured an average photosynthetic
photon flux density (PPFD) only between 6 and 10 pmol photons/m*/s (Giordano
et al. 2000). The quantity of energy (PPFD) available for photosynthesis is photo-
synthetically active radiation (PAR) between 400 and 700 nm. The quantity of
photons available for photosynthesis does not correspond to illuminance sensed by
the human eye, which is expressed in luminous flux (lux). In extreme habitats, the
light compensation point of bryophytes is similar to that of algae (Glime 2007).
Some algae and cyanobacteria can readily switch photoautotrophic metabolism to
override the lack or insufficient quanta of light by adopting photoheterotrophic or
entirely heterotrophic metabolic pathways (Droop 1974; Lloyd 1974; Pentecost and
Whitton 2012).

In some caves, phototrophic organisms are actively involved in lithogenesis
(Figs. 6.1a and c). These formations commonly include stromatolitic stalagmites,
stalactitic tufas (Taboro$i 2006) and biocalcification associated with the mosses
Eucladium verticillatum and Didymodon tophaceus termed eucladioliths and
didimodontoliths, respectively (Dalby 1966).

In show caves equipped with electric lighting, there are areas around lamps that
are colonized by lampenflora (Fig. 6.1d). Lampenflora also referred to as lamp flora
is a result of light eutrophication and is composed predominantly of algae,
cyanobacteria, commonly also with bryophytes and ferns (Mulec 2012). Because
the community of lampenflora is responsible for the deterioration of substrata, this
issue is particularly urgent in artificially lit historic underground sites (Asencio and
Aboal 2001; Saiz-Jimenez 2010; Zammit et al. 2011; Albertano 2012; Zucconi et al.
2012).
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Fig. 6.1 Phototrophs in caves: (a) schematic representation of natural flora in a cave entrance
(I phanerophytes, 2 bryophytes and ferns, 3 biocalcification on a moss under a seepage, 4 a
tuffaceous stalactite oriented towards incoming sunlight, 5 a stromatolitic stalagmite under a
seepage, 6 surfaces colonized predominantly by cyanobacteria) and lampenflora (7 bryophytes,
8 a speleothem predominantly colonized by algae); (b) cave entrance colonized by phototrophs,
Osojca Cave, Slovenia; (c) stromatolitic stalagmites, §kocjan Caves, Slovenia; (d) lampenflora,
preferential colonization of sediment surfaces, Postojna Cave, Slovenia
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6.2 Zonation of Phototrophic Communities

Box 6.1

The pattern of decrease in light and increase in humidity towards the cave
interior, accompanied by zonation of vegetation (Fig. 6.1b), gives four distinct
regions of the phototrophs distribution (Dobat 1970, 1998). The outermost
region, the “access zone”, can be rather shady but is always well illuminated,
and some soil is present; phanerophytes predominate over pteridophytes and
bryophytes. The “entrance zone™ has less soil, receives indirect sunlight and is
distinguished by a more hygrophilous and ombrophilous vegetation, which
still includes phanerophytes, ferns and bryophytes. Etiolated growth of plants
is also activated and is expressed as bigger or sparser leaves, weak stems,
elongated internodes or even chlorosis (Dalby 1966; Burgess 1985; Dobat
1998; Whippo and Hangarter 2006). Cytological changes, such as alteration of
chloroplasts, grana and thylakoids, were observed in mosses cultivated in
complete darkness inside a cave (Rajczy 1978-1979). In the “transition
zone”, which receives weak, indirect light, there are phanerophytes, but fairly
abundant communities of ferns and bryophytes also occur. Non-colonized
patches between these organisms clearly show a greenish patina of algae and
cyanobacteria. Finally, the “deep twilight zone” ends with the absence of
surface colonization of algae and/or cyanobacteria. As the distance down the
light gradient increases, there is a corresponding decrease in cyanobacterial
diversity. There are also reports of a lowering of the proportion of coccoid
vs. filamentous cyanobacteria in the deep zone in some caves (Vinogradova
et al. 1998), whereas in some other caves, there are reports of predominance of
Oscillatoriales over Chroococcales (Lamprinou et al. 2012a).

There are also changes in the phototrophic community related to eukaryotic algae.
For example, towards the inner part of Sefunim Cave in Israel, the diversity of
diatoms was greater than that of Chlorophyta, and Xanthophyta gradually
disappeared from the community (Vinogradova et al. 2009). Additionally, an ideal
clear zonation related to species diversity and their abundance in cave entrances is
not always expressed for bryophytes (Pentecost and Zhaohui 2001), nor for algae
and cyanobacteria (Mulec et al. 2008; Lamprinou et al. 2012a). In show caves,
lampenflora can colonize wide surfaces, up to or locally exceeding a few square
metres around an individual lamp. Distinct light-related zonation of different groups
of phototrophs is not common among lampenflora (Mulec et al. 2008).

Light and climatic conditions differ between horizontal caves and shaft systems.
Stronger climatic gradients are generally better expressed in shafts, with a more
clearly delimited zonation of vegetation (Rossell6 and Ginés 1980; Fiol 1995) giving
favourable conditions for some uncommon bryophytes (Pericas et al. 2009). This is
particularly important in hot places such as the Mediterranean region, where the
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summer is extremely dry and the shaft microclimate offers a refuge to species such as
Asplenium scolopendrium which is most common in shaded places, moist soil and
damp crevices (Ginés and Ginés 1992). Interestingly, in this respect, approximately
25% of the Balearic (Spain) bryoflora is reported from karst caves and shafts
(Rossell6 and Pericas 2011). Furthermore, because of microclimatic peculiarities
and passage morphology at cave entrances, such as in the Skocjan Caves (Slovenia),
glacial floral relicts (e.g. Primula auricula, Saxifraga incrustata, Viola biflora) and
thermophilic taxa (e.g. Adiantum capillus-veneris, Asparagus acutifolius) can be
found at the same location (Martinci¢ 1973). It seems that some cave entrances in
SW China act as a refuge for diverse angiosperms (flowering plants) due to defor-
estation of the surrounding areas in the past, which caused drastic changes in the
microclimate and landscape (Monro et al. 2018).

6.3 Ecology and Relevance of Cave-Associated
Phototrophs

Phototrophs fix carbon dioxide into biomass (Berg 2011) which becomes available
higher in the food web (Briand and Cohen 1987). In situ fixed biomass in cave
entrances and the eventual fate of its organic carbon in a cave ecosystem have not yet
been evaluated, though probably its significance is not negligible. Prokaryotes, as
well as (micro)eukaryotes, enter into interactions with phototrophs in these habitats,
where there is the potential to discover new organisms, such as the amoebae
Allovahlkampfia spelaea, first described from an illuminated stromatolitic stalagmite
(Walochnik and Mulec 2009). Independent of photosynthetic reactions, there are
also cave ecosystems based upon in situ microbial chemolithoautotrophy (Sarbu
et al. 1996; Porter et al. 2009; Por et al. 2013).

6.3.1 Diversity

At least 278 unique cyanobacteria species have been documented from caves in the
temperate zone (Hauer et al. 2015). Various authors have pointed out the relative
dominance of cyanobacteria in the community of cave entrances (e.g. Golubi¢ 1967;
Vinogradova et al. 1995; Asencio and Aboal 2000; Selvi and Altuner 2007; Uzunov
et al. 2007; Mulec et al. 2008; Czerwik-Marcinkowska and Mroziniska 2011; Mazina
and Maximov 2011; Lamprinou et al. 2012a; Popovi¢ et al. 2015). The most
commonly documented cyanobacteria were from the genera: Aphanocapsa,
Aphanothece, Chroococcus, Gloeocapsa (Fig. 6.2), Lyngbya, Phormidium and
Scytonema. The evidence suggests that caves may be diversity hotspots for some
cyanobacteria, especially Hapalosiphonaceae and Symphyonemataceae, and some
species representatives are believed to be obligatorily cavernicoles. This could be
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Fig. 6.2 Gloeocapsa sp., a i3 - 1
common cyanobacterium in R ——
cave entrances

attributed to the fact that in comparison to subaerial habitats, where cyanobacteria
are not exposed to high UV irradiation, desiccation and major temperature oscilla-
tions, the only stressor in cave entrances is low PPFD (Hauer et al. 2015). Addi-
tionally, in cave, micro-niches with higher PPFD values, large filaments of algae and
cyanobacteria can physically protect any underlying small phototrophs (Golubi¢
1967).

Mosses, liverworts and ferns in cave entrances are common species that also
occur in adjacent areas (Buckallew 2003; Moseley et al. 2013). Flowering plants are
restricted to the outermost parts of cave entrances (Dobat 1998). Several bryophytes
are commonly found in cave entrances, for example: Anomodon viviculosus,
Conocephalum  conicum, Ctenidium molluscum, Encalypta streptocarpa,
Homalothecium sericeum, Plagiochila asplenioides and Porella platyphylla. Taxa
such as Fissidens cristatus, F. minutulus, Leiocolea muelleri, Mnium stellare,
Pedinophyllum interruptum and Thamnobryum alopecurum have a larger ecological
tolerance for the dim light conditions in caves. The most commonly reported
representative of pteridophytes in cave entrances is Asplenium trichomanes (Dobat
1998). Some caves provide a habitat for endangered and protected species, for
example, the fern Polystichum aculeatum in Nagi Vizes Cave, Hungary (Buczko
and Rajczy 1989). Fern prothalli and moss protonema are commonly encountered
deeper inside cave entrances (Rajczy et al. 1986).

In lampenflora, the percentage of cyanobacteria is generally smaller, commonly
with essentially equal proportions of cyanobacteria, Chlorophyta and Chrysophyta.
Chrysophyta are represented mostly by diatoms (Mulec 2015). A typical represen-
tative of lampenflora is an ubiquitous, fast-reproducing aerophyte terrestrial alga
(Chlorophyta or Chrysophyta) or cyanobacterium that is adapted to low PPFD
values (Mulec 2015). In lampenflora, mosses Fissidens taxifolius and Amblystegium
serpens are frequently identified (Glime 2007) among other moss protonema and
fern prothalli.
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Cave habitats are sources of species new to science; some recent examples are the
cyanobacteria, Iphinoe spelaeobios and Loriellopsis cavernicola (Lamprinou et al.
2011), Toxopsis calypsus (Lamprinou et al. 2012b) and Culatella subterranea
(Zammit et al. 2012) and the diatoms: Cholnokyella aerophila (Taylor and Lange-
Bertalot 2013), Nupela troglophila (Falasco et al. 2015), Mayamaea cavernicola and
Sellaphora barae (Van De Vijver and Cox 2013). Algal diversity in submerged
marine caves is, as yet, understudied (Gerovasileiou et al. 2015); also there is only
limited information about psychrophilic algal diversity in ice caves (Kol 1964;
Hillebrand-Voiculescu et al. 2014), fumaroles and lava tubes (Goff et al. 1979;
Van De Vijver and Cox 2013). Molecular methods provide opportunities to extend
understanding of the total diversity of subaerial and underground communities
(Pentecost and Whitton 2012).

6.3.2 Environmental Conditions and Estimates
Jor Colonization

Box 6.2

There are many environmental parameters crucial for the development of
aerophytic communities in cave entrances: light, type of substrata
(e.g. limestone, lava, ice, soil, sediment) and their characteristics
(e.g. porosity, inclination), water and nutrient availability, concentration of
carbon dioxide and biological factors such as the availability of inoculum
(cells, spores and thalli), ecological interactions and organic debris including
excrements (Mulec 2015). For colonization by higher plants, other important
considerations are the cave entrance morphology (e.g. horizontal cave or shaft)
and its geographic position (altitude and orientation), the characteristics of the
surrounding area (such as whether it is open, shrub-covered or forested) and
the past and ongoing activities of humans and animals (Fiol 1995).

The inoculum of phototrophs from adjacent areas reaches cave entrances either with
air currents, normal water flow, floods of sinking rivers and seeps through crevices in
the rock mass or by the intervention of animals and humans (Mulec 2015). Typical
planktonic species are sometimes found in cave phototrophic communities, for
example, a nonmotile coenobial green alga Pediastrum boryanum was identified
as a part of lampenflora and in a community from the cave entrance. Their presence
indicates not only the efficient transport but also the existence of a suitable niche in
water droplets in aerophytic habitats (Mulec et al. 2008). Alongside light levels and
the depth of the cave entrance, hydrodynamics is the most important factor in the
establishment of phytobenthos within submerged caves (Alongi et al. 2012). In
Vlychada Cave, Greece, the distribution of cyanobacteria in a water gallery was
influenced predominantly by concentration of carbon dioxide, in a dry part of the
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cave by relative humidity and PPFD, and at the cave entrance by temperature
(Lamprinou et al. 2014). In Arubota’im Cave, Israel, low light, water deficit and
peculiarities of the halite bedrock were responsible for extremely low cyanobacterial
diversity (Vinogradova et al. 2011). In the Alpine show Cave Bossea, in Italy, the
presence of seeping water and the distance from the cave entrance had significant
impacts on the growth of lampenflora, but tourist presence did not (Piano et al.
2015).

Concentration of photosynthetic pigments per unit of surface is a measure of
colonization and organic biomass of phototrophic biofilms. In the illuminated cave
entrance of BoZana Cave, Serbia, the concentration of chlorophyll a was up to
7.07 pg/em® (Popovié et al. 2015), whereas in Skocjan Cave, Slovenia, the maxi-
mum concentration was 1.71 pg/cm?. Using a pulse amplitude modulated fluorim-
eter on lampenflora in Cave Bossea, the chlorophyll a concentration for
cyanobacteria was up to 5.90 pg/cm?, 6.14 pg/cm?® for diatoms and 4.32 pg/cm’
for green algae (Piano et al. 2015). These are higher values compared to the
maximum concentration of total lampenflora chlorophyll a (2.45 pg/cm?) in Pekel
pri Zalogu Cave, Slovenia, where pigment extraction procedures were used (Mulec
et al. 2008). Furthermore, in Cave Bossea, illuminance (lux) was the major factor
that correlated positively with the presence and productivity of these main groups of
phototrophs (Piano et al. 2015).

6.3.3 Adaptations of Phototrophs for Light-Deprived Cave
Environments

Cyanobacteria can live in caves at minuscule PPFD values, ranging as low as
0.0008-0.06 pmol photons/m*/s (Martinez and Asencio 2010). Changes of the
ultrastructure of photosynthetic membrane systems (generally they become densely
packed) in light-deprived cave environments have been documented for several
genera and organisms: Chlorella (Cox 1977), Chroococcus (Cox 1977), Gloeocapsa
(Cox et al. 1981), Geitleria calcarea (Couté 1982), Chroococcidiopsis,
Cyanosarcina, Leptolyngbya, Phormidium and Pseudocapsa (Asencio and Aboal
2004). The authors suggested that the loss of a raphe system in Diprora can also be
attributed to the cave environment (Kociolek et al. 2013).

Box 6.3

Physiological changes, such as increased biosynthesis of photosynthetic pig-
ments (Mulec et al. 2008) and chromatic adaptation, for example, in
Phormidium valderianum (Pentecost and Whitton 2012), were recognized
among the isolates from some caves. Algae and cyanobacteria in caves can
change their cell morphology, and this makes microscopic identification

(continued)
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Box 6.3 (continued)

problematical; thus, the use of cultures is essential. Various morphological
modifications have been observed, for example, among the cyanobacteria:
sheath pigments, cell walls and envelopes and formation of resting or dormant
cells (Komérek and Anagnostidis 2000; Komarek and Anagnostidis 2005;
Komarek 2013).

One of the well-known cytological adaptations of bryophytes to low levels of
light is the example of the moss Schistostega pennata. It commonly grows in cave
entrances in the northern temperate zone and, due to its characteristic light reflection,
it is known as “dragon’s gold”. The lens-shaped cells of the moss protonema are
curved to focus the light, and chloroplasts orient themselves so that they are always
located at the most intensely illuminated point at the inner wall of the cell (Glime
2007). In the southern hemisphere, the moss Mittenia plumula exhibits similar
protonema characteristics (Dobat 1998).

6.3.4 Lampenflora: A Problem for Show Caves

The term lampenflora is applied to the phenomenon of the proliferation of mainly
phototrophic organisms in newly formed ecological niches close to artificial lights in
caves (Fig. 6.1d). Vascular plants are rarely present at these locations, but if they do
occur, they are normally found as germinating shoots (Mulec 2012). Additionally,
mass tourism and artificially induced air circulation can enhance the expansion of
lampenflora (Mulec 2015). Surfaces with lampenflora are likely to develop more
quickly in show caves with an active underground stream. For example, two show
caves in Slovenia with comparable visitor numbers and lighting regimes (annual
illumination of >60 h/sector and average PPFD of 28.0 pmol photons/m*/s in
Kostanjeviska Cave and > 80 h/sector and average PPFD of 30.3 pmol photons/m
%/s in Zupanova Cave) differ in terms of their lampenflora colonization. In Zupanova
Cave, 58.2% of lamps are colonized by algae and 7.7% by bryophytes, whereas in
KostanjeviSka Cave, with an active underground river causing occasional floods,
85.5% of lamps are colonized by algae and 43.6% by bryophytes. Bryophytes, as
well as algae and cyanobacteria, can proliferate at low PPFD values. For example,
Eucladium verticillatum was identified at PPFD ranging from 1.4 to 530.0 pmol
photons/mz/s (Mulec and Kubesova 2010).

The effects of lampenflora may differ between cave ecosystems. Surfaces covered
by phototrophic lampenflora that are a source of organic carbon can become the
physical and nutritional base for niche ecosystems populated by higher trophic levels
of heterotrophs. Abundant lampenflora biomass might impact the ecology of fauna
and their interactions. The potentially irreversible deterioration effect of lampenflora
biofilm on underlying substrata is especially serious in caves with painted rock art



100 J. Mulec

(Albertano and Urzi 1999; Saiz-Jimenez 2010; Albertano 2012; del Rosal et al.
2014).

Different physical methods have been employed in attempts to control
lampenflora: cleaning of colonized surfaces with brushes and water jets, shortening
the lighting period, reducing the light intensity, partially altering the emission spectra
of lamps and the use of UV lamps (Mulec and Kosi 2009). UVC-emitting lamps have
a proven deleterious effect on a mixture of Chlorophyta from lampenflora (Borderie
et al. 2011). UVC irradiation causes thymine-thymine dimers leading to mutations
(Sinha and Hider 2002) and thus also has a deleterious effect upon other cave biota in
a range of irradiation. Various chemicals have been applied in attempts to kill
lampenflora, for example: Atrazine (6-Chloro-N-ethyl-N'-(1methylethyl)-1,3,5-tri-
azine-2,4-diamine), bromine compounds, calcium hypochlorite, cupric ammoniac
compounds, Diuron (N-3, 4-dichlorophenyl-N’-dimethyl urea), formalin, hydrogen
peroxide, quaternary ammonium derivatives, Simazine (6-Chloro-N,N’-diethyl-
1,3,5-triazine-2,4-diamine) and sodium hypochlorite (Mulec and Kosi 2009; Bastian
et al. 2010). Sodium hypochlorite and hydrogen peroxide are nowadays the most
widely used chemicals (Hebelka 2014). At the moment, a buffered (pH 7.0-7.5)
solution of hydrogen peroxide (15-20%) seems to be the most environmentally
friendly method for the remediation of insensitive calcite surfaces affected by
lampenflora (Mulec 2014).

Some progress towards the long-term preservation of delicate, historically impor-
tant, surfaces that are artificially lit might be achieved by installation of a tuneable
LED lighting system. This would have the capability to modulate the spectral
distribution to minimize damage (such as colour fading) by the effective irradiance,
would partially inhibit biodeterioration and would improve the apparent colour
reproduction of the illuminated objects (de Luna et al. 2015). The use of lamps
with altered emission spectra is only partially successful in inhibiting biodeteriora-
tion because some phototrophs can readily and rapidly modify synthesis of (acces-
sory) photosynthetic pigments (Roldén et al. 2006; Mulec 2014). Alongside regular
removal of lampenflora, in order to reduce lampenflora growth and expansion, the
lighting regime should also be restricted; illumination of speleothems and artefacts
should be as brief as possible, with the minimum PPFD (Mulec 2014).

6.4 Phototrophs Impact Cave (Micro)Morphology

Biota participates actively in changes to the cave environment as a
biogeomorphological factor that involves litholysis (rock weathering, erosion) and
lithogenesis (mineral formation). Light availability undoubtedly enhances biologi-
cally mediated erosion in marine caves via the formation of notches (Coombes et al.
2015). Biodeterioration of colonized illuminated surfaces in caves with rock-art
paintings is an especially urgent problem (Urzi et al. 2010). Mineral deposits such
as gypsum, halite and calcite related to biochemical activities contribute to biodete-
rioration of artworks in underground archaeological sites (Zammit et al. 2011). In
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some caves, especially those close to the surface, plant roots can penetrate deep and
impact upon cave formations. On the other hand, lithogenesis attributed to
phototrophs in caves results in the development of some particularly obvious and
peculiar formations (e.g. Fig. 6.1c).

Few biologically influenced speleothems are known in caves (Taborosi 2006),
some of them particularly related to phototrophs, calcified plants
(e.g. eucladioliths—Eucladium verticillatum, didimodontoliths—Didymodon
tophaceus), generally irregularly shaped stalactitic tufas (in literature also termed
tuffaceous stalactites or calcareous tufa stalactites) and stromatolitic stalagmites
(Fig. 6.1c), referred also as crayback stalagmites (Dalby 1966; Cox et al. 1989a).
Calcite deposited on E. verticillatum as eucladioliths appears first on leaves, as
isolated crystals, then increases gradually and coalesces until the whole plant is
embedded in calcareous sheaths (Dalby 1966). All such biogenic structures are
oriented towards the incoming sunlight. The term microbialite was applied to a
formation containing the cyanobacterium Phormidium laysanense and hanging from
a cave ceiling on Tikehau atoll, French Polynesia (Sprachta et al. 2001). These
biolithogenic structures are normally soft, fragile and commonly porous. Until they
are not completely lithified, they can physically protect organisms against desicca-
tion and excessive light quanta (Mulec et al. 2007). Only a few cyanobacteria that
actively precipitate carbonates are documented in caves, for example, Geitleria
calcarea (Couté 1989), Scytonema julianum (Couté and Bury 1988), Loriella
osteophila (Hernandez-Mariné et al. 1999) and Herpyzonema pulverulentum
(Hernandez-Mariné and Canals 1994).

Laminae of stromatolitic stalagmites resemble those of stromatolites formed in
shallow lakes and seas, but they differ in their mode of formation. The proposed
model based on observations at Wombeyan and Jenolan caves (New South Wales,
Australia) includes an active seep within the illuminated zone at the cave entrance.
Wind helps to shape the size of the formation, but most importantly, fixation of
carbon dioxide by cyanobacterial biofilm results in an increase of pH during
photosynthesis and consequently in biocalcification. During drier periods, grains
of aeolian sediment are lithified together by microbial exopolysaccharides on sta-
lagmites, creating typically laminar strata. Low molecular weight fatty acids, amino
acids and n-alkanes derived from cyanobacteria were identified within the structures
(Cox et al. 1989b; James et al. 1994). Recent observations revealed a variety of
crayback morphologies that reflect different local conditions, e.g. wind velocity, drip
level, and activity of phototrophs (Dodge-Wan et al. 2012). Formation of unique
phosphatic stromatolites of hydroxyapatite (Deer Cave, Sarawak, Malaysia) requires
photosynthetic activity of cyanobacteria and a low pH (2.4) of guano drainage water
that dissolves bedrock (Lundberg and McFarlane 2011). It has been suggested that
microbiota also has an important role in the formation of silica stromatolites in a
volcanic cave in the Azores, Portugal (Brunet and Revuelta 2014). Nevertheless, in
some caves, there are also old and inactive stromatolites from past geological
periods, which can be used to aid reconstruction of environmental conditions during
their development (Lisker et al. 2009).
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The importance of phototrophs as a potential food source for the cave fauna is
part of Chap. 14.

6.5 Conclusions

Biodiversity and the genetic pool within naturally illuminated parts of caves are still
understudied, especially in lava tubes, ice caves, submerged caves and cenotes,
i.e. open water pools of groundwater. Particularly, for certain higher plants, cave
entrances represent life at an extreme as well as refuge against extinction. Exactly
what, and how much, phototrophs do for the cave ecosystem in conjunction with
other biota remain open questions. There is considerable potential for biotechnolog-
ical applications among cave phototrophs, for example, some cyanobacteria from
caves have displayed antibacterial activity against some human pathogens
(Lamprinou et al. 2015). Phototrophs play an active role in weathering processes
that are especially undesirable in show caves and caves with rock-art paintings.
Regular removal of lampenflora in such places is recommended for bioremediation
of insensitive surfaces. The lighting regime in underground places should be
severely restricted. In addition, in some caves, phototrophs can be the main driver
in the formation of specialized types of speleothems.
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Chapter 7 ®)
Diversity of Terrestrial Invertebrates s
in Subterranean Habitats

Louis Deharveng and Anne Bedos

7.1 Introduction

The most comprehensive contribution to the knowledge of world subterranean
biodiversity is the monumental Encyclopaedia Biospeologica in three volumes
coordinated by Juberthie and Decu (1994, 1998, 2001). Since then, a very large
number of subterranean taxa have been described, while the understanding of
diversification processes has considerably progressed (see also Chap. 1). The diver-
sity of terrestrial subterranean fauna has been summarized more recently in dedi-
cated chapters of several books, generally limited to large taxa or large regions
(Culver and Pipan 2009, 2014; Romero 2009; White and Culver 2012). In this
chapter, we shall give a broader overview at the world scale of the patterns of
morphological diversity among terrestrial subterranean invertebrates of the world,
in their taxonomic and adaptive aspects.

Subterranean habitats encompass all kinds of voids in mesoporous below-ground
substrate, including caves, cracks, MSS, upper hypogean voids, and various kinds of
screes (see Chap. 3). Interstitial habitats, where voids are less than a few mm in their
larger size, are traditionally dealt with soil habitats and will not be considered here
(Deharveng and Bedos 2012; Culver and Pipan 2014).

Cave invertebrates are classically categorized as troglobites, troglophiles, and
trogloxenes (but see below for definitions). We shall focus here on troglobites.
Troglophiles will be touched on for species of uncertain ecological status, or when
they belong to lineages where both lifestyles are represented. Amphibious species
and free stages of parasites when only known from caves will be considered as well.
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Table 7.1 World troglobitic Hexapoda by order. Source of the total number of species; Zhang:
values extracted from Zhang (2011) (ed.); text: values extracted from various sources, see text; total:
total number of species in the world. Tb: number of troglobites in the world, see text; Orthoptera:

rough estimate including troglophiles

Group Source Total Tb %
Grylloblattodea Text 32 7 21.8750
Diplura Text 984 131 13.3130
Zygentoma Text 568 45 7.9225
Collembola Text 8128 500 6.1516
Orthoptera Text 27,267 250 0.9169
Coleoptera Zhang 386,500 2500 0.6468
Blattodea Zhang 7314 40 0.5469
Psocoptera Text 10,880 30 0.2757
Dermaptera Zhang 1978 2 0.1011
Hemiptera Zhang 103,590 85 0.0821
Diptera Zhang 155,477 22 0.0142
Lepidoptera Zhang 157,338 2 0.0013
Hymenoptera Zhang 116,881 1 0.0009
Zoraptera Zhang 37 0 0
Rhaphidioptera Zhang 254 0 0
Embioptera Zhang 463 0 0
Megaloptera Zhang 354 0 0
Mecoptera Zhang 757 0 0
Protura Zhang 804 0 0
Strepsiptera Zhang 609 0 0
Ephemeroptera Zhang 3240 0 0
Mantodea Zhang 2400 0 0
Microcoryphia Zhang 513 0 0
Neuroptera Zhang 5868 0 0
Odonata Zhang 5899 0 0
Phasmatodea Zhang 3014 0 0
Phthiraptera Zhang 5102 0 0
Plecoptera Zhang 3743 0 0
Siphonaptera Zhang 2075 0 0
Thysanoptera Zhang 5864 0 0
Trichoptera Zhang 14,391 0 0

7.1.1 Statistics, Patterns, Sampling

Globally, terrestrial subterranean diversity represents only a small fraction of surface
diversity (Gibert and Deharveng 2002). Except rare root-feeders, animals linked to
green plants, which constitute the largest part of biodiversity on earth, are absent
underground. Other invertebrate groups have colonized the subterranean environ-
ment with unequal success (Table 7.1), for reasons that remain largely unknown.
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Fig. 7.1 Cumulated number of taxa along years. (a) Genera of Chinese troglobitic Trechinae (data
from Tian et al. 2016); (b) species of Pyrenean cave Trechinae (data from Faille et al. 2010b); (c)
species of French Pyrenean cave Collembola (data from Thibaud 2017); (d) species of Southeast
Asian cave Diplopoda, genus Glyphiulus. (Data from Golovatch et al. 2007a, b, 2011a, b, 2012;
Likhitrakarn et al. 2017)

Sampling efforts continue to be considerably uneven, and the underlying diversity
patterns generated by biogeographical history are emerging only slowly
(Christiansen 2012). Hard data on cave species number are scattered in the literature,
uneven and incomplete, and the statistics given here are indicative.

It is clear that several zoological groups or regions of Japan, the USA, or Europe,
thoroughly investigated for more than a century, are progressively running dry of
discoveries for many groups. For instance, of the 47 species and subspecies of the
large beetle genus Anophthalmus that occur in the Dinarides, only three have been
described after 2000, against 9 from 1910 to 1920; of the 36 current species and
subspecies of the mostly Romanian beetle genus Drimeotus, none has been
described after 2000, against 11 between 1910 and 1920 (Hlavac et al. 2017).
Some taxa escape however from this trend, even in the best documented hotspots
like the beetle genus Typhloreicheia: 35 of its 50 Sardinian species, some of them
cave restricted, have been described after 2000 (Magrini et al. 2013). Nevertheless,
globally, the contribution of such regions to global cave biodiversity is decreasing
while that of newly surveyed areas is growing rapidly (Fig. 7.1).
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The fast pace of hypogean species discoveries that Australia has experienced for
several years is for instance not likely to slow down with the total number of
subterranean invertebrate species estimated to be 10 times their current number
(Guzik et al. 2011). In Russia, the number of described troglobites doubled since
2001 (Turbanov et al. 2016), with an emerging hotspot in Caucasus. A similar
progress occurred in parts of the Iberian Peninsula (Reboleira et al. 2011; Sendra
et al. 2011). It is nevertheless in the tropics and subtropics that the progress for now
two decades has been the fastest, particularly in China, Southeast Asia, and Brazil
(Fig. 7.1). Recent discoveries have reinforced the demise of the paradigm of a very
low diversity of terrestrial non-guanobitic fauna in these regions, first questioned by
Howarth (1972) based on the fauna of Hawaiian lava tubes: troglobites, some clearly
troglomorphic, have been discovered in Cuba (Silva Taboada 1974), Jamaica (Peck
1975), New Guinea and Borneo (Chapman 1976, 1980), Central America (Reddell
1981), Sulawesi and Thailand (Deharveng and Leclerc 1986), and many other
regions. The lower richness of South America underlined by Deharveng and
Bedos (2012) does not hold anymore with the discovery of a rich troglobitic fauna
in Brazil (Souza-Silva and Ferreira 2016; Trajano et al. 2016). The knowledge of
southern China and Southeast Asia cave diversity has experienced a similar growth
(Deharveng et al. 2009b; Golovatch 2015; Tian et al. 2016). Both Brazil and China
have now emerged as world-class diversity hotspots for subterranean fauna, at the
level of the traditional hotspots of temperate regions (Culver et al. 2006).

In spite of these advances, large blanks subsist on the map. Particularly puzzling
is the paucity of Africa in non-guanobitic troglobites, probably a result of insufficient
sampling and rarity of favorable habitats. A second gap concerns high altitude
tropical caves, where limited available information suggests a high richness in
troglomorphic species (Chapman 1976 and Smith 1980 for New Guinea; Reddell
1981 for Guatemala and Mexico).

7.1.2 Original Features of Terrestrial Subterranean Diversity

Aside from the low and uneven species richness evoked above, terrestrial subterra-
nean biodiversity departs considerably from that of other ecosystems by a higher
proportion of narrow endemics, a higher contribution of radiations to diversity, a
much higher frequency of relictual taxa, and a very original taxonomic composition.

The high representation of short-range endemics in subterranean compared to
surface habitats and the much smaller size, on average, of their distribution range are
documented in many publications (Gibert and Deharveng 2002; Harvey 2002).

A number of speciose lineages contribute substantially to terrestrial subterranean
diversity, as illustrated later on for various groups, like Aphaenops beetles in
Pyrenean or Telema spiders in Southern China (see also Fig. 7.2).

The high contribution of relicts to overall diversity is one of the most exciting
features of cave fauna. With major climate changes having generated species
extinction much more rapidly in surface than in subterranean habitats, many
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Fig. 7.2 Contribution of the dominant genus to the total richness in troglobites of different
suprageneric taxa and regions. (a) Coleoptera of the USA (248 species, Pseudanophthalmus the
richest with 157 species); (b) Araneae of the USA (86 species, Cicurina the richest with 47 species);
(c) Trechini of China (104 species, Dongodytes the richest with 12 species); (d) Leptodirini of the
world (935 species, Bathysciola the richest with 95 species); richest genus in light grey, pooled
richness of other genera in dark grey. a and b from Culver et al. (2000), ¢ from Tian et al. (2016) and
d from Perreau (2000, and personal communication)

subterranean species are today geographically disconnected from their closest rela-
tives and considered as relicts (Peck 1990; Humphreys 2000).

Four kinds of relicts can be recognized in terrestrial cave fauna: (1) cold climate
relicts, generated by the glacial reflux after Pleistocene glaciations, are surprisingly
rare; (2) tropical climate relicts, witnesses of warmer or more humid climates, are
frequent. The cave fauna of Cape Range in Western Australia, under arid climate
today, is for instance clearly related to the fauna of rainforest of Eastern Australia,
3500 km apart (Humphreys 1993); (3) most often, disjunct distributions cannot be
explained in climatic terms, and such patterns are much more common in caves than
in any other habitat. Many remarkable examples are listed later in the text for each
taxon, like the spider Telema tenella (Wang et al. 2012) from Catalonia, or the beetle
Dalyat mirabilis (Ribera et al. 2005) from Spain; (4) phyletic relicts, i.e., taxa without
“close” relatives at world level (Humphreys 2000), are also numerous in caves, like
the monospecific and micro-endemic millipede genera Niphatrogleuma (Switzer-
land) and Marboreuma (Pyrenees).
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7.1.3 Taxonomic Composition

The prime characteristic of subterranean diversity is to be severely truncated, in the
absence of green plants, which constitute the largest component of surface terrestrial
diversity on earth (Gibert and Deharveng 2002). Second, invertebrate groups that
colonized underground habitats do not contribute to cave diversity in proportion to
their diversity in surface habitats, as clearly illustrated for Hexapoda in Table 7.1:
troglobites are in particular absent or rare in all large groups of insects except
Coleoptera. Non-insects Arthropods (arachnids, millipedes, terrestrial isopods, and
springtails) often linked to soil have a higher proportion of cave-related species.
However, several groups such as mites, Symphyla, Pauropoda, Protura, many
Collembolan families, a large diversity of Coleoptera, though largely dominating
in deep soil communities at the interface with subterranean environments, have
almost no troglobitic representatives. The interface between subterranean and soil
habitats is perhaps a severe filter rather than a major evolutionary pathway for cave
colonization.

7.1.4 Temperate Versus Tropical Diversity

Terrestrial diversity is significantly higher in tropics than that in temperate regions.
This is not the case for cave diversity (Deharveng and Bedos 2012), though recent
discoveries and the integration of guanobites in statistics may shake this view.
Tropical and temperate terrestrial subterranean diversity differs as follows
(Deharveng and Bedos 2000):

A—among troglobites and troglophiles not related to guano: (1) higher diversity of
arachnids except mites; (2) lower diversity of springtails; (3) lower diversity and
lower levels of troglomorphy in beetles; and (4) higher diversity of several other
cave groups, like crickets, cockroaches, millipedes, and woodlice.

B—among guanobites and guanophiles: (5) much higher richness at all taxonomic
levels.

Trajano and Bichuette (2010) retrieved several of these features in Brazil, but
rightly stressed that (points 1 and 4 above) are for a part correlated to the character-
istics of local epigean faunas as source of colonizers rather than to that of subterranean
ecological factors per se. In subtropical regions, as well as at high altitude in the
tropics, diversity patterns exhibit a mix of tropical and temperate subterranean
elements, such as local diversification of troglobitic beetles and lower diversity of
higher Arachnid taxa and guano species.
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7.1.5 Lifestyles and Life Forms

Lifestyles Clearly delimited ecological categories are useful for describing and
understanding the diversity, origin, and dynamics of cave communities. Subterranean
animals are most often classified according to the strength of their link to subterranean
environment, under the classical terms of troglobites, troglophiles, and trogloxenes.
We understand here ecological categories as defined below, as a trade-off between
practicality, scientific relevance, etymological coherence, and commonness of use.
The terminology used by Trajano and Carvalho (2017) is given in brackets when
relevant: (1) troglobite: a species only reported from cave and (2) troglophile: a
species reported from inside and outside caves. The subdivision of troglophiles into
eu- and subtroglophiles proposed by Pavan (1944) and endorsed by Sket (2008) is
retained when possible, as meaningful information: eutroglophile: a species with
permanent populations inside and outside caves (=troglophile); subtroglophile: a
species linked to cave for part of its life cycle (seasonal or circadian) (=trogloxene);
(3) trogloxene: a species not linked to caves, whatever its morphology (=accidental).

Some species, of major importance in the tropics, seem to be more dependent on the
presence of guano than on cave habitat itself. Following the rationale of “affinity to
the environment,” Decu (1986) and Gnaspini and Trajano (2000) consider that
species should be characterized along two separate gradients, i.e., their dependence
on cave habitat and their dependence on guano habitat, in order to meaningfully
characterize species ecology. For instance, “guanobites” may be “troglophilic” or
“troglobitic.” Applied to invertebrate fauna, this might greatly change the current
statistics on terrestrial subterranean diversity. For Orthoptera, Desutter-Grandcolas
(1998) uses an even more elaborated system (see below).

Assignation of a species to an ecological category faces in many cases with lack
of biological information (Giachino et al. 2011; Trajano and Carvalho 2017). The
use of morphological traits as indication of troglobitic lifestyle is discussed below.

Life Forms, Facies, Troglomorphy Life forms are combinations of morphological
traits that are only or most frequently encountered in species of unrelated groups
living in similar environments. They are assumed to result from convergent evolu-
tion, acquired under a same set of selective pressures (Trontelj et al. 2012). Their
description and interpretation in terms of convergence and divergence, as well as of
regressive and progressive evolution, is a major focus of current investigation in
subterranean biology (Culver and Pipan 2015, see also Chap. 4).

The concept of facies or “life form” (morphotypes of Golovatch and Kime 2009)
is actually widely used in ecology. Gisin (1943) characterized different life forms in
Collembola that were characteristic of various habitat types. A similar system has
been devised for Diplopoda (Golovatch and Kime 2009). This categorization was
greatly improved by Christiansen (1964), who redefined the terminology on a purely
morphological basis and introduced the term troglomorphic. Life forms and life-
styles are considered separately in this conception, allowing a double characteriza-
tion, ecological and morphological, of a species.
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Based on the screening of all cave terrestrial groups of invertebrates, we propose
here a system of life forms characterized as follows (Table 7.2): (1) hypogeomorphic:
regressed eyes, pigment, and wings, without significant modification of body size,
appendage length and claw thickness compared to surface relatives;
(2) troglomorphic: regressed eyes, pigment, and wings + larger size, more slender
body, longer appendages, thinner claws; (3) euedaphomorphic: regressed eyes,
pigment, and wings + smaller size, more compact body, shorter appendages, thicker
claw (Coiffait 1958); (4) epigeomorphic: no regressive evolution, no particular
modification of body size and appendage length.

Troglomorphy as defined above applies more easily to arthropods than to other
invertebrates. Troglomorphic and euedaphomorphic life forms are well recognizable
in these groups, being at the opposite ends of gradients of appendage and body size
(Pipan and Culver 2017). All intermediates exist nevertheless with hypogeomorphic
life forms.

Life forms can be used as proxy for assigning species to ecological or functional
categories, as far as they have been sufficiently documented in the group. However,
such ecological assignation on purely morphological grounds can be misleading as
mismatch between life forms and habitat is not exceptional. Culver and Pipan (2009,
2015) point out that the springtail Acherontides eleonorae is troglomorphic by its
claw elongation but ecologically a guanobite and, based on such mismatch,
questioned the use of the term troglomorphy. In fact, guanobites with more or less
reduced eyes and pigment compared to their epigean relatives are not exceptional in
Diplopoda and Collembola (see later). Nevertheless, the concept of troglomorphy
remains statistically robust across a large array of taxa and remains an integrative and
descriptive tool to approach evolutionary issues related to convergence and diver-
gence hypotheses.

Troglomorphy illustrates striking convergent morphological evolutions that
occurs in many unrelated living groups (see also Chap. 4). However, several of
these traits are also observed separately in epigean life forms, from completely
different habitats (Christiansen 2012 and Table 7.2). Thus, eye, pigment, and wing
regression are shared with interstitial species and are not sufficient to qualify as
troglomorphic. They need for that to be combined with appendage or claw elongation
in the definition adopted here.

As stated in Chap. 4 and by Christiansen (2012), morphological changes associated
with cave life may affect various traits: body size, body slenderness, eyes, pigment,
appendage length, foot complex, and wing development. Other more taxon-specific
traits are recognized by taxonomists as cave related, like cuticle thinning,
pseudophysogastry in beetles, or development of specialized sensory organs in
Palpigradi (Condé 1998), Rhagidiidae mites (Zacharda et al. 2011), and Diplura
(Bareth and Pages 1994), increase in number and sensorial organs in Collembola.

Some of these characters may be extremely modified in a few cave species that
are qualified as highly troglomorphic. Several examples are given later
on. Appendage elongation is particularly spectacular in this respect, in a large variety
of groups (Ricinulei, Collembola, Zygentoma, Diplura, Carabidae, and Leiodidae).
Such exaggerated traits raise evolutionary and functional questions beyond the scope
of this chapter. The last point to be stressed is that, in all diversified terrestrial groups,
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regressive and troglomorphic characters do not evolve at the same pace within a
lineage. It is this decoupling that generates the observed diversity in the expression
of troglomorphy.

7.2 Non-arthropod Invertebrates

7.2.1 Annelida: Hirudinea (Leeches, Fig. 7.3a)

Hirudinea (more than 680 species distributed worldwide, Sket and Trontelj 2008)
mostly live in freshwaters, but are also very common in terrestrial habitats in South
Asia and Australasia. Troglobitic species of the family Haemadipsidae are known
from Southeast Asian caves (Chapman 1976; Deharveng et al. 2007), but only two
have been described: Leiobdella jawarerensis from Papua New Guinea and
Haemadipsa cavatuses from China. Both have reduced skin pigmentation, unlike
surface leeches, but retain pigmented eye patches. They may be found in rather large
populations on cave walls and have been observed sucking the blood of bats.

7.2.2 Gastropoda (Snails, Fig. 7.3b)

Gastropoda include 80,000 species (Bouchet et al. 2005). Among them, only
80 were considered troglobitic or troglophilic by Bernasconi (2004). They belong
to Pulmonata, characterized by the absence of operculum and a portion of the mantle
cavity modified for respiration, as adaptations to terrestrial life.

Cave species are distributed in 12 families (Culver 2012), but cave-restricted ones
are probably few. They include carnivorous species like the troglobitic slug
Troglolestes sokolovi from Caucasus and several troglophilic Oxychilus. Most
detritivorous troglobites were described from the Dinarides, but some species are
also known from other Mediterranean regions like the Pyreneo-cantabric range. The
genus Zospeum (Ellobiidae) is the richest in species, all of minute size, with a disjunct
distribution Eastern and Dinaric Alps—Pyreneo-cantabric range. Other microsnails
were recently described from Eastern Asia, some less than one mm long, hence
among the smallest snails on earth (Pall-Gergely et al. 2015). Several of them (e.g.,
Koreozospeum nodongense from Korea) are only known from caves (Weigand et al.
2013; Jochum et al. 2015). The Subulinidae so frequent on the guano of tropical caves
are considered eutroglophiles.

Eye and pigment reduction are retrieved in all troglobitic species, and partly in
cave Subulinidae. Elongation of tentacles is also obvious in some species, and the
shell is often thinner than that of surface species (Vandel 1964).
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Fig. 7.3 Cave non-arthropods and Arachnida; not at the same scale. (a) Haemadipsa sp. (Hirudinea;
Sarawak); (b) Zospeum bellesi (Gastropoda Ellobiidae; Pyrenees); (¢) Peripatopsis alba
(Onychophora; South Africa); Opiliones (d to g): (d) Shearogovea mexasca (Cyphophthalmi;
Mexico), (e) Taracus silvestrii (Ischyropsalidae; USA), (f) Speleonychia sengeri (Travuniidae;
USA), (g) Trojanella serbica (Travuniidae; Serbia); (h) Alacran tartarus (Scorpions; Mexico); (i)
Troglobisium racovitzai (Pseudoscorpiones; Spain); (j) Siamacarus sp. (Opilioacari; Vietnam); (k)
Rhagidia (Deharvengiella) paralleloseta (Rhagidiidae; France); Araneae (1 to n): (1) Anapistula
ataecina (Symphytognathidae; Portugal), (m) Amauropelma matakecil (Ctenidae; Indonesia), (n)
Trogloraptor marchingtoni (Trogloraptoridae; USA); Amblypygi: (o) Whip spider eating a cricket
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7.2.3 Nematoda

The phylum Nematoda includes 24,773 extant species (Hodda 2011) of which
295 have been reported underground (Du Preez et al. 2017). The two species
considered as troglobites (Mylonchulus cavensis and Stenonchulus troglodytes
both from Europe) were recently retrieved in soil.

7.2.4 Onychophora (velvet worms, Fig. 7.3c)

The phylum Onychophora has 180 extant species and 49 genera (Mayer and Oliveira
2011). All are terrestrial ambush predators and show a number of highly peculiar
morphological and biological features. They are distributed in two families, each
with one troglobite: Peripatopsidae in the southern hemisphere with Peripatopsis
alba from South Africa and Peripatidae in the tropics with Speleoperipatus spelaeus
from Jamaica. Both are devoid of eyes and pigment contrary to all surface species
except one, Tasmanipatus anophthalmus from Tasmania, completely white and
blind.

7.3 Arachnida

Arachnida encompasses 112,201 extant species (Zhang 2011) in 16 orders, all
represented in subterranean habitats except Solifugae. They comprise parasites,
guanobites, troglophiles, and troglobites, but in very uneven proportions. In spite
of their huge diversity, mites (Parasitiformes + Acariformes, formerly Acari) are
very poorly represented in oligotrophic cave habitats, being only diversified in guano
or as parasites. On the contrary, spiders and Opiliones, rare in guano, have success-
fully colonized subterranean oligotrophic habitats.

Fig. 7.3 (continued) (Amblypigi; Indonesia), (p) Typopeltis cf. magnificus (Thelyphonida; Laos);
(q) Hubbardiidae (Schizomida; Vietnam). Photos by © A Cressler (a), © O Gargominy (b), © G
Giribet (¢), © G Giribet (2011) (d), Shear and Warfel (2016) (e), © M Hedin (f), I Karaman in Kury
etal. (2014) (g), P Sprouse in NSF (2017) website (h), © A Meseguer (i), © M Lukic (j, k), Cardoso
and Scharff (2009) (1), Miller and Rahmadi (2012) (m), Griswold et al. (2012) (n), © C Rahmadi
(0), © L Deharveng and A Bedos (p, q)
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7.3.1 Opiliones (Fig. 7.3d-g)

Statistics and taxonomic hierarchy for this order follow Kury (2017) unless specified.
Opiliones contain more than 6650 extant species in ca. 1670 genera and four
monophyletic suborders: Cyphophthalmi, Eupnoi, Dyspnoi, and Laniatores
(Ferndndez et al. 2017). Most are predators of small arthropods. Troglobites and
troglophiles are numerous, but very few are guano dwellers. Eupnoi has
subtroglophiles not dealt with here, but no troglobites. The other suborders include
troglophiles and troglobites, some of them strongly troglomorphic. In 1994, Rambla
and Juberthie estimated that Opiliones included 82 troglobites and 33 troglophiles, of
which 50 belonged to Gonyleptoidea and 17 to Triaenonychidae. These numbers
have since enormously increased, though detailed statistics are not available.

Cyphophthalmi suborder (147 species, six families) is patchily distributed world-
wide. Its species live in soil and leaf litter and a few are recorded from caves. They
are homogeneous in habitus, small, uniformly and often darkly pigmented, oval,
compact, and relatively short-legged. Many species have been described during the
last two decades, with considerable progress in the knowledge of their phylogeny
and biogeography (Giribet et al. 2016). Stylocellidae family of Southeast Asia
includes seven troglobites, three of which are eyeless species of Fangensis (Clouse
2012). Among the 61 species of Petallidae, of Gondwanan distribution, only
Purcellia argasiformis from South Africa is troglobitic, but slightly modified for
cave life. Troglosiro aelleni, endemic to New Caledonia, is the only cave represen-
tative of this genus of 13 species. It is eyeless, but darkly pigmented and without
appendage elongation. The Afro-American Neogoveidae include the Brazilian
troglobite Canga renatae, eyeless but short-legged. The relictual troglobites
Marwe coarctata from Kenya and Shearogovea mexasca from Mexico combine
anophthalmy, pale coloration, and elongated appendages. Sironidae family (52 spe-
cies, eight genera), distributed in the northern Mediterranean region with isolated
spots in Japan and the USA, is the richest in troglobites, all members of the large
Northeastern Mediterranean genus Cyphophthalmus, and representing more than
half of its 32 species (Karaman 2009). Anophthalmy and depigmentation are shared
by all species of the genus; appendage elongation, including chelicerae, is significant
in some species like C. paradoxus.

Eye reduction and depigmentation in troglobitic Cyphophthalmi are associated
with subterranean life in some lineages (Stylocellidae), but phyletic characters in
others (Sironidae). Appendage elongation is at most moderate in troglobitic species.

The suborder Dyspnoi (ca. 390 species) is mostly Holarctic in distribution. Tens
of species have been reported from caves as troglobites or troglophiles (Schonhofer
2013). In southern Europe, half of the ca. 23 species of the genus Ischyropsalis are
cave related, and several like Ischyropsalis pyrenaea from Pyrenees are weakly
modified troglobites (Schonhofer et al. 2015). Eye reduction, depigmentation, and
appendage elongation are common in other genera, with more than 10 eyeless
species, including seven of the Caucasian genus Nemaspela.
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Laniatores suborder (ca. 4248 species, 29 families) is extremely diverse morpho-
logically and includes many eutroglophiles or troglobites (but no guano species).
Since the 1990s, its taxonomy has progressed at a fast pace, through taxonomic
rearrangements (Kury 2015), phylogenetic studies (Sharma and Giribet 2011), and
new taxa descriptions. The richest continent in cave Laniatores is America. They are
considerably less diversified in Africa, the Palaearctic, and tropical Asia. The eight
superfamilies recognized by Kury (2017) include cave-obligate species.

About 13 troglobites, mostly African, are known in Assamioidea superfamily
(535 species). Three of them are eyeless, whereas anophthalmy is reported in at least
ten non-cave species of the group (Starega 1992). Two species of the superfamily are
highly troglomorphic: Maiorerus randoi from Canary Islands and Jarmilana pecki
from Belize, the only American species of the African family Pyramidopidae.

Gonyleptoidea superfamily (2039 species), mostly American, contributes largely
to the overall diversity of troglobitic Laniatores. Several families are concerned, with
Stygnopsidae the richest. Of its more than 30 troglobites, about one-third are blind.
A few species have significantly elongated appendages associated with anophthalmy
and depigmentation, like Giupponia chagasi from Brazil or Mictlana inops from
Mexico.

Phalangodoidea superfamily (132 species) is as rich as Gonyleptoidea in
troglobites (>30), but they represent a much higher proportion of the total richness.
Most European Phalangodoidea are subterranean, i.e., about ten species including
two rare, eyeless, highly troglomorphic ones in relictual monospecific genera of
Balkans: Paralola buresi and Lola insularis. North America is much richer than
Europe, with a remarkable hotspot in California where about 50 species and four
endemic genera are known (Derkarabetian et al. 2010), including non-cave and cave
species at various levels of eye reduction and appendage elongation. Among them,
Banksula comprises ten species, nine of which are troglobites and blind or quasi-
blind. The most troglomorphic species of northern America, like Texella mulaiki,
have very long appendages.

Only 4-5 troglobites are known among Epedanoidea superfamily, mostly diver-
sified in the Indo-Malayan and Australasian regions (ca. 410 species). None is
troglomorphic, though Sungsotia uenoi from Vietnam exhibits some eye and pigment
reduction. Samooidea superfamily (215 species) is a small group of Laniatores with a
few troglobites, mostly diversified in tropical America. A single species, Stygnomma
fiskei, is eyeless and has elongated appendages. More than half of the 78 species of
Travunioidea superfamily are cave dwellers, linked to oligotrophic habitats. They are
concentrated in two regions: the USA and Mediterranean Europe. The USA has a
dozen of weakly cave-adapted troglobites, all oculated, in two genera (Erebomaster
and Sclerobunus), and three troglomorphic eyeless species in two genera
(Speleonychia, monospecific, and Speleomaster, bispecific). In Europe, more than
20 cave species are known, all in Travuniidae, including about 15 troglobites in
mono- or oligospecific relictual genera scattered across northern Mediterranean
regions. They are highly troglomorphic in facies, like Trojanella serbica from Serbia.
Adaptive traits include reduction or absence of eyes (about ten species are eyeless),
very pale coloration, and elongated appendages.
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Triaenonychoidea superfamily (ca. 490 species), temperate Gondwanan in dis-
tribution, is poorly diversified in caves with only four troglobites. Two of them are
eyeless and troglomorphic: Picunchenops spelaeus from Patagonia and Lomanella
troglodytes from Tasmania. Zalmoxoidea superfamily (272 species), widely distrib-
uted in tropical regions, have troglobites in America, and one in Australia. Reduced
eyes or anophthalmy are reported in several of them, but also in some soil species.
The cave-restricted Relictopiolus galadriel from Brazil has moderately elongated
appendages and minute size (Pérez-Gonzélez et al. 2017).

Troglomorphy among Opiliones is mostly expressed through the classical trends
of eye reduction, depigmentation, and appendage elongation, while body size may
increase or decrease. Eye reduction up to disappearance is also reported in non-cave
species of Assamioidea in Africa (Kauri 1985) or Zalmoxoidea in Brazil (Pinto-da-
Rocha and Kury 2003), associated with soil or termite nests.

7.3.2  Scorpiones (Fig. 7.3h)

Scorpiones (1947 species, 18 families, Prendini 2011a) are all predators. Lourengo
(1994) mentioned 13 troglobitic species in four families, of which 11 are from
Mexico. Sixteen years later, Prendini et al. (2010) considered as unequivocally
troglobitic 23 species, in 16 genera and 10 families. Today, we know about
40 cave-restricted species in 25 genera and 12 families and a few eutroglophilic ones.

More than half of the troglobitic scorpions have eyes and pigment reduced or
absent, often associated with appendage elongation. Anophthalmy is however
retrieved in non-cave species, like Chaerilus telnovi from Halmahera. Cave scorpions
are patchily distributed. They are absent in temperate regions, except the relictual
genera Belisarius in Catalonia, almost blind but troglophilic, and Akrav in Israel,
troglobitic and blind. Most cave scorpions are distributed in two spots: Mexico and
central Indochina. In Mexico, troglobites (ca. eight species in four genera, all eyeless)
belong to Typhlochactidae. Alacran species are rather large (67 cm) and highly
troglomorphic, and two of them are the only known amphibious scorpions
(Santibafiez-L6pez et al. 2014). Troglobites of the three other genera, like
Typhlochactas reddelli, are often minute (less than 2.5 cm). In Cuba, the guanobitic-
troglobitic Alayotityius delacruzi is not morphologically modified. Central Indochina
between 15°N and 20°N is the second spot of diversity, recently discovered, with five
cave species in the small relictual family Pseudochactidae (Lourenco and Pham 2010),
including three blind Vietbocap. In the tropics south of 15°N, scorpions are highly
diverse in surface habitats, but rare underground. The only blind cave species in this
area is Chaerilus sabinae from Sulawesi. No troglobite is known from Africa, only a
few, weakly modified, from Madagascar (Lourengo and Goodman 2008), South
America (Gallao and Bichuette 2016), and tropical Asia. At least, Australia has a
single troglobite, Aops oncodactylus, which is small, blind, and depigmented.
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7.3.3 Pseudoscorpiones (Fig. 7.3i)

Pseudoscorpiones (3533 extant species, 26 families in 2012, Harvey 2013) are
small-size predators of arthropods, frequent in soil, mosses, under barks, and in
caves, where most of their 26 families are represented. Cave-dwelling species can be
allocated to two ecological categories: guano species and oligotrophic habitat
species. Guano species, mostly Chernetidae and Cheliferidae, are moderately diver-
sified, not troglomorphic and often widely distributed through phoretic behavior.

Troglobites of oligotrophic habitats are narrow endemics and much more diverse,
though often extremely rare. Most have reduced or no eyes, and elongated append-
ages, to an extreme degree in some Ideoroncidae and Bochicidae. On the other hand,
several eyeless troglobites are euedaphomorphic in facies.

Troglobitic species are especially numerous among Chthoniidae and Neobisiidae.
Edward and Harvey (2008) list 49 species of blind cave-dwelling Chthoniidae in the
world, most of them troglobitic members of Lagynnochthonius and Tyrannochthonius,
diversified in various regions like the USA and Spain (Zaragoza 2017), Australia, or
the Dinarides (Ozimec 2004). The family Neobisiidae exhibits a similar richness in the
latter region, with many cave endemics.

Relictual Pseudoscorpiones are frequent in caves. The Iberian Peninsula is of
particular interest, with two highly troglomorphic relicts, Titanobochica magna and
Troglobisium racovitzai, only representatives in Europe of the American family
Bochicidae (Reboleira et al. 2010), and Arcanobisium comasi, the only species of the
subfamily Arcanobisiinae within Syarinidae. In Southeast Asia, the subfamily
Cybellinae was recently defined for two non-troglomorphic cave species of
Feaellidae, a family mostly diversified in Africa (Judson 2017).

7.3.4 Palpigradi

Palpigradi (82 species, two families, Prendini 2011b) are small (less than 2.2 mm),
delicate, white and eyeless, and live in soils and caves of tropical, Mediterranean,
and more rarely temperate regions (Condé 1996). In the northern part of their
distribution range, they are only found in caves. In the tropics, they are more frequent
in soils. They seem to prey on small microarthropods like Collembola (Condé 1996).
Most cave species are members of the cosmopolitan genus Eukoenenia. Europe has
more than 25 described troglobitic species (Condé 1998), while the two richest
tropical countries, i.e., Brazil and Thailand, have seven and five species of
Eukoenenia (Souza and Ferreira 2016).

Troglomorphic characters observed in cave species include larger size and longer
appendages, and an increase in the number of blades in the lateral organ of the
prosoma (Condé 1998), of unknown function. These characters change at different
pace during evolution. Thus, E. thais from Thailand which has long appendages and
the highest number of blades in the lateral organ is a small-size species (about 1 mm).
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7.3.5 Ricinulei

Ricinulei (58 species, a single family, Prendini 201 1c) are predators of nematodes
and small arthropods. They are well diversified in tropical America, less in Africa,
and absent in Asia. Cave species, restricted to tropical America, are usually
guanobitic, blind but pigmented like surface species, and of moderate size (10 mm
at most). A wide gradient of appendage elongation is known in Pseudocellus, which
contains the most troglomorphic species, Pseudocellus krejcae.

7.3.6 Acari (Mites) (Fig. 7.3j, k)

Though no more recognized as monophyletic, mites are very abundant and highly
diversified in energy-rich habitats of caves, while very few have adapted to energy-
poor habitats. Troglomorphic species are exceptional, limited to a few Opilioacari
and Rhagidiidae. This low representation of mites in cave oligotrophic habitats
illustrates that soil has not been a highway for the colonization of these habitats by
this invertebrate group. Two superorders and four orders contain troglobitic species:
Parasitiformes with the orders Opilioacarida and Gamasida, and Acariformes with
the orders Sarcoptiformes and Trombidiformes.

Opilioacarida order includes ca. 35 species in a single family (Beaulieu et al.
2011), that live in soil or under tree barks mainly in the tropics. Four species in two
genera are known as cave dwellers. Two are Opilioacarus from Cuban caves; they
have eyes, pigment, and non-elongated appendages. Two are Siamacarus from
southern Thailand caves where they live in large populations on guano; they have
delicate and long legs and are almost devoid of pigment, though eyes are still
present. This genus is present in Vietnam with undescribed troglobitic species
(Deharveng et al. 2009a). Gamasida, the largest order of Parasitiformes (11,424
species, 109 families; Beaulieu et al. 2011), are distributed worldwide. A large
number of cave species are permanent or temporary ectoparasites of bats, but most
are free living. Parasitidae and several related families are active predators in high-
energy habitats. Many Gamasida are only known from caves. Thus, 60% of the
50 subterranean species of Uropodidae are cave restricted, with 12 of them in the
genus Uroobovella alone, but we ignore in most cases to which extent these
non-modified species are dependent on subterranean environment. Many species
of Gamasida disperse by phoresy, which may explain their frequently wide distri-
bution range.

Among Sarcoptiformes the suborder Oribatida contains 16197 extant species in
249 families (Schatz et al. 2011). Its species, all decomposers, are the most diver-
sified and abundant mites in soil. They are represented in caves as troglophiles or
guano dwellers, but cave-restricted species are surprisingly rare: some species of
Schwiebea (Acaridida) from humid hypogean habitats, devoid of adaptations to
subterranean life, and a few FEuropean Belbidae, such as Metabelbella
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phalangioides—pale and long-legged. Trombidiformes (25821 extant species,
151 families; Zhang et al. 2011) is one of the most diverse order of mites. Its larger
subdivision, Prostigmata (more than 20,000 species), includes a few poorly known
cave species (Palacios-Vargas et al. 1998) in the families Leeuwenhoekiidae,
Trombiculidae, and Trombidiidae, frequent on or close to guano accumulations in
tropical caves, and bat or invertebrate parasites at larval stage. They are large,
unpigmented, eyeless, and long-legged, i.e., of typical troglomorphic facies. The
family Proterorhagidiidae has a single relictual troglobite, Proterorhagia oztotloica
from Mexico. Rhagidiidae is the only mite family that has colonized cave oligotro-
phic habitats. Its species are hunting predators frequent in soils worldwide, all blind
and unpigmented (Zacharda 1980). Troglobitic Rhagidiidae are often linked to cold
caves in the Holarctic. They may exhibit substantial appendage elongation. Peculiar
to the family, the rhagidial organ, a group of solenidia of unknown function, shows
significant elongation or multiplication in most cave-obligate species.

7.3.7 Araneae (spiders, Fig. 7.31-n)

In 2017, extant Araneae encompassed almost 47,000 species in ca. 4060 genera and
112 families (World Spider Catalog 2017). Spiders have colonized most terrestrial
habitats and are a major faunistic element in caves and subterranean voids. While
they are second to mites in soil layers and guano, spiders are the main predators in
parietal and often in oligotrophic habitats. Two syntheses on cave spiders diversity
and biology were recently published (Mammola et al. 2017; Mammola and Isaia
2017). At the world level, these authors provide an estimate of 1000 cave-related
species, in at least 48 families.

Northern temperate regions are the richest in cave spiders, but increasing sam-
pling in the tropics may change the story. No less than 40 eyeless cave spiders are
already described from tropical regions (Mammola and Isaia 2017), and we know
that a same cave may harbor several strongly modified troglobitic species (Bloom
et al. 2014; Deharveng and Bedos 2000). Sparassidae (Heteropoda and related
genera), prominent predators of the giant arthropod communities of Southeast
Asia, have diversified into a huge number of mostly epigean species worldwide
(Jager 2014), with several cave species, some of them with eye reduction up to
anophthalmy (Sinopoda scurion from Laos).

In Europe, 486 cave-related species are known, of which 194 are considered
troglobites (Mammola et al. 2017). This modest number of troglobites compared to
the huge number of troglophiles is related to the large contingent of darkness-loving
species that exist all over the world. Among troglobites, the families Linyphiidae and
Dysderidae are dominant, like in other temperate regions, in contrast to many
tropical and southern hemisphere regions, where other families contribute more to
biodiversity.

Like the cited Sinopoda, most genera of troglobitic spiders have epigean and
troglophilic counterparts (Ribera 2004). Regional radiations involving surface and
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cave species contribute for a large part to spider diversity, like that of the genus
Dysdera in Canary Islands. In southern China, the recently disclosed radiation of the
genus Telema encompasses dozens of species, probably all troglobitic, some eyed
and some eyeless (Lin and Li 2010; Wang and Li 2010). The radiation of Cicurina
(Cicurella) in Texas includes 80 surface and troglobitic species with extensive
gradients of eye regression, from full-eyed to eyeless species (Paquin and Dupérré
2009). Conversely, relictual species that have no close relatives in surface fauna are
surprisingly rare compared to other cave groups. The case of Telema tenella is the
best documented: the species limited to a few caves of Catalonia (Spain) is thousands
km away from other species of other Telemidae in Africa, America, or Asia. A
second remarkable species, Anapistula ataecina from Portugal, is the only member
of the family Symphytognathidae in Europe. A last remarkable relict is Trogloraptor
marchingtoni recently discovered in caves of Oregon (USA), for which a special
family (Trogloraptoridae) has been erected.

Morphological diversity within cave spiders is illustrated among various features
by their size range (Mammola and Isaia 2017): from 0.4 mm (Anapistula ataecina
from Portugal, one of the smallest spiders in the world) to 30 cm of legspan
(Heteropoda maxima from Laos). The troglomorphic “syndrome” is a classical
combination of eye reduction, depigmentation, size increase, and appendage elon-
gation, but is less obvious in spiders than in other arthropods for the last two
characters. Tiny species, particularly in the families Oonopidae and Tetrablemmidae,
frequently encountered in tropical caves, have a euedaphomorphic facies, and may
prove to be actually soil dwellers, except Bacillemma leclerci, a troglobite from
Thailand, which combines very small size and very long legs.

7.3.8 Amblypygi (Whip Spiders, Fig. 7.30, p)

Amblypygi comprise ca. 190 extant species grouped into five families (Seiter and
Wolf 2014) and two unequal suborders: Paleoamblypygi and Euamblypygi. Statis-
tics on the different families are drawn from Prendini (2011d). The group is
widespread in the tropics. All species are predators using a “sit-and-wait” hunting
strategy. Till recently, only two or three cave species of Amblypygi were considered
troglobitic (Weygoldt 2000). A number of new species have been described since,
mostly in the genus Charinus in Brazil, several troglobitic with reduced eyes and
pigment (Giupponi and Miranda 2016).

Paleoamblypygi suborder contains a single extant species of small size
(Paracharon caecus), which lives in termite nests in Guinea-Bissau and is completely
blind (Weygoldt 2000). Almost half of Euamblypygi species are troglophiles and few
are troglobites. Most troglobites belong to Phrynidae and Charinidae. Phrynidae
(70 species, four genera) are often of large size and are all American except Phrynus
exsul from an Indonesian cave. Phrynidae include troglobites from Mexico and Cuba
with eyes variously reduced, like Paraphrynus reddelli, an eyeless species of Mexico.
Charinidae (ca. 90 species, three genera) are small-size circumtropical Amblypygi,
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including at least 30 short-range troglobites or troglophiles, mostly from Southeast
Asia and mostly in the genera Charinus and Sarax. Cave species tend to be
depigmented and their eyes variously reduced, up to anophthalmy for instance in
Charinus caribensis from Jamaica or C. stygochthobius from Socotra Island.
Charontidae (14 species, two genera) are limited to Southeast Asia, Australasia, and
the Pacific. Some large species are components of the giant arthropod cave fauna of
Southeast Asia. None exhibits clear morphological adaptations to cave life.

The only certain cave-adaptive characters of cave Amblypygi are the reduction of
eyes and pigment. Both traits are however also observed in some non-cave species.
The long appendages are similar in cave and non-cave species. Adaptation of
Amblypygi to cave life is therefore weakly expressed in their morphology.

7.3.9 Thelyphonida (Giant Whip Scorpions, Fig. 7.3p)

Thelyphonida (110 species, one family; Prendini 2011e) are large-size tropical
Arachnida. No cave dwellers were reported by Juberthie and Decu (1994, 1998).
The recently described Typopeltis magnificus is however, in spite of its dark
coloration, a regular inhabitant of caves in southern Laos, so far unnoticed outside
caves.

7.3.10 Schizomida (Microwhip Scorpions, Fig. 7.3q)

Schizomida (ca. 260 species, two families; Prendini 201 1f) are fast-moving preda-
tors of moderate size (5—10 mm), living in soils and in caves, preferentially in high-
energy habitats. Protoschizomidae, restricted to Mexico and Texas, has 16 species in
two genera, all troglobitic. Hubbardiidae, widely distributed in tropical and subtrop-
ical regions up to Japan and the USA, include the remaining species, with troglobites
or troglophiles. Several show weak troglomorphic traits such as loss of eyes or
relatively elongated appendages (Cokendolpher and Reddell 1992).

7.4 Myriapoda

Of the four classes of Myriapoda, one has no cave species (Pauropoda) and another a
few uncertain troglobites (Symphyla; Juberthie-Jupeau 1994).
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7.4.1 Chilopoda (Centipedes, Fig. 7.4a)

Chilopoda (ca. 3110 extant species, 24 families; Minelli 2011) is divided into 5 orders.
Scutigeromorpha and Scolopendromorpha are mostly diversified under warm cli-
mates, Lithobiomorpha and Craterostigmomorpha in temperate regions, while
Geophilomorpha are present worldwide. All Chilopoda are carnivorous and play a
major role in soil and cave communities. Cave species are known in six families:
Scutigeridae (Scutigeromorpha), Lithobiidae (Lithobiomorpha), Cryptopidae,
Scolopendridae and Scolopocryptopidae (Scolopendromorpha), and Geophilidae
(Geophilomorpha). Scutigeridae and Scolopendridae include troglophiles, but no
troglobites. An estimate of 55 troglobitic Chilopoda was given by Negrea and Minelli
(1994). This number has increased to at least 70 species today.

Lithobiidae (1000 species, 43 genera, Minelli 2011) are mostly, though not only,
diversified in the western Palaearctic. Bonato et al. (2016) list 519 species for the
genus Lithobius alone, which is the richest in troglobites and troglophiles. In France,
16 of its 62 species are troglobites (Geoffroy and Iorio 2009). Eye reduction and
appendage elongation are frequent among cave species, where elongation of anten-
nae and legs may be extreme, like in L. matulicii (Dinarides) or L. lorioli (Cantabric
range). Other troglomorphic species are known in the eastern Mediterranean genus
Eupolybothrus, like E. cavernicolus from the Dinarides.

Cryptopidae and Scolopocryptopidae have a few troglobites in Europe, Canary
Islands, and Australia, and more in tropical and subtropical America with ca. five taxa
of Cryptops (Azara and Ferreira 2014) and ca. eight of Scolopocryptopidae (Chagas
and Bichuette 2015). Strongly elongated antennae and legs are known in
Scolopocryptops troglocaudatus and several Newportia. Only two troglobitic
Geophilidae with significant antennal elongation exist in Europe: Geophilus perseph-
ones from Pyrenees and Geophilus hadesi from Croatia (Stoev et al. 2015).

7.4.2 Diplopoda (Millipedes, Fig. 7.4b—i)

Diplopoda is a mega-diverse group of mostly saprophagous soil species (7753
species, 147 families, Shear 2011). They are present in all regions of the world,
with a large number of cave-related species in 11 of the 16 orders of the class,
taxonomically arranged as follows (Shear 2011): subclass Penicillata (Polyxenida),
subclass Chilognatha (infraclass Pentazonia (Glomeridesmida, Glomerida),
infraclass Helminthomorpha (Siphonophorida, Julida, Spirostreptida, Spirobolida,
Callipodida, Chordeumatida, Stemmiulida, Polydesmida)).

Polyxenida order (86 extant species, four families, Shear 2011) is distributed
worldwide. Its species are abundant in dry soils and under barks, with ca. three
troglobites: Lophoproctus pagesi from Balearic Islands and two recently described
species from Christmas Island (Lophoturus speophilus and L. humphreysi). A weak
elongation of appendages is noted in L. pagesi and L. speophilus.
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Fig. 7.4 Cave Myriapoda, Isopoda, Collembola, Diplura, Zygentoma; not at same scale. (a)
Eupolybothrus cavernicolus (Chilopoda; Croatia); Diplopoda (b to i): (b) Illacme tobini
(Siphonorhinidae; USA), (¢) Glyphiulus sp. (Cambalopsidae; China) feeding on a dead bat, (d)
Pseudonannolene lundi (Pseudonannolenidae; Brazil), (e) Biokovella mauriesi (Biokovellidae;
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Glomeridesmida order (31 species, two families, Shear 2011) is locally frequent
in tropical forest of Asia and America. Unidentified species are cited from various
caves of Southeast Asia (Shelley and Golovatch 2011), and two troglobitic
Glomeridesmus species have been described from Mexico and Brazil.

Glomerida order (pill millipedes; 212 species, two families, Shear 2011) is widely
distributed in East Asia and the Euro-Mediterranean region, with a few representatives
in central and northern America (Shelley and Golovatch 2011). In America, only the
genus Glomeroides is present underground, with six microphthalmic troglobites from
Mexico (Palacios-Vargas et al. 2015). The Euro-Mediterranean region is much richer,
especially its western part, with several oligospecific genera including cave species of
euedaphomorphic facies, such as Doderia, Geoglomeris, and Spelaeoglomeris
(Mauries 1994). Four troglobites are reported from southern Spain, northern Africa,
and Canary Islands in the large, ordinarily epigean genus Glomeris. Hyleoglomeris
known till recently by a few cave species from southeastern Europe and Southeast
Asia, unpigmented and blind or microphthalmic, is in fact diversified, with more than
20 troglobitic species described since 2006 in these regions (Golovatch et al. 2012).
Cave Glomerida are depigmented, their eyes are reduced or absent, but their append-
ages not elongated.

Siphonophorida order (ca. 70 species, 14 genera, Shear 2011) includes three
subterranean species: Yucatanium sabachana from Mexico (Palacios-Vargas et al.
2015) and two species of the relictual Californian genus Illacme: I. plenipes, an MSS
inhabitant and the leggiest animal of the world with up to 750 legs, and I. fobini
known by a single specimen from cave. They are phyletically eyeless, but not
troglomorphic.

Julida order (ca. 740 extant species, 163 genera, Shear 2011) is mostly distributed
in the Holarctic and Oriental regions. Since the review of Mauri¢s (1994), a number
of cave species and genera have been described in the families Julidae, more
diversified in eastern Mediterranean regions, and Blaniulidae, more diversified in
western Mediterranean regions. In Julidae, the genus Typhloiulus has ca. 30 cave
species (WoRMS 2017), scattered in the Balkans and surroundings, eutroglophilic or
troglobitic (Mauries 1994). Cave species are known in several other genera, like
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Fig. 7.4 (continued) Croatia), (f) Dobrodesmus mirabilis (Dobrodesmidae; Brazil), (g and h)
Pacidesmus spp. (China), non-troglomorphic (above) and troglomorphic (below), (i)
Eutrichodesmus astrisimilis (Vietnam); Crustacea (j to m): (j) Erebusa calobates (Brachyura; Laos),
(k) Trogloniscus trilobatus (Oniscidea; China), (1) Iuiuniscus iuiuensis (Oniscidea; Brazil), (m)
Xangoniscus odara (Oniscidea; Brazil); Collembola (n to t): (n) Yuukianura judithae on bat guano
(Vanuatu), (0) Verhoeffiella longicornis (Bosnia-Herzegovina), (p) Sinella longiantenna (China), (q)
Lepidonella lecongkieti (Vietham), (r) Oncopodura sp. (Spain), (s) Tritomurus veles (Croatia), (t)
Galeriella liciniana (Bosnia-Herzegovina); (w) Gollumjapyx smeagol (Diplura; Spain); (v)
Texoreddellia sp. (Zygentoma; USA). Photos by Stoev et al. (2013) (a), Marek et al. (2016) (b), Latella
and Hu (2008) (c), Iniesta and Ferreira (2015) (d), Anti¢ et al. (2016) (e), Shear et al. (2016) (f), © L.
Deharveng and A. Bedos (g, h, j, k, p, g, r), D VandenSpiegel in Golovatch et al. (2016) (i), Souza et al.
(2015) (1), Campos-Filho et al. (2016) (m), © B Lips (n), © M. Lukic¢ (o, s, t), JM Azkarraga in Sendra
et al. (2006) (u), Espinasa et al. (2016) (v)
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eyeless Dolichoiulus in Canary Islands (Enghoff 2012). The six species of the
Pyreneo-Cantabric genus Baskoiulus are troglobites, as well as the two species of
the Catalan genus Paratyphloiulus. Several monospecific genera have also
troglobitic species, like Mammamia from Italy. Blaniulidae have more than
50 cave-dwelling species, particularly diversified in southwestern Europe (Antié
et al. 2015). Of the 11 species of Blaniulus, six are troglobitic (Kime and Enghoff
2017), and others are known in a number of oligo- or monospecific genera of western
(e.g., Euzkadiulus, Iberoiulus, Tarracoblaniulus) and eastern Mediterranean regions
(Cibiniulus, Thassoblaniulus). Nemasomatidae includes some remarkable
troglobites, like Antrokoreana gracilipes from Korea, and two species of the
genus Thalassisobates (continental Spain and Canary Islands) closely related to a
littoral species. Some Mongoliulidae from the Palaearctic Far East seem to be
troglobitic as well (Mikhaljova 1997).

All Julida are cylindrical and devoid of well-marked integument ornamentation
with a homogeneous habitus, accentuated in cave species by convergent regressive
evolution of eyes and pigment and absence of appendage elongation or shortening. A
few species like Vascoblaniulus cabidochei (Pyrenees) and Typhloiulus spp. (Balkans)
have modified mouthparts suggesting life in hygropetric habitats.

The tropical order Spirostreptida is subdivided into Cambalidea (242 species, five
families) and Spirostreptidea (772 species, five families, Shear 2011). Cambalidea
includes a high proportion of cave-related species, while Spirostreptidea has only
two troglobites from Yucatan Peninsula caves. Aside from a few eutroglophiles
known in and outside caves, many Spirostreptida, listed as troglophiles due to lack of
troglomorphic traits, are probably cave restricted, as most were so far not found
outside caves. Cambalopsidae (noodle millipedes), widespread in continental
Southeast Asia and southern China, are the main contributor to cave species richness
of Cambalidea. Two of its genera are highly diversified underground: Glyphiulus
and Plusioglyphiulus. Of their 81 species, 57 have been described since 2007 (see for
instance Golovatch et al. 2011a, b). Most live in eutrophic cave habitats, reaching
impressive density on guano. They exhibit various degrees of pigment and eye
reduction up to anophthalmy in several Glyphiulus species, without clear appendage
elongation. Endemism, usually low among guano species, is very high in cave
Cambalopsidae. Cambalidae includes several eyeless troglobitic species, distributed
in Central America and southern USA (Cambala, Mexicambala, Jarmilka). They are
replaced in South America by Pseudonannolenidae which includes several recently
described troglobites, all members of the large genus Pseudonannolene. They prefer
high-energy habitats (debris or guano), are depigmented, have reduced eyes, but
their size is smaller than that of their epigean relatives (Iniesta and Ferreira 2015).

The pantropical order Spirobolida (506 species, 13 families, Shear 2011) has at
least two troglobites: the troglomorphic guanobite Reddellobus troglobius in Mexico
and Speleostrophus nesiotes, depigmented and eyeless, in Australia.

Callipodida order (ca. 140 species, seven families, Shear 2011) has a patchy
distribution in northern hemisphere. Its species, very large—up to 10 cm long, live
preferentially in rocky habitats including caves. About 30% are troglobites or
troglophiles (Stoev et al. 2008). However, they are not or are only weakly
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troglomorphic (depigmentation and eyes sometimes reduced). Their appendages are
elongated, like those of their epigean relatives. The main genera which contain
troglobites are Tetracion (USA), Sinocallipus and Paracortina (continental South-
east Asia), Acanthopetalum, Apfelbeckia, Balkanopetalum with six troglobites, and
Callipus (Europe, especially Balkans).

Chordeumatida order (ca. 900 species, 50 families and four suborders, Shear 2011)
are absent in Africa and South America, and patchily distributed elsewhere, with a
peak of richness in Europe (Shelley and Golovatch 2011). About 40% of its 50 families
include troglobitic or troglophilic species, usually linked to oligotrophic habitats. This
high taxonomic diversity is paralleled by a wide morphological range of adaptive
traits, with gradients of pigment and eye reduction till complete loss within several
genera and families. Cave Chordeumatida are particularly diversified in the Pyreneo-
cantabric range, Dinarides, and Eastern United States (Culver and Shear 2012), with
many oligospecific genera. Caucasus has recently emerged as a new spot of diversity,
with 11 troglobitic Anthroleucosomatidae species described at once, several clearly
troglomorphic for appendage length (Anti¢ and Makarov 2016). Surprisingly, cave
Chordeumatida are only moderately diversified in southern China, a hotspot for cave
Diplopoda (Golovatch 2015) and are absent in Macaronesia.

Several species of Chordeumatida are restricted to cold habitats (Golovatch and
Kime 2009). Brolemanneuma gayi and Biokovella spp. live for instance in cold
caves of Alps and Croatia. Two other species are remarkable relicts of uncertain
phyletic position: Niphatrogleuma wildbergeri from northwestern Alps and
Marboreuma brouquissei from high altitude shafts in Pyrenees. All these cryophilic
troglobites are markedly troglomorphic.

Stemmiulida (ca. 150 species, a single family; Mauries et al. 2010) is an order
distributed in tropical regions of Africa and America, with a few occurrences in
tropical Asia and New Guinea (Shelley and Golovatch 2011). Three species have
been recently described as cave restricted. Two, one from Brazil, and one from
Malukku associated with bat guano belong to the widespread genus Stemmiulus
(Mauries and Golovatch 2006). They are eyed and pigmented. A third one from
Vietnam is the only species of the relictual genus Eostemmiulus and the only blind
species of the order.

With 3374 species in 28 families (Shear 2011), Polydesmida is the richest order
of Diplopoda. Distributed worldwide, it has subterranean representatives in all
temperate and tropical regions except Sub-Saharan Africa. No species seems to be
guano dependent, but troglobites and troglophiles are plenty. All four suborders and
at least 16 of the 28 families of Polydesmida have cave species. Troglophilic
Polydesmida, including tramps, are numerous in cave ecosystems. Many are conge-
neric with troglobitic species within large genera, like Polydesmus (ca. 250 species,
including several weakly modified troglobites in FEurope). The genus
Eutrichodesmus of East and Southeast Asia is constituted of ca. 50 microendemics
of which 44 are troglobitic. Such a mix of troglobitic and non-troglobitic species is
also found in smaller genera. On the other hand, relictual oligospecific genera, like
Caucasodesmus from Crimea or Cantabrodesmus lorioli (Chelodesmidae) from
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Cantabric range, are rare. The most remarkable is Dobrodesmus mirabilis recently
discovered in a Brazilian cave, and sole species of the family Dobrodesmidae.

Polydesmida are phyletically blind but show large gradients in other cave-related
traits, from tiny, short-appendaged Nevadesmus from the USA to large, long-
appendaged troglomorphic Pacidesmus from China. Most troglobites range between
these extremes. Depigmentation is very common, and appendages are elongated in
troglomorphic species of various families, like Balkanodesmus biokovensis from
Croatia (Trichopolydesmidae), Selminosoma chapmani from New Guinea
(Paradoxosomatidae), or Nepalella grandoides from China (Megalotylidae).

Troglomorphy and regressive morphological evolutions in Diplopoda were
recently the object of a detailed analysis based on several Chinese examples (Liu
etal. 2017). Like most arthropods, cave Diplopoda frequently show eye and pigment
reduction, elongation of legs and antennae, and body slenderness (Golovatch and
Kime 2009). Body size increase is frequent, but the reverse is also reported in some
lineages (Enghoff 1992).

Interesting features of cave Diplopoda diversity can be summarized as follows:
(1) a very important contribution to global subterranean diversity; (2) a diversifica-
tion in all subterranean environment, from guano to the most oligotrophic habitats;
(3) an exceptionally large number of relicts, including phyletic relicts, especially in
Blaniulidae and Chordeumatida; (4) a hotspot of diversity and troglomorphy in
southern China caves (Deharveng et al. 2009b); (5) an overwhelming importance
of Cambalidea, especially Cambalopsidae and Pseudonannolenidae, in many caves
with guano of Asia and to a lesser extent of the Neotropics; and (6) a frequent
occurrence of regressive features among guanobitic Cambalopsidae, undermining
the paradigm of the morphological stasis of guano-dependent invertebrates (Culver
and Pipan 2009).

7.5 Crustacea Malacostracea

7.5.1 Decapoda: Brachyura (Crabs, Fig. 7.4j)

Crabs are usually omnivorous and aquatic Crustacea, mostly diversified in seawater,
with more than 7000 species (Ng and Davie 2017). A strong minority is constituted of
nonmarine species (1476 species, 238 genera, Yeo et al. 2008), rich in cave dwellers,
mostly freshwater species. Cave terrestrial species, mainly known from Southeast
Asia, belong to the families Chasmocarcinidae, Gecarcinidae, Gecarcinucidae,
Potamidae, and Sesarmidae, with probably less than 20 species. The status of troglo-
or stygobite is inappropriate for some of them, which are amphibious, like the
Sesarmidae Karstarma balicum from Bali. The genus Karstarma is the richest in
troglobites, all narrow endemics. Surprisingly, the highly troglomorphic Trogloplax
Jjoliveti (Chasmocarcinidae) has a large distribution, being present in caves 200 km
apart in New Guinea (Guinot 1994).
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Morphological modifications of troglobitic crabs are eye and pigment reduction
and leg elongation. These trends are moderately expressed in most species; eye loss
in particular is exceptional. The species Erebusa calobates from Laos, one of the
most modified with its elongated legs and pale bluish coloration, still has small eyes.
Highly troglomorphic facies combining anophthalmy, pigment loss, and very long
legs are known in several freshwater crabs (Guinot 1994), but limited among
terrestrial species to Trogloplax joliveti from New Guinea.

7.5.2 Amphipoda: Talitridae

The only troglobitic Amphipods are three Talitridae, a small family of ca. 320 species
(WoRMS 2017): the microphthalmic species Palmorchestia hypogaea from Canary
Islands, and two eyeless species, Spelaeorchestia koloana from Hawaii and
Minamitalitrus zoltani from Japan (White et al. 2013). These species have elongated
appendages and can be qualified to be troglomorphic.

7.5.3 Isopoda: Oniscidea (Woodlice; Fig. 7.4k—m)

Oniscidea, the most successful group of terrestrial Crustacea, included 3710 species
in 37 families distributed worldwide in 2014 (Sfenthourakis and Taiti 2015). Many
are troglophilic, and about 10% are troglobitic. Half of the families include
troglobites, with Trichoniscidae the richest (about 70% of all known troglobitic
species, Taiti 2004). The number of subterranean Oniscidea was estimated at 270 by
Argano (1994) and at 300 by Taiti (2004). They are probably more than 350 today,
significant discoveries having been recently made in caves of Brazil (Campos-Filho
etal. 2017), Socotra (Taiti and Checcucci 2009), Greece (Alexiou and Sfenthourakis
2013), and Portugal (Reboleira et al. 2015).

Eutroglophiles and guanophiles are well represented among cave Oniscidea.
Guano species, sometimes largely distributed, lack troglomorphic traits, but some,
like several tropical Trichorhina, have reduced eyes and pigment. Many troglobitic
Trichoniscidae, not attracted by guano, have a euedaphomorphic facies, i.e., short
appendages, eyes reduced or absent, no pigment, and small size. They are well
represented in Western Europe in the genus Trichoniscoides.

Troglomorphic or hypogeomorphic facies are common as well in meso- and
oligotrophic habitats. Among them, Trichoniscidae and to a lesser degree
Armadillidiidae dominate cave assemblages in temperate regions, usually replaced
by Styloniscidae, Philosciidae, and Armadillidae in the tropics. In Crimea, however,
troglobitic Ligiidae are more diverse than Trichoniscidae (Gongalsky and Taiti
2014). Most of these species (e.g., Scotoniscus in Pyrenees) are eyeless and
depigmented, but appendage elongation is always moderate.
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Several troglobitic Oniscidea are secondarily adapted to life in freshwater. From
1994, their number has more than doubled. They belong to the families
Trichoniscidae, Styloniscidae, Philosciidae, and Scyphacidae. Recently described
are Macedonethes stankoi from the Balkans, Haloniscus spp. from Australia (Taiti
and Humphreys 2001), two species of Trogloniscus from China (Taiti and Xue
2012), and several species of Xangoniscus, and Iuiuniscus iuiuensis from Brazil
(Souza et al. 2015). Adaptation to freshwater is apparently not associated with
particular morphology, but these amphibious species are often clearly
troglomorphic.

Several genera of cave Oniscidea have given local radiations. Oritoniscus of
southwestern Europe radiated in the Pyrenees, where about 20 troglobitic, soil, and
epigean species are known, from minute and blind euedaphomorphic cave-restricted
species to eyed and well-pigmented epigeomorphic ones. Within Alpioniscus
(ca. 30 species), a probably nonadaptive radiation involves more than 25 species
in the Balkans, all eyeless troglobites.

Oligospecific or monospecific genera are numerous in Oniscidea, and a few of
them are considered phyletics relicts, like the amphibious Cantabroniscus primitivus
from northwestern Spain, or Thaumatoniscellus spp. from southeastern Europe. At a
finer scale, disjunct distributions and local relicts are common. Within Alpioniscus
for instance, one species (Alpioniscus (Illyrionethes) escolai) is known from Cata-
lonia, while its congeners are distributed from Alps and Sardinia to Greece.

7.6 Collembola (Springtails; Fig. 7.4n-t)

Collembola (8128 species in 30 families; Janssens and Christiansen 2011) are
divided into four orders: Poduromorpha (3154 species), Entomobryomorpha (3753
species), Symphypleona (1188 species), and Neelipleona (33 species). Further
taxonomic statistics in the text are drawn from Bellinger et al. (2017). Collembola
are terrestrial arthropods, rarely neustonic, abundant, and diversified worldwide
from tree canopy to soil and caves. Most are decomposers, feeding on microorgan-
isms or vegetal debris. More than 400 troglobitic species are known from subterra-
nean habitats, where they are preys for various predators. Eutroglophilic species are
also well represented. Many species are linked to guano, where they are second to
mites numerically (Deharveng and Bedos 2012). In terrestrial oligotrophic cave
habitats, Collembola usually dominate invertebrate communities in abundance:
Entomobryidae and Paronellidae in tropical caves, Hypogastruridae, Onychiuridae,
and Entomobryidae in temperate caves.

Cave species exist in four of the nine families of Poduromorpha order:
Gulgastruridae, Hypogastruridae, Onychiuridae, and Neanuridae. Gulgastruridae,
phyletically isolated, has a single species, Gulgastrura reticulosa, only known
from cave entrances in Korea (Lee and Thibaud 1998). Hypogastruridae and
Onychiuridae (ca. 690 and 660 species, respectively) have successfully colonized
the subterranean environment, mostly in temperate climate of the northern
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hemisphere. Troglobitic Hypogastruridae of oligotrophic habitats are often charac-
terized by slender (Taurogastrura in Crimea, Typhlogastrura and Bonetogastrura in
the Holarctic) or extremely slender claw (the relictual Ongulogastrura longisensilla
from Pyrenees), but elongation of appendages is moderate. Guanobitic
Hypogastruridae have usually reduced eyes and pigment and sometimes elongated
claw like several Pseudacherontides.

Guano-related Onychiuridae are few, but species of meso- or oligotrophic habi-
tats are plenty. They mostly belong to the speciose genera Deuteraphorura and
Onychiurus. At least four relictual monospecific genera are also cave restricted,
including Ongulonychiurus colpus from Spain which has the most slender claw
among Poduromorpha and Absolonia gigantea from Slovenia of unusually large
size.

Neanuridae (ca. 1480 species) differ from other Collembola by strongly modified,
often sucking mouthparts. Cave species are known in three subfamilies. Frieseinae
contain a single relictual, non-cave-adapted troglobite, Gisinea delhezi, from Belgium.
Pseudachorutinae include ca. 10 troglobitic Anurida in the Coreo-Japanese region and
one in Caucasus, blind, white, and of large size like some of their epigean congeners,
but without morphological modifications. Troglobitic Neanurinae are few: Yuukianura
Jjudithae—a guanobite from Vanuatu, several Coecoloba—TJapan, C. plumleyi—New
Guinea, the only Neanuridae with elongated claws, and two eyeless and unpigmented
Deutonura in France (D. anophthalma) and in Austria (D. mirabilis).

Entomobryomorpha order is constituted by nine extant families (Deharveng
2004). Six of them include cave species. Isotomidae (ca. 1380 species) have many
guanophiles in the tropics, one cosmopolitan troglophile (Folsomia candida) and
three troglobites restricted to oligotrophic habitats: Grathofolsomia palpata from
Austria, an isolated relict, and two Isotomiella species from France. All have
moderately elongated claws. Entomobryidae (ca. 1850 species) have a few
troglophiles, tropical guanophiles, and many troglobites. Cave-restricted species
are members of the large widespread genera Pseudosinella, Coecobrya, and Sinella,
which all have epigean, edaphic, and cave species. Less speciose genera, more
restricted geographically, are entirely constituted of troglobites, like Verhoeffiella
in the Balkans. Subterranean radiations are known for all the cited genera, in various
regions of the world (Pyrenees for Pseudosinella, southern China for Coecobrya and
Sinella, Dinarides for Verhoeffiella). Within each of these genera, several species
exhibit spectacular troglomorphic characters, i.e., extremely long antennae (like
Verhoeffiella longicornis from the Dinarides, Pseudosinella christianseni from the
USA, Sinella longiantenna from China, Coecobrya polychaeta from Thailand),
others very elongated claw (like Pseudosinella cabidochei from Pyrenees, Sinella
longiungula from China). The highly troglomorphic Bessoniella procera, sole
species of the subfamily Bessoniellinae, is a phyletic relict restricted to cold Pyre-
nean caves.

Paronellidae (ca. 400 species), mostly diversified in tropical regions, include large
colorful species living on the vegetation, and a strong minority of soil and cave
species. This last component, widespread in tropical and Mediterranean regions, is
constituted of guanobites and troglobites of the genera Cyphoderopsis, Lepidonella,
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Troglopedetes, and Trogolaphysa. They are the most diversified Collembola in
many tropical caves but are absent in large areas like southern Sunda Islands. In
Mediterranean regions, Troglopedetes species have been described from caves and
are considered as climatic relicts. Troglomorphic species with eyes and pigmentation
reduced or absent, elongated appendages, and thin claws are frequent, like
Troglopedetes multispinosus in Thailand or Trogolaphysa jacobyi in Belize. In
many cases however, especially among guano dwellers, appendages are not elon-
gated (Jantarit et al. 2013).

Cyphoderidae (ca. 140 species) are all phyletically blind and unpigmented. Most
are myrmecophilous or termitophilous, but Cyphoderus and Troglobius have
troglobitic-guanobitic species in tropical caves. None exhibits appendage or claw
elongation.

Tomoceridae (ca. 170 species), diversified in northern and southern temperate
regions with an extension into Southeast Asia, include cave species in Holarctic
regions not affected by Quaternary glaciations. They are especially numerous in
North America and eastern Asia (Yosii 1967). They include troglophiles, many
troglobites, but no guanophiles. Some troglobitic species do not exhibit differences
with their outside relatives in eyes, pigment, or appendage length, like Plutomurus
unidentatus, widespread in Western Europe. Many show various regressions of eyes
and pigment (Yu and Deharveng 2015). Several eyeless species are known, like
Tritomurus scutellatus (Slovenia, Croatia), Lethemurus missus (USA), Plutomurus
ehimensis (Japan), or Tomocerus caecus (China). None of them exhibit significant
appendage elongation, and claws are moderately slender. Two relictual troglobites
only, Tritomurus falcifer (Pyrenees) and T. veles (Croatia), combine anophthalmy
and very elongated claw (Luki¢ et al. 2010).

Oncopoduridae has 49 species in three genera, of which 35 are cave restricted,
mostly in oligotrophic habitats. Described troglobites are Holarctic, but undescribed
species are reported from tropical and Australian caves. All are phyletically blind,
and some like O. lebretoni (Pyrenees) are troglomorphic with long claw and
elongated antennae.

Cave Symphypleona belong to Arrhopalitidac and Sminthuridac. More than
80 species are known today, living mostly in oligotrophic or mesotrophic habitats,
a number that increased to about two-thirds since Thibaud and Deharveng (1994).
Arrhopalitidae, with the genera Arrhopalites and Pygmarrhopalites, are the richest
in troglobites. Especially diversified in temperate regions of northern hemisphere
(Christiansen and Bellinger 1996; Vargovitsh 2009), they are present in South
America (Zeppelini 2006) and Southeast Asia (Nayrolles 1990), but absent in Africa.
In tropical and southern hemisphere caves, Arrhopalitidae are usually replaced by
Sminthuridae: Adelphoderia in Australia, Troglospinotheca in Argentina, and
Pararrhopalites in the tropics, all poorly known taxonomically. All cave
Symphypleona are microphthalmic or blind, weakly or not pigmented, but their
appendages and claws are moderately or not elongated. Long antennae and very
slender claws are however known in recently described troglobites from Caucasus
like Arrhopalites macronyx, but they reach their highest expression in Galeriella
liciniana from Dinaric caves, which has extremely elongated antennae and legs.
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Neelipleona order, with its single family Neelidae, includes six genera and
47 species, distributed worldwide, of which 15 are troglobites. The genus
Spinaethorax has a highly disjunct distribution with two species in Mexico and
one in Vietnam (Schneider and Deharveng 2017). Several troglobites belong to
Megalothorax, the smallest cave Collembola (often less than 0.5 mm long). All
Neelidae are phyletically blind and devoid of cuticular pigment, but cave species
show larger size, more slender claw, and hypertrophy of some antennal sensillar
organs (Kova¢ and Papac 2010). Appendage elongation is significant in Neelus
lackovici (Croatia) and N. klisurensis (Kosovo).

The high taxonomic diversity of troglobitic Collembola is associated with a high
diversity in troglomorphic and regressive traits. Troglomorphy is expressed by larger
body size, reduced eyes and pigment, elongated appendages and claws, and modi-
fications more specific to Collembola: shorter, thinner, and pointed tenent hairs on
tibiotarsi, reduction and basal shift of inner teeth on claw, hypertrophy or multipli-
cation of antennal sensilla (Christiansen 2012). Each trait evolves at its own pace
within lineages. Anophthalmy without appendage elongation is for instance frequent
among cave and soil species, while some cave species are oculated, weakly
pigmented, but have elongated appendages (e.g., Pseudosinella theodoridesi from
Pyrenees). Extreme elongation of appendages is not paralleled by extreme elonga-
tion of claws. These differences in evolutionary changes result in complex patterns
of troglomorphy among Collembola.

7.7 Diplura (Fig. 7.4u)

Sendra (2015) reports 984 species of Diplura in ten families and two orders,
Dicellurata (484 species, short sclerotized cerci) and Rhabdura (500 species, seg-
mented filiform cerci). Most Dicellurata are predators in deep soil layers. Rhabdura
are decomposers or predators from upper soil layers. Six Dicellurata are troglobitic
against more than 125 Rhabdura. Since the last review of subterranean Diplura
(Bareth and Pages 1994), a single new cave Dicellurata has been described, against
about 35 cave Rhabdura.

Troglobitic Dicellurata are members of the family Japygidae. Gollumjapyx
smeagol from Spanish Catalonia, the most recently described, is remarkable by its
slender forebody and elongated legs (Sendra et al. 2006). Other troglobitic species
do not exhibit troglomorphic features.

Subterranean Rhabdura belong to Campodeidae, represented underground by
many eutroglophilic and troglobitic species. MSS habitats may host various species,
but only Campodea alluvialis, a weakly adapted species from Spain, is considered
restricted to this habitat (Sendra et al. 2017b). Troglobitic campodeids are mostly
known from mesotrophic or oligotrophic cave habitats. They are much less diverse
under tropical (ca. 10 species, Lepidocampinae and Campodeinae) than temperate
climate (more than 115 species, Campodeinae and Plusiocampinae). Diversity is
concentrated in the northern Mediterranean region with about 70% of the troglobites,
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and in the southern Nearctic region with about 13%. Elsewhere, troglobitic
Rhabdura are rare.

Blindness and lack of cuticular pigment are phyletic traits shared by all Diplura.
Troglomorphy is expressed in other traits: increase in body size, slenderness,
elongation of appendages, increase in number and/or size of antennal and cercal
articles, and modifications of claw structure. An original troglomorphic “syndrome”
is the increase of sensorial receptors, especially in the cupuliform organ of antennae
(Sendra et al. 2017a). These different trends are variously combined. In
Oncinocampa for instance, minute euedaphomorphic troglobites with short append-
age like O. trajanoae from Brazil (less than 2 mm, with cerci less than 1/3 of body
length) contrast sharply with highly troglomorphic species like O. asonensis from
Spain (5-7.4 mm long, with cerci three times longer than body and very slender
claws). Extreme appendage elongation is encountered in other European species,
such as Paratachycampa hispanica (Spanish Catalonia) and Plusiocampa christiani
(Serbia). Similarly modified species are also known in tropical Lepidocampinae
(e.g., Lepidocampa beltrani from La Réunion).

7.8 Zygentoma (Fig. 7.4v)

Zygentoma included 568 extant species, all decomposers, and two families in 2014
(Gaju-Ricart et al. 2015). Sixteen troglobites were recognized by Mendes (1994),
and 45 are known at present. Most belong to Nicoletiidae, except two
Protrinemuridae from Greece and Thailand (Mendes 2002). Nicoletiidae is
subdivided into four subfamilies: Atelurinae (a single species from Philippines),
Coletiinae, Subcoletiinae, and Cubacubaninae. Coletiinae have about 12 troglobites
in the Mediterranean basin, and three outliers in South Africa (Mendeés 1994), Brazil
(Mendés and Ferreira 2002), and Thailand (Mendes 2002). Subcoletiinae have three
troglobites in Southeast Asia, one in New Guinea and one in Australia, where several
euedaphomorphic species are known from deep bores. Cubacubaninae, more diverse
underground than the other subfamilies, have 25 troglobites distributed from Central
Anmerica to southern USA.

Ecologically, cave Zygentoma live preferentially in oligotrophic habitats, except
two guano-troglobitic species of Cuba, of which one, Cubacubana decui, has
elongated appendages. Anophthalmy and depigmentation are phyletic traits shared
by all Zygentoma, but body size and appendage length increase in troglobites, like
Coletinia capolongoi (Spain) and Squamatinia algharbica (Portugal), which are
among the largest species of the group in the Palearctic. Appendage elongation is
remarkable in several unrelated lineages, like Speleonycta anachoretes (USA),
Lepidospora (Brinckina) makapaan (South Africa), or Coletinia longissima (Tur-
key). Antennae and caudal appendages are three times longer than the body in
Cubacubana negreai (Cuba) and two times longer in Anelpistina levidensis (Guate-
mala), while they do not usually exceed body length in non-cave species of
Anelpistina.
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7.9 Insecta Except Coleoptera
7.9.1 Orthoptera (Fig. 7.5a—c)

Unless specified, statistics on Orthoptera are drawn from Cigliano et al. (2017). The
taxonomic arrangement of the order is provisional (Chintauan-Marquier et al. 2016).
Orthoptera encompass 27,267 extant species in 43 families distributed in two sub-
orders of similar specific richness, Ensifera and Caelifera. All cave species are
members of Ensifera, which are omnivorous or scavengers, and none of Caelifera,
which are phytophagous. They are known in half of Ensifera families, representing
hundreds of troglobitic and troglophilic species. Many are nonpermanent cave
dwellers, i.e., obscuricole and ‘“cavicolous” sensu Desutter-Grandcolas (1993,
1998), which forage at night for feeding outside cave. Some are cave restricted.
Crickets are the most important primary consumers in many subterranean food webs,
as stressed for caves of North America (Lavoie et al. 2007) or Southeast Asia
(Deharveng and Bedos 2000). Most belong to the large families Gryllidae,
Phalangopsidae, Trigonidiidae, and Rhaphidophoridae. A noticeable exception is
the two cave Anostostomatidae from Venezuela (Derka et al. 2013), which are the
only aquatic or semi-aquatic cave Orthoptera.

Gryllidae is rich in species, but few have colonized caves. The troglobite
Anurogryllus typhlos from Galapagos has reduced eyes, elongated legs, and no
epigean congener in the island. Conversely, Thaumatogryllus cavicola, a reduced-
eye species from Hawaii, has relatives in epigean habitats. Several weakly modified
Petaloptilini (moved to Phalangopsidae; Chintauan-Marquier et al. 2016), such as
Petaloptila pyrenaea, have been described from northern Mediterranean caves.

Phalangopsidae are mainly tropical, with extensions in Mediterranean regions and
Asia (if Gryllomorphini and Petaloptilini are included). They comprise numerous cave
crickets, which are more often cavicolous than strictly troglobitic (Desutter-Grandcolas
1998). The African genus Phaeophilacris is probably the most diversified, with at least
30 of its 74 species troglobitic or troglophilic-cavicolous and narrowly distributed. The
monospecific genus Socotracris from Socotra (Yemen) is troglobitic, but fully eyed. In
tropical Asia, Phalangopsidae number five or six genera that include both cave and
epigean species. They are usually absent when Rhaphidophoridae are dominant. None
of them exhibits well-marked troglomorphic traits, apart from reduced eyes in some
cases, like Arachnomimus microphthalmus from Malaysia. Australasia has very few
troglobitic Phalangopsidae and all are epigeomorphic in facies, like Endacusta irrorata.

Neotropics are the richest region in epigean and cave Phalangopsidae. Desutter-
Grandcolas (1998) lists 40 cave species, a number that has significantly increased
with recently described Brazilian species (Souza-Dias et al. 2014). Many are
troglobitic or subtroglophilic species, with wings, pigmentation, and eyes variously
reduced (Longuripes in Mexico, Eidmanacris and Endecous in Brazil). Paracophus
caecus from Mexico is probably the most troglomorphic species, eyeless, wingless,
depigmented, and with elongated appendages.
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Fig. 7.5 Cave Insecta including part of Coleoptera; not at same scale. Orthoptera (a to ¢): (a)
Cophonemobius faustini (Trigonidiidae; Vanuatu), (b) Thaumatogryllus sp. (Gryllidae; Hawaii), (c)
Diestrammena sp. (Rhaphidophoridae; China) eating a dead Diplopoda; Blattodea (d and f): (d)
Helmablatta louisrothi (Nocticolidae; Vietnam), (f) Miroblatta baai (Blaberidae; Indonesia);
Hemiptera (e, g, h): (e) Reduviidae larva (Vietnam), (g) Phasmatocoris labyrinthicus (Emesinae;
USA), (h) Kinnapotiguara troglobia (Kinnaridae; Brazil); (i) Troglocladius hajdi (Diptera
Chironomidae; Croatia); Coleoptera Carabidae (j to q): (j) Duvalius lucidus (Trechinae; Croatia),
(K) Rhadine exilis (Platyninae; USA), (1) Coarazuphium tapiaguassu (Dryptinae; Brazil), (m) Subilsia
senenti (Trechinae, Morocco), (n) Goedetrechus damperi (Trechinae; Tasmania), (0) Duvalius iblis
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Distributed worldwide, Trigonidiidae include two subfamilies, Nemobiinae and
Trigonidiinae. Troglobites are only known in the former, scattered in Spain, India,
Australia, and Pacific islands. Most have an epigeomorphic facies, without marked eye
reduction, like Nemobius interstitialis (Spanish MSS), Speonemobius decoloratus
(Assam), several Caconemobius (Hawaii), or Cophonemobius faustini (associated
with guano in Vanuatu). In contrast, Ngamarlanguia luisae, the only truly troglobitic
cricket of Australia, is eyeless, pigmentless, and wingless (Humphreys 2012).

Rhaphidophoridae include the largest number of cave Ensifera. It is widespread in
the Nearctic, Central America, Europe, southern and eastern Asia, and Gondwanan
lands. Half of its ca. 300 species are cave dwellers (Sbordoni and Cobolli 2004). Of its
nine extant subfamilies, six include cave species: Aemodogryllinae, Ceuthophilinae,
Dolichopodinae, Macropathinae, Rhaphidophorinae, and Troglophilinae, each
restricted to a well-delimited region.

Aemodogryllinae, from tropical Asia, eastern Asia, and Western Europe with a
small patch in North America, uncover a large array of life forms from epigeomorphic
to troglomorphic. They include the only Rhaphidophoridae strongly modified for cave
life, i.e., eyeless, unpigmented, and with elongated appendages: Eutachycines cassani
(Laos), Eutachycines caecus (Assam), and Diestrammena (Gymnaeta) omninocaeca
(Southern China).

Ceuthophilinae are limited to America north of Mexico. Many species in the
genera Ceuthophilus, Hadenoecus, and Euhadenoecus are found in caves, often in
large populations. All are troglophiles except possibly Ceuthophilus longipes which
has reduced pigmentation. Interestingly, a blind species exists in the subfamily,
Typhloceuthophilus floridanus, but it lives in rodent burrows, not in caves.

Dolichopodainae comprise 53 species in a single genus, Dolichopoda. One-third
of them have been described after 2001, and half of them from Greece. They are the
dominant crickets in caves of the northern Mediterranean region but are absent in
Iberia south and east of Catalonia and represented by a single species in the
Dinarides. When ecologically studied, these troglobites usually turn out to be
subtroglophiles, being active outside caves at night.

Macropathinae have a typical Gondwanan distribution with a large number of
cave species (some troglobitic) in Gondwanan lands (Di Russo and Sbordoni 1998).
These species do not exhibit strong morphological modifications related to cave life.

Rhaphidophorinae are distributed across tropical Asia, Australasia, and eastern
Asia. Its cave species are large in size (4 cm for Rhaphidophora oophaga from
Sarawak) and the trophic basis of the giant arthropods community of Southeast
Asian caves (Deharveng and Bedos 2000). They may live in very dense populations

<
«

Fig. 7.5 (continued) (Trechinae; Algeria), (p) Velebitaphaenops giganteus (Trechinae; Croatia),
(q) Giraffaphaenops clarkei (Trechinae, China). Photos/drawings by Desutter-Grandcolas (2009)
(a), Howarth et al. (2007) (b), © MY Tian (c), © L Deharveng and A Bedos (d, e, f), Pape (2013)
(g), Hoch and Ferreira (2013) (h), J Bedek in Andersen et al. (2016) (i), Jalzi¢ et al. (2013) (j),
Krejca and Weckerly (2008) (k), Pellegrini and Ferreira (2011) (1), Espaiiol (1967) (m), PM
Giachino in Eberhard and Giachino (2011) (n), Peyerimhoff (1910) (o), Casale et al. (2012) (p),
Deuve (2002) (q)
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on walls and ground, from the entrance to the deepest recesses of caves as soon as
guano or food resources are plenty. Some are suspected to forage outside at night for
feeding (Chopard 1969), but this is unlikely to occur for deep-cave populations.
None of them exhibits modifications related to cave life (Di Russo and Rampini
2017).

Troglophilinae, with its single genus Troglophilus (21 species, all troglophiles or
at least obscuricoles), are the dominant crickets in Eastern Mediterranean regions.

The classical regressive traits, i.e., reduction of wings, eyes, and pigment in cave
compared to non-cave species, can be found in all Orthoptera lineages (Chopard
1969; Di Russo and Sbordoni 1998; Desutter-Grandcolas 1999), but less strongly
marked than in other cave insects. Anophthalmy is rare. Size increase, change in leg
tip structure, and appendage elongation are not observed or tenuous. The strikingly
elongated appendages are largely a phyletic character for most cave species. Leg
elongation has been reported to occur within groups of closely related species, but it
needs to be confirmed (Leroy 1967; Di Russo and Sbordoni 1998; Desutter-
Grandcolas 1999). In this context, evolutionary reversion from troglobitic to epigean
life, as suggested by Desutter-Grandcolas (1993) from phylogenetic analyses of
Neotropical Phalangopsidae, seems plausible. The importance of initial exaptations
for subsequent cave adaptation has been stressed by the same author who showed
that straminicolous-cavicolous Phalangopsidae are more prone to colonize subterra-
nean habitats than other species.

Some interesting characteristics of cave Orthoptera diversity may be summarized
as follows: (1) a large number of subtroglophiles that use caves as daily refuge
(Desutter-Grandcolas 1993); (2) a large contribution of radiations to overall biodi-
versity, like in several other Arthropod groups. These radiations involve in various
proportions cave and non-cave species, as illustrated by European Dolichopoda or
Southeast Asian Diestrammena; (3) a low proportion of relicts compared to several
Arthropod groups; and (4) moderate levels of troglomorphy compared to most
Arthropod groups.

7.9.2 Grylloblattodea

Grylloblattodea are large predatory insects, restricted to the northern Pacific region,
and have 32 extant species (Wipfler et al. 2014) living in mountain forest litter, some
near the snow, except seven that are cave dwellers. These troglobites have reduced
eyes and larger size than their epigean relatives, like the two blind species of
Namkungia from Korea.
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7.9.3 Blattodea (Cockroaches, Fig. 7.5d, f)

In 2011, extant Blattodea (not including Isoptera) contained 4779 species, 9 families
(Beccaloni 2014). Cockroaches are almost absent in caves of temperate regions, but
well represented in tropical caves, with many troglophiles and guanophiles (often
tramp species of large size), and about 40 troglobitic species, all saprophagous. The
troglobitic Blaberidae Miroblatta baai, endemic to a Kalimantan cave, is one of the
largest cockroaches (up to 6 cm long). It is dark pigmented, eyed, and long-legged
but moves slowly, with the body elevated up over the substrate (Bell et al. 2007).
Another rather large troglobite is Neostylopyga jambusanensis (Blattidae) from
Borneo, which has reduced eyes and pigmentation, but no appendage elongation.
All other troglobites are smaller in size. They belong to Ectobiidae (ca. 18 species,
on atotal of ca. 2840; Beccaloni 2014), particularly diversified in Canary Islands and
Australia, and Nocticolidae (ca. 22 species, on a total of 34; Vidlicka et al. 2017)
particularly diversified in Southeast Asia and Africa. They may be encountered near
guano (the Nocticolidae Helmablatta louisrothi from southern Vietnam), but live
preferentially in oligotrophic habitats with stagnant air (Stone 1988). Troglobites of
both families have more or less reduced eyes, many being highly troglomorphic,
eyeless, unpigmented, wingless, and with very long appendages, like Nocticola
flabella (Australia). Several have lost the specialized adhesive structures of the tip
of the legs usually present in epigean species, a possible adaptation to cave life (Bell
et al. 2007).

7.9.4 Dermaptera (Earwigs)

Extant Dermaptera contain 1978 species (Zhang 2011), present worldwide, though
more diversified in the tropics. Two families (ca. 16 species) are parasitic on or
linked to mammals, including bats. All others are free-living omnivores, more rarely
predators. Very few are strictly associated with caves, and none has been described
since the synthesis of Brindle and Oromi (1994). There are only two troglobites with
well-marked troglomorphic traits, Anataelia troglobia (Canary Islands) and
Anisolabis howarthi (Hawaii). Their eyes are much reduced, their appendages
elongated, and they are depigmented and wingless. Three other Dermaptera species
from deep soil layers are blind and wingless, but of much smaller size and with
shorter appendages (Brindle and Oromi 1994).

7.9.5 Psocoptera

Johnson and Smith (2017) report 10,880 extant species of Psocoptera in 64 families.
In Badonnel and Lienhard (1994), 12 species were listed as associated with caves at
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world level. About 40 species are known today, distributed in two suborders:
Trogiomorpha and Troctomorpha. Cave Psocoptera live preferentially in dry habi-
tats, often on guano. The most common are a few widespread troglophilic species,
like Prionoglaris stygia, a quasi-troglobite of Europe. Northern America also has a
single troglobite, Speleketor flocki. Tropical regions are richer in troglobitic species,
most of them recently described: three in Malaysia (Moseley et al. 2012), six or
seven in Africa (Lienhard and Ashmole 2011), and more than 20 in the Neotropics,
mainly in the genus Psyllipsocus in Brazil (Lienhard and Ferreira 2015). All belong
to the suborder Trogiomorpha and are weakly or not modified in relation to cave life,
except for three Afro-Atlantic Troctomorpha, which include the only eyeless cave
Psocoptera known so far (Sphaeropsocopsis myrtleae from St. Helena Island).

7.9.6 Hemiptera: Heteroptera (Fig. 7.5¢, g)

Schuh and Slater (1995) estimated that Heteroptera comprised 38,000 species world-
wide. They are highly diversified in all terrestrial and freshwater habitats on earth and
feed in sucking a large range of living plants or animals. A small proportion of them
are found in subterranean habitats, as guanophiles (Leptopodidae, Lygaeidae, and
Reduviidae), bat ectoparasites (Cimicidae), or troglophiles and troglobites of parietal
associations (Reduviidae Emesinae) (Maldonado Capriles 1994). Emesinae have
44 cave species (24 cave-restricted) on a total of 900 (Pape 2013). All are immediately
recognized by their very long appendages, but this character is lineage dependent and
not an adaptation to cave life. All species have well-developed eyes and most are
pigmented, with the exception of three troglobites: Collartida anophthalma and
C. tanausu from Canary Islands, and Nesidiolestes ana from Hawaii. Other
Reduviidae, poorly represented underground, are mostly troglophilic-guanophilic
species, with eyes, pigment, and normal appendages. Southeast Asian caves also
host large, unpigmented, reduced-eyes Reduviidae larvae (possibly Oncocephalus
sp., Cai pers. comm.), frequently found wandering on or around guano.

7.9.7 Hemiptera: Fulgoromorpha (Fig. 7.5h)

About 7000 species of Fulgoromorpha are known on earth. Four families include
cave species: Cixiidae, Meenoplidae, Kinnaridae, and Delphacidae. All are
rhizophagous and most are troglobites. Since the last review of Hoch (1994) who
listed ca. 40 cave species, at least 20 additional ones have been described.
Fulgoromorpha have given local radiations with nice series of eye and wing regres-
sion, without significant appendage elongation, in Australia (e.g., Solonaima),
Canary Islands (e.g., Cixius), and Hawaii (e.g., Oliarius). Several species are eyeless
with well-developed wings. Recently, species with regressed eyes, pigment, or
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wings have also been described from temperate regions (Italy, Croatia), tropical Asia
(Sulawesi, Vietnam), and South America (Brazil).

7.9.8 Hymenoptera (Ants)

Hymenoptera is the fourth largest order of insects (116,881 species; Zhang 2011).
Various troglophilic ants are regularly encountered in guano of tropical cave (Decu
et al. 1998a). Leptogenys khammouanensis, collected in oligotrophic habitats of a
Laotian cave, is possibly the only troglobitic ant.

7.9.9 Lepidoptera (Butterflies)

The 157,338 species of Lepidoptera (Zhang 2011) include very few cave species.
Only two of them are troglobitic: the reduced-eyes Tineidae, Tinea microphthalma
(Philippines; Robinson 1980), and the Erebidae Schrankia howarthi (Hawaii,
Howarth and Hoch 2012), which presents several regressive traits: flightlessness,
reduced pigmentation, and reduced eye size.

7.9.10 Diptera (Flies, Fig. 7.5i)

Diptera (155,477 species, Zhang 2011) are poorly diversified underground with
about 100 species of which 22 are troglobites after Matile (1994). Aside from
parasites of bats, Diptera include many guanobites or guanophiles associated with
guano in tropical caves, as well as a number of non-guano-dependent troglophiles.

Among non-hematophagous Diptera, the emblematic Mormotomyia hirsuta from
Kenya, a remarkable relict of aberrant morphology, is actually not troglobitic
contrary to literature claims (Copeland et al. 2011). Clisa australe from Australia
and Spelobia tenebrarum, the only troglobitic Diptera of northern America, are cave
restricted. This last species has reduced eyes, like its congeners living in mammal
burrows. Gymnomus troglodytes from the Dinarides is the only troglobitic
Heleomyzidae. Among Sciaridae, several troglobitic or troglophilic species, like
Allopnyxia patrizii from Italy, have a minute size, regressed eyes and pigment, and
shortened appendages, i.e., euedaphomorphic attributes. Six troglobitic species of
the large genus Crumomyia (Sphaeroceridae) have reduced eyes, elongated antennal
arista and legs, weak sclerotization, pale pigmentation of body, and sometimes
reduced wings (Rohacek and Papp 2000). The last discovered troglobite is a
Chironomidae collected from a deep pit of Croatia, Troglocladius hajdi. It combines
pale color, strongly reduced eyes, and very long legs, but its antennae are short and
its wings well developed.
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Hematophagous Diptera include many troglophilic and some troglobitic species
of Psychodidae and Culicidae. Psychodidae, abundant in tropical caves, are well
studied as vectors of Leishmaniasis. Several species of Phlebotomus and Chinius
from Africa, Asia, and Australia are considered troglobites (Matile 1994). However,
most have been found outside caves when searched for, and should be considered as
troglophilic (Carvalho et al. 2013). The only species firmly established as a
troglobite, Deanemyia maruaga from Brazil, is parthenogenetic, nonvector, and
can complete its full life cycle in cave. A few tropical Culicidae seem be troglobitic
in a way similar to Psychodidae (hematophagous-guanophagous).

All troglobitic Diptera are not or weakly modified for cave life.

7.10 Insecta: Coleoptera (Beetles)

With 386,500 species in 29,500 genera and 176 families (Slipinski et al. 2011),
Coleoptera is the most species-rich order of living organisms. Beetles are present in
all terrestrial and freshwater habitats and in all climatic zones. They are common in
terrestrial subterranean habitats worldwide, as troglophiles, troglobites, or associated
with guano. Most species are terrestrial, estimated at 1927 by Decu and Juberthie
(1998), and probably outnumbering today 2500 species. Understanding of cave
Coleoptera diversity and evolution is hampered the lack of data on the larval instars
of troglobitic species, which seem to have developed adaptive traits different from
those of adults.

Three families, Carabidae, Staphylinidae (including Pselaphinae and Scydmaeninae),
and Leiodidae count for 98% of the diversity of troglobitic and troglophilic beetles, with
1180, 110, and 599 species (Decu and Juberthie 1998), for total species richness of
40,000, 56,000, and 3700 species, respectively (Slipinski et al. 2011). This taxonomic
unbalance is retrieved at lower taxonomic levels. It is also striking at the geographical
scale, with lineages developing large subterranean radiations locally and being almost
absent from caves in other regions.

Guanobites and guanophiles, largely neglected taxonomically, represent a signif-
icant component of subterranean Coleoptera diversity. Thus, 28 cave beetles asso-
ciated with guano from 10 families are listed by Peck et al. (1998) for Cuba, and
82 species from 19 families by Moulds (2004) for Australia. The diversity of guano
beetles is much higher than that of non-guanobite troglobitic beetles at single-cave
scale in the tropics, but not in temperate regions.
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7.10.1 Adephaga: Carabidae (Groundbeetles; Figs. 7.5j—q
and 7.6a-d)

All terrestrial cave species of Adephaga belong to Carabidae. We follow here
Anichtchenko (2017) for the taxonomic hierarchy of the family. Casale et al. (1998)
published a major synthesis of cave Carabidae diversity and mentioned 14 subfamilies
(of a total of ca. 33) having representatives underground: Anthiinae, Brachininae,
Dryptinae, Harpalinae, Lebiinae, Nebriinae, Paussinae, Platyninae,
Promecognathinae, Psydrinae, Pterostichinae, Scaritinae, Siagoninae, and Trechinae.

Trechinae comprise 90% of all described species of cave Carabidae (Decu and
Juberthie 1998). Of their six tribes, three contain troglobites (Trechini, Bembidiini,
and Zolini). Distributed worldwide, they are however mostly diversified in temperate
climates. Half of their more than 2000 species are cave dwellers (Casale et al. 1998).

The basic outlines of the taxonomy of the subfamily were set up by Jeannel
(1926-1928). Since the last review of Casale et al. (1998), numerous new taxa have
been described, and molecular phylogenies of several major lineages of the subfam-
ily have been published (Faille et al. 2010a, 2011, 2013), bringing new insight on
their origin and evolution.

Of the four subtribes of Trechini, only Trechodina and Trechina include cave
species. Trechodina have a few troglobites of euedaphomorphic facies, limited to
Macaronesia and eastern Spain. Three anophthalmic ones are Canarian endemics in
the genera Canarobius and Spelaeovulcania. The others are microphthalmic and
belong to the European genus Thalassophilus.

Trechina includes all other cave Trechini. More than any other cave group, this
subtribe illustrates the major features of the diversity patterns known among cave
fauna: unbalanced distribution, large evolutionary radiations, high number of relicts,
and a broad range of morphologies from euedaphomorphy to extreme troglomorphy.

Cave-restricted Trechini inhabit almost exclusively caves of temperate and sub-
tropical climates. They are absent north of 47°N and south of 45°S, probably impacted
by Quaternary glaciations. They are also extremely rare in tropical caves. Though
present in the southern hemisphere, they are more diversified in the Holarctic. At fine
grain, pattern of taxonomic richness is complex and uneven, characterized by intense
but scattered local radiations (Casale et al. 1998). Recent phylogenetic analyses (e.g.,
Faille et al. 2010b) combined with a fast increase in taxa discoveries and species
distribution have allowed robust hypotheses on divergence and biogeographical
history of various lineages.

Ecologically, most cave Trechini are troglobites of oligotrophic habitats. Their
absence in guano parallels their rarity in tropical regions. Surprisingly, troglophilic
species also are few.

Till recently, Southern Europe was known as the major diversification area for
cave Trechinae on earth (Casale et al. 1998). Its species richness is mostly a result of
local evolutionary radiations, reflected in the occurrence of 10 genera having more
than 15 troglobites each. On the other hand, the large number of phyletically isolated
and oligospecific genera recognized by taxonomists (of which more than
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Fig. 7.6 Cave Coleoptera, Carabidae and Staphylinidae; scales as specified. Carabidae (a to d): (a)
Xuedytes bellus (Trechinae; China), (b) Morimotoidius zhushandong (Platyninae; China), (c)
Zariquieya boumortensis (Pterostichinae; Spain), (d) Dalyat mirabilis (Promecognathinae;
Spain); Leiodidae (e to m): (e) Ptomaphagus trezzii (Guatemala), (f) Pholeuon (P.) knirschi
(Romania), (g) Nafarroa sorogainensis (Spain), (h) Graciliella ozimeci (Croatia), (i) Leptodirus
hochenwartii croaticus (Croatia), (j) Speoplanes giganteus biokovensis (Croatia), (k) Remyella
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20 monospecific genera) illustrates a high phyletic richness. Cave Trechini diversity
is maximal on the biodiversity ridge between 42 and 46° of latitude (Culver et al.
2006), more particularly in Pyrenees and the Dinarides. Pyrenees is home of the
Aphaenops lineage, with 87 mostly troglobitic species in two genera, Aphaenops and
Geotrechus (Queinnec 2014). This lineage has no clearly relatives with Trechus
surface lineage or European Trechinae genera (Faille et al. 2010a, b). All species are
blind and depigmented, and most are troglomorphic regarding body slenderness and
appendage elongation.

The Duvalius lineage spreads from northeastern Spain to China (Moravec et al.
2003), but is absent in Pyrenees. It is richer in species than the Aphaenops lineage
but spread across a much larger area. It ranges from epigean winged and eyed species
(life forms that do not exist in the Aphaenops lineage) to highly troglomorphic ones,
like Duvalius (Trechopsis) iblis from Algeria or Alpine Trichaphaenops. The genus
Anophthalmus, closely allied to Duvalius, represents a third important radiation
diversified across southeastern Europe.

Casale et al. (1998) recorded nine cave genera of Trechini in southern China. This
number has since increased impressively. The region is today the richest on earth for
troglobitic Trechini, with more than 130 species in ca. 45 endemic genera (Tian et al.
2016, 2017). Like for the Pyrenean radiation, species of the Chinese radiation(s) are
all troglobites, blind, wingless, and unpigmented. They exhibit an extremely large
range of morphologies, reflected in the small number of species by genus, many
being monospecific and the richest, Dongodytes, having only 12 species. Their
maximal diversification area stretches from 23°N to 30°N, more southerly than the
Japanese, European, or American hotspots. Outside this hotspot, the single
troglobitic Trechini known in 1998 for the region was the reduced-eyes monospe-
cific genus Trechiamiotes from Thailand. Recent discovery of blind and highly
troglomorphic species in lowlands caves, south of the southern China hotspot, has
been a surprise: three species of Lanxangaphaenops in Vietnam and Laos, and the
monospecific genera Tonkinaphaenops in Vietnam, Laosaphaenops in Laos, and
Birmaphaenops in Burma. The origin of this large radiation is unclear, no species
having been related so far to eyed Trechinae. Most species are troglomorphic.
Several, in the genera Giraffaphaenops, Dongodytes, and Xuedytes are the most
modified troglobitic ground beetles known so far in the world due to extreme
elongation of appendages.

<
Y

Fig. 7.6 (continued) scaphoides scaphoides (Serbia), (1) Radziella styx (Croatia), (m) Baronniesia
delioti (France); Staphylinidae (n to s): (n) Domene (D.) lencinai (Paederinae; Spain), (o) Euconnus
(Tetramelus) longipedes (Scydmaeninae; Croatia), (p) E. (T.) tronqueti (France), (q) Metopiellus
painensis (Pselaphinae; Brazil), (r) Pseudophanias spinitarsis (Pselaphinae; Nepal), (s)
Zopherobatrus tianmingyii (Pselaphinae; China). Photos by Tian et al. (2017) (a), Pang and Tian
(2014) (b), Faille et al. (2011) (¢), © A Anitchenko (d), Perreau (2009) (e), Hlavac et al. (2017) (f, i,
Jj» k, 1), Fresneda and Dupré (2010) (g), Njunji¢ et al. (2016) (h), Fresneda et al. (2009) (m), Vives
(2010) (n), Hlavac and JalZi¢ (2009) (o), Orousset (2014b) (p), Asenjo et al. (2017) (q), Yin et al.
(2015a) (r), Yin and Li (2015) (s)
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Though close to Southern China, the Japanese hotspot of cave Trechinae biodi-
versity is located more northerly, centered on the island of Shikoku at about 33°N
(Uéno 2001). It hosts speciose lineages, especially in the Trechoblemus and
Trechiama groups. Contrary to the radiations of southern China, the richest lineages
of cave Trechinae in Japan comprise edaphic and troglobitic species: Rakantrechus
and Yamautidius with c.a. 20 species each, Kurasawatrechus with more than
30 species, and Trechiama with more than 130 species (Moravec et al. 2003).
Though many species lack eyes and pigment, a few only are highly troglomorphic.

In North America, the highest diversity of cave Trechini occurs at 35-40°N
(Culver et al. 2006). There, 145 species of the genus Pseudanophthalmus (Barr
2004) contribute for almost 85% to the total richness of cave Carabidae of the USA
(Culver et al. 2000). Most species are obligate cave dwellers; a few are edaphic.
Their eyes are absent or very reduced and their appendages only moderately
elongated, though some species like Nelsonites jonesi are more strongly
troglomorphic. Further south subterranean Trechini are confined to high elevation
caves and have more elongated appendages: several Mexaphaenops, and four
species of oligospecific genera: Mayaphaenops, Chiapadytes, Guatemalatrechus,
and Mamesdytes.

Cave Trechini are much less diversified in the southern than in the northern
hemisphere. They include troglomorphic species of uncertain affinities in
New Zealand, which combine vestigial eyes and rather long appendages (Townsend
2010), like Erebotrechus infernus or Scototrechus orcinus. In Tasmania, they are
also frequent, with local radiations of the genera Goedetrechus and Tasmanotrechus,
almost entirely constituted of troglobites which exhibit mild degrees of eye reduction
and moderate appendage elongation (Eberhard and Giachino 2011).

Zolini include six troglobites of the genera Idacarabus and Pterocyrtus in
Tasmania, all oculated and weakly or not modified for cave life (Eberhard and
Giachino 2011). Bembidiini have cave species in five of their six subtribes, most
of them troglophilic of euedaphomorphic habitus, i.e., small, blind, and with short
appendages. Anillina, particularly in the northern Mediterranean region (Hlavac
et al. 2017), include a large number of such species, living in soil or MSS, and a
few troglobites that exhibit weak troglomorphic facies (slenderness, appendages
slightly elongated), like Microtyphlus alegrei from Spain or Hygranillus kuscheli
from New Zealand. Six genera and 17 species of Anillina have been recently
discovered from deep bores in Western Australia.

The subtribe Bembidiina has troglophilic species, but probably no troglobites.
Some have regressed eyes, but none has significantly elongated appendages.
Horologionina is a monospecific subtribe, established for a subterranean species of
atypical morphology from the USA. The four troglobitic species of the enigmatic
Balkanic subtribe Lovriciina also show, aside from anophthalmy, moderate
troglomorphic traits, like Paralovricia beroi (Hlav4¢ et al. 2017). Among troglophilic
Tachyina, especially in the tropics, a few linked to soil or caves are blind and
euedaphomorphic in facies (like some Lymnastis of Canary Islands; Machado 1992).

Of the three tribes of Dryptinae, only Zuphiini are present in caves with
ca. 15 species in seven genera, besides a number of epigean and edaphic forms.
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Ecologically, most cave Zuphiini are troglobites and none is guanophile. Three of
them are relicts of outstanding interest. The monospecific genus Ildobates from
Catalonia, blind and highly troglomorphic, is the only cave representative of
Zuphiini in Europe (Ortufio et al. 2004; Ribera et al. 2006). The two Australian
species from the Nullarbor karst Speothalpius grayi and Speozuphium poulteri)
belong to monospecific genera of uncertain affinities and are by far the most
troglomorphic Carabidae of Australia. Other cave species of the tribe have shorter
appendages, but remain slender, unpigmented, and blind or microphthalmic: eight
troglobitic Coarazuphium in Brazil and one Parazuphium in Canary Islands. Several
species with a similar morphology have also been collected in deep soil in Morocco
and in deep bores in Australia.

Though one of the richest subfamily of Carabidae, Harpalinae has only a few cave
species, restricted to Australia and New Zealand. Australian Notospeophonus, prob-
ably guanophilic, are fully oculated and devoid of cave-adapted traits (Moore 1964).
New Zealand species of Syllectus and Pholeodytes live in oligotrophic cave habitats,
have reduced eyes, and have a typical aphaenopsian habitus (Larochelle and
Lariviere 2005).

Paussinae include highly modified species living as commensals of ants, and free-
living species, mostly Ozaenini, with several tropical troglobites. Itamus cavicola
from New Ireland is a guanobitic troglobite. The genus Eustra, sporadically distrib-
uted in soil and caves of Southeast Asia, includes several troglobites living of
oligotrophic habitats, unpigmented and with eyes reduced or absent. They are
morphologically euedaphomorphic, except two species from northern Thailand
with relatively elongated appendages (Deuve 2001).

Platyninae are subdivided into three tribes, of which two include cave species:
Platynini and Sphodrini. Platynini have colonized subterranean habitats, to the exclu-
sion of guano, in various regions on earth. Troglobites are numerous. Most belong to
radiations including epigean species: Rhadine in North America (ca. 50 species;
Gomez et al. 2016), Jujiroa in eastern Asia, Gastragonum in Australasia,
Mexisphodrus in Mexico, or Blackburnia in Hawaii. They are moderately modified
morphologically, though eyes and pigmentation are often reduced. Some species
however, like Rhadine exilis, have a typical troglomorphic facies, with vestigial
eyes, depigmentation, very slender forebody, and long appendages. Aside from
these speciose genera, a few mono- or oligospecific genera contain highly
troglomorphic species like Speocolpodes franiai from Guatemala or Speagonum
mirabile from New Guinea, both at high altitude. In eastern Asia, some eyed and
pigmented species exhibit surprisingly long appendages, like Morimotoidius from
China. The only cave Platyninae of Europe is Galiciotyphlotes weberi from Spain,
considered as a relict (Ortufio and Gilgado 2010). Many of the ca. 700 species of
Sphodrini are linked to subterranean habitats. Since the revision of Casale (1988) a lot
of new species have been described, but the main lineages, the global patterns of
distribution, and the troglomorphic gradients have only changed a little. The group
seems to be absent from caves in the tropics and in the southern hemisphere. Within
Sphodrini, the Laemostenus lineage is the richest and most widespread, distributed in
West Palearctic and Central Asia. Its remarkable radiation of ca. 200 species of
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relatively uniform habitus includes epigean, guanobites, troglophiles-guanophiles, and
troglobites, often of large size compared to other cave Carabids. Troglomorphic traits
are not or weakly marked in species of the subgenera Actenipus and Pristonychus,
usually troglophilic or guano dwellers, but troglobites of the subgenus Antisphodrus,
like L. (A.) navaricus from Pyrenees, are clearly modified (eye and pigment reduced,
appendages elongated). No species is eyeless. Aside from Laemostenus, a few
oligospecific genera of the Palaearctic (Canary Islands, Morocco, Turkey, Japan)
comprise also weakly modified troglobites. In America, Sphodrini are represented
by a single relictual troglobite of Mexico, Miquihuana rhadiniformis, which is also the
most modified of the tribe with an unusual combination of depigmentation, vestigial
eyes, long and slender forebody, but moderate elongation of antennae.

Several lineages of Pterostichinae have colonized caves (Casale et al. 1998). Of
the eight tribes of Pterostichinae, two contain troglobites: Abacetini and
Pterostichini. Abacetini include two weakly modified troglobitic species of Indone-
sia: Mateuellus troglobioticus, from Sulawesi and Metabacetus willi, from Java.
Pterostichini, distributed in Canary Islands, the Pyreneo-Iberian region, and Eastern
Europe, have subterranean species in three subtribes (Molopina, Euchroina, and
Pterostichina). Molopina includes rare relictual troglobites, not attracted by guano, in
four mono- or bispecific genera (Faille et al. 2011), all blind, but without appendages
elongation: Speomolops sardous in Sardinia, Henrotius jordai in Balearic Islands,
Oscadytes rovirai, Zariquieya boumortensis, and Z. troglodytes in Catalonia and
eastern Pyrenees. The subtribe Euchroina is present underground only in Canary
Islands, with three species of the genus Orthomus from caves or MSS (Machado
1992). Their eyes and pigmentation are reduced, but their appendages are not
significantly elongated. The subtribe Pterostichina, rich in epigean species, has
several representatives underground. In France, Stomis benoiti from Massif Central
is oculated, pigmented, and with normal appendages, but cave restricted. Several
species of Pterostichus (subgenera Rambousekiella, Troglorites, Lianoe, and
Tinautius) are scattered in Europe. They are blind or microphthalmic and have
relatively elongated appendages, but a rather stout body. The genus Speluncarius
is the richest, with 27 species in the eastern Mediterranean region, of which about
one-third are troglobites of hypogeomorphic facies.

Scaritinae are represented underground by several species of the tribe Clivinini,
subtribes Reicheina and Clivinina. Within Reicheina, the radiation of Typhloreicheia
in Sardinia includes a majority of soil species and several cave species of
euedaphomorphic facies (Magrini et al. 2013). Eight anophthalmous Clivinini
have been described from southern Europe, Mexico, Papua New Guinea, and
China (Tian 2013). Other reduced-eye species and a few troglophiles mentioned in
Casale et al. (1998) are known in the tribe. All these species have the same strong
burrowing forelegs as their epigean relatives and an overall euedaphomorphic facies.
A single species, [talodytes stammeri, is clearly troglomorphic, with much less
robust forelegs and slender forebody.

Other cave species, interesting in various respects, are scattered in several sub-
families of Carabidae. Of outstanding interest, Dalyat mirabilis, unique species of
the subfamily Promecognathinae in Europe, is a large-size relictual beetle of
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southern Spain, related to South African and North American taxa (Mateu and
Belles 2003). Brachininae include a few endogean species, and Brachynillus
varendorffi from Tanzania, the only troglobitic Carabidae of Sub-Saharan Africa,
long considered as a relict. Nebriinae at least include hygrophilic-cryophilic species
in Holarctic region, of which the troglobitic Nebria nudicollis from Algeria, with
reduced eyes and pigment, and slightly elongate appendages.

7.10.2 Polyphaga

Polyphaga are present in caves with ca. 30 families and a very large number of species
(Decu et al. 1998b). Most troglobites and guanobites are distributed in 10 families
according to the following taxonomic hierarchy: superfamily Hydrophiloidea
(Histeridae), Staphylinoidea (Ptiliidae, Leiodidae, Staphylinidae), Scarabaeoidea
(Trogidae, Scarabaeidae), Derodontoidea (Jacobsoniidae), Tenebrionoidea (Aderidae,
Tenebrionidae) and Curculionoidea (Curculionidae); several other families include
troglophiles or guano species of uncertain ecological status (Elateridae and
Cantharidae among Elateroidea, Salpingidae and Zopheridae among Tenebrionidae).

Histeridae (4300 species, 350 genera, Slipinski et al. 2011) have various feeding
habits from carnivory to saprophagy. They include, aside from soil and inquiline
species, several guanophiles and troglophiles, and about 15 troglobites. These last
species, distributed in the Mediterranean region, Africa, and Central America
(Vomero 1998; Lackner 2013), small in size and wingless have reduced or absent
eyes, with sometimes weak appendage elongation.

Ptiliidae (650 species, 80 genera, Slipinski et al. 2011) are saprophagous soil
dwellers, present worldwide. They may be numerically important in the guano of
tropical caves. Two species are listed as troglobitic by Decu et al. (1998b). One of
them (Malkinella cavatica from South Africa) is clearly guanobitic, eyeless,
pigmentless, and wingless, but its appendages are not elongated, traits that are
retrieved in several epigean Ptiliidae.

Leiodidae (Fig. 7.6e-m). Statistics for Leiodidae taxa are drawn from Perreau
(2000, updated). Leiodidae is a moderately diverse family among beetles, with
ca. 4000 species worldwide in 450 genera. Giachino et al. (1998) published a
reference synthesis at world level on its underground diversity. The rough lines of
its phyletic structure are well documented (Fresneda et al. 2011). Leiodidae encom-
passes a higher proportion of cave-restricted species than any other large beetle
family and is only second to Carabidae in number of troglobites. Since 1998, our
taxonomic knowledge of the family has considerably progressed. The last available
estimate gave 599 species of cave Leiodidae (Decu and Juberthie 1998). In the
Balkans alone, 369 species are currently recorded, about the same number as
Carabidae (368 species, Hlavac et al. 2017). All cave Leiodidae are scavengers,
and most are linked to oligotrophic habitats.
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Leiodidae comprises six subfamilies of unequal species richness. Camiarinae and
Coloninae have no cave representatives. Platypsyllinae group a few pholeophilous
species including troglophilic Leptinus spp. which are blind and wingless.

Catopocerinae group five genera and ca. 50 species of which four are cave
dwellers. Three of them belong to the genera Catopocerus and Pinodytes, which
are blind and wingless, but without significant appendage elongation (Fresneda et al.
2011). The fourth troglobite is Glacicavicola bathyscioides from western USA, a
blind, troglomorphic, relictual endemic of leptodiroid facies (see below for expla-
nation). Leiodinae have more than 1700 species, but less than 10 cave species, of
which none is markedly modified for cave life. Regressive evolution of wings and
eyes is not exceptional among non-cave species of the subfamily. Thus, 32 of the
ca. 825 species of Agathidium have reduced eyes or are eyeless (Svec 2014), but
none inhabits cave.

Cholevinae (ca. 2500 species in seven tribes) have a large number of cave species,
mostly in Leptodirini and Ptomaphagini. Sciaphyini from Eastern Asia (one genus,
three species) are blind, but not cave dwellers. Anemadini, with ca. 100 species
distributed worldwide except in Africa and South America, are poorly diversified in
subterranean habitats. Its cave species considered as troglobites (Speonemadus
escalerae from Spain for instance) have wings, eyes, and pigment, but two
anophthalmic species of the tribe (Anemadus kabaki and A. imurai) have been recently
described from soil or MSS-like habitat in China. Ptomaphagini (ca. 360 species)
contain a large proportion of troglobitic species of bathyscioid facies in two main
areas: Southeast Asia and northern and central America. Southeast Asia caves host a
few Ptomaphaginus and several Ptomaphaminus. They are attracted by decaying
organic matter, but rarely guanobites. They are not or hardly troglomorphic, having
eyes and short appendages, but wings are sometimes reduced. In America, the genus
Ptomaphagus (ca. 140 species) includes soil and cave species, with more than
35 troglobites. Morphological gradients from fully eyed, fully winged, small size,
and short appendages to eyeless, wingless, large size, and moderately long appendages
species have been documented in the genus Ptomaphagus (Peck 1986). Marked
troglomorphic cave species, like Ptomaphagus (Adelops) trezzii from Guatemala,
are rare. Surprisingly, the only indubitably blind species of the genus,
P. troglodytes, is a troglobite from Spain (Fresneda et al. 2011).

Leptodirini (ca. 950 species, 235 genera) is the richest tribe of Cholevinae. It is
mostly distributed in Europe and western Asia, with only three genera in eastern
Asia and one genus in the Nearctic. Its species are eyeless and depigmented, with
very rare exceptions (Jeannel 1924; Fresneda et al. 2011). About three-fourths of
them are troglobites, living in oligotrophic habitats of cave and in the MSS, the
remaining ones living in soil. Eutroglophiles are not rare, but guanobites are
infrequent.

Balkans is the richest spot of Leptodirini, followed by the Pyreneo-Cantabric range
and Alps (Perreau 2000). The whole tribe constitutes a remarkable radiation of the
northern Mediterranean region, including local radiations of several clades like
Antroherpon in the Dinarides (Njunji¢ et al. 2016), Quaestus and Speonomus in the
Pyreneo-Cantabric range (Cieslak et al. 2014), and Drimeotus in Romania (Moldovan
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2000). On the other hand, half of the Leptodirini genera are monospecific, reflecting a
relictual status (like Speophyes in France) or rapid rates of morphological evolution.
Most species of the tribe are narrow endemics, with more than one-third known from a
single site (Moldovan 2008). Life forms of Leptodirini, extremely diverse, have been
allocated to four facies defined by Jeannel (1943) and illustrated by Laneyrie (1967):
bathyscioid, pholeuonoid, leptodiroid, and scaphoid, characterized by different com-
bination of slenderness, appendage elongation, and body outlines. The bathyscioid
facies, considered as primitive, characterizes most non-Leptodirini Leiodidae, and
among Leptodirini, many soil and litter species, as well as troglobites like
Pholeuonella from the Dinarides, Quaestus from Spain, Sophrochaeta from Romania,
or Speonomus from Pyrenees. The pholeuonoid facies, characterized by longer
appendages, more slender body, wider head, and thorax more elongated and sinuous,
is retrieved in many “normal” troglobites of various phyletic lines, like Pholeuon from
Romania, Antrocharis from Pyrenees, or Speoplanes from Croatia. The spectacular
leptodiroid and scaphoid facies are limited to Dinaric species of the subtribes
Leptodirina and Antroherponina. Antennae are much longer than the body, legs
very long, and head and thorax narrow and sometimes elongated like in the most
troglomorphic Trechinae. Abdomen is distinctly swollen in the leptodiroid facies,
versus narrow in the scaphoid facies. These life forms are known among Leptodirina
(like Leptodirus hochenwartii, Albanodirus trezzii, Nonveilleriella ognjenovici) and
Antroherponina (like various species of Antroherpon, Leptomeson, and Graciliella).

Species of hygropetric environment often show intermediate facies between
pholeuonoid and leptodiroid, associated with strongly modified mouthparts (Sket
2004; Polak et al. 2016). They are known in Italy (Cansiliella) and the Balkans
(Croatodirus, Hadesia, Kircheria, Nauticiella, Radziella, Tartariella, and
Velebitodromus).

Staphylinidae (Fig. 7.6n-s). With more than 55,000 species, Staphylinidae is the
largest family of the whole animal kingdom. It comprises a low number of subter-
ranean species, including guanobites, very few troglophiles, and more than
220 troglobites (Hlavac et al. 2006; Yin et al. 2015a).

Guanophilic Staphylinidae are common in northern temperate regions (Bordoni
and Oromi 1998) but rarer in the tropics and do not exhibit modifications related to
cave life, with the exception of the large-size Scydmaeninae Clidicus gracilipes from
Sumatra.

Non-guano troglobitic Staphylinidae, much more diverse, are known in seven
subfamilies: Omaliinae, Tachyporinae, Paederinae, Aleocharinae, Pselaphinae,
Scydmaeninae and Scaphidiinae. Among them, several troglobites are clearly
troglomorphic, i.e., blind, depigmented, long-legged, and large-sized. Cave
Omaliinae include two troglobites (Uenohadesina styx from South Korea and
Lesteva (Lestevina) sbordonii from southern Italy), while a single one is known
among Tachyporinae (Ischnosoma spelaeum from Spain) after Hlavac et al. (2006).
None of these species show troglomorphic features.

Paederinae and Aleocharinae contain 28 and 15 troglobitic species (Hlavac et al.
2006; Perreau and Faille 2012), as well as several eutroglophiles. They include cave
species nested in large genera, with local spots of underground diversification in
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Canary Islands (Domene, Medon, Micranops for Paederinae, Alevonata for
Aleocharinae), Northwestern Spain (Domene for Paederinae), and perhaps Japan
(Lathrobium for Paederinae). Remaining species belong to less speciose genera,
some relictual, in Galapagos (Pinostygus galapagoensis), India (Typhlomalota
glenniei), and Spain (Cantabrodytes vivesi). All show eye and pigment reduction,
body slenderness, and appendage elongation, with several highly troglomorphic
species like Domene vulcanica from Canary Islands or Anopsapterus bordati from
Sahara.

The ca. 8600 species of Pselaphinae (Poggi et al. 1998) are predators of smaller
arthropods and live mostly in soils (Fig. 7.6q—s). About 170 cave species have been
described (Yin et al. 2015a) mostly from northern temperate regions. Africa has a
single genus (Speobaxyris) with a few eyed and weakly modified species (Poggi
et al. 1998), and a single species, slightly troglomorphic, was recently described
from Brazil (Metopiellus painensis). The world hotspot of cave Pselaphinae diver-
sity is the Balkans. The number of cave taxa in this region increased at a fast pace
during recent years, from 25 species in 11 genera in 1998 to ca. 64 species in
ca. 18 genera in 2017 (Hlavac et al. 2017). Among recently described troglobites,
some show euedaphomorphic or atypical facies, but two species of the monospecific
genera Pauperobythus and Velebythus are highly troglomorphic.

In other Euro-Mediterranean regions, cave Pselaphinae number more than 25 spe-
cies in ca. 10 genera, almost all in the tribe Bythinini. Most species have reduced
eyes and weakly elongated appendages Besuchet 1974) A few are eyeless and
strongly troglomorphic, such as Bathybythus bleyi (Pyrenees). Since 1998, many
species have been described from East Asia (China and northern Indochina), which
emerges today as a novel spot of diversity for cave Pselaphinae. Batrisini dominate
this fauna, with for instance 13 species of Tribasodites in Southern China,
microphthalmic and more or less troglomorphic (Yin et al. 2015b), or the Chinese
genus Zopherobatrus, which is blind and has very elongated appendages. North
America is rich in troglobitic Pselaphinae. Barr and Holsinger (1985) recognized
three components in its fauna, a pattern still valid today: (a) troglobites lacking
pronounced troglomorphic features, e.g., about 20 troglobitic Batrisodes on the
ca. 85 North-American species of this genus; (b) a few troglomorphic troglobites,
eyeless, and with often slightly elongated appendages, e.g., the two monospecific
genera Speleobama and Texamaurops, and cave species of the genus Arianops, a
radiation of 42 species from southeastern USA, all blind and wingless, either edaphic
or troglobitic (Carlton 2008); and (c) minute eyeless euedaphomorphic species of the
genus Speleochus (Carlton 2012).

Life forms of cave Pselaphinae vary from euedaphomorphic to highly
troglomorphic. Regressive characters are, as usual in beetles, eye reduction, pigment
reduction, and loss of wings. However, eyes are often retained in troglobites, and
appendages elongation is limited: antennae as long as body are only known in the
phyletically isolated species Decumarellus sarbui from Romania.

Two supertribes, Scymaenitae and Mastigitae, include 98 and 2% of the species
of Scydmaeninae (Orousset 2014a, b). Mastigitae have one dubiously guanobitic
species from a Sumatran cave, Clidicus gracilipes, with large eyes and wings but
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elongated appendages. Five troglobitic species, eyeless and wingless, are known.
Scydmaenus (Heteroeustemmus) aelleni from New Caledonia was already listed in
Decu et al. (1998b). Four species have been described since, three from Croatia
[Euconnus (Tetramelus) bazgoviensis, E. (T.) longipedes, and Scydmoraphes
speluncarius], and one from French Pyrenees [E. (T.) tronqueti]. S. speluncarius
has a facies of soil Scydmaeninae, but the three others, especially E. (T.) longipedes,
have more slender body and longer appendage than their epigean relatives. Two
species of Scaphidiinae, only known from caves in Madagascar (Toxidium cavicola)
and Thailand (Bironium troglophilum), do not exhibit any character linked to cave
life (Lobl and Faille 2017).

Trogidae and Scarabaeidae species linked to cave guano are known from many
tropical regions (Decu et al. 1998b). They do not show characters associated with
cave life, except for the Scarabaeidae Mozartius uenoi from a Japanese cave, which
is wingless and has regressed eyes.

Jacobsoniidae (22 species, three genera; Hava 2016) includes the minute
guanobites Derolathrus cavernicolus and D. troglophilus, both fully oculated,
respectively in the USA and Fidji.

Aderidae (ca. 900 species worldwide, Slipinski et al. 2011) are sometimes in large
numbers on guano piles or organic debris in caves of Africa (Zarcosia) and tropical
Asia (Aderus and Euglenes), with up to five species in a single cave (Moseley et al.
2012). None of them is blind or troglomorphic. Tenebrionidae (ca. 20,000 species
worldwide, Slipinski et al. 2011) usually live in dry and warm habitats, but some
colonized caves where they often dominate guano assemblages in biomass. Most are
eutroglophiles, winged, fully eyed, dark pigmented, and with short appendages, like
their epigean congeners. A few are dark pigmented but with reduced eyes and
moderately elongated appendages, like some cave-restricted North American
Eleodes (Caverneleodes).

Curculionidae (ca. 51,000 species, 4600 genera worldwide, Slipinski et al. 2011) are
mostly phytophagous, those found in caves being apparently root feeders. Osella and
Zuppa (1998) list 34 troglobitic or troglophilic species. Since this review, most generic
assignations have changed, and at least 35 additional species have been described
(Morrone and Hlavac 2017). They are so far limited to the Euro-Mediterranean region,
Canary Islands, and North America, though undescribed species are reported from the
tropics or China. Within Europe, 50% of the species are described from Italy (Morrone
and Hlavac 2017) and few from the Balkanic or Pyreneo-Cantabric hotspots. The vast
majority of cave Curculionids belong to the subfamily Entiminae (54 species), with the
large genera Baldorhynchus and Otiorhynchus, almost entirely European. Molytinae
have eight species from Canary Islands and North America, and the subfamilies
Brachycerinae and Cossininae eight European species (Morrone and Hlavac 2017).
Morphologically, these cave root feeders tend to have a hypogeomorphic or
euedaphomorphic facies, i.e., eyes reduced or absent, no pigmentation, relatively
small size, and appendages not elongated.
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Chapter 8 )
An Overview on the Aquatic Cave Fauna g

Oana Teodora Moldovan

8.1 Introduction

The community of organisms that live in groundwater, which is the obligate subter-
ranean water community, was defined as stygon by Husmann (1966, 1967) who gave
the name stygobiology to the science that studies groundwater life. Earlier, in 1925,
Thienemann proposed a terminology for groundwater animals that paralleled the
ecological classification of terrestrial cave fauna (see also Chaps. 1 and 4):
(1) stygoxenes—occasionally found in groundwater, (2) stygophiles—live both in
groundwater and in epigean habitats; (3) stygobionts—Ilive only in groundwater.

The first discovered and described cave inhabitants were aquatic animals.
In 1436, in Yunnan (China) a local doctor mentioned a cave fish, the
stygophile Sinocyclocheilus grahami described centuries later (1904) by C. Tate
Regan (Ma and Zhao 2012). In 1540, also in China, a stygobiont fish was mentioned
by the local governor of Guangxi province and described as Sinocyclocheilus
hyalinus in 1944 by Chen and Yang (Ma and Zhao 2012). Two centuries later, in
1768, the baby dragon—Proteus anguinus—was described by Laurenti from a small
karstic source in Carniola (parts of the present-day Slovenia). This dragon was for a
long time thought to be the first described cave species in the world.

In 1986, Botosaneanu stated that more than 7000 groundwater species occur
worldwide, a number that was soon recognized to be an underestimate (Gibert and
Culver 2005), and there has been a steady upward trend each year in the number of
species known. Even without the description of new taxa the discovery of cryptic
species, due to improvements in molecular techniques, is steadily increasing the
number of known and described species (Trontelj et al. 2009; Fiser et al. 2018).
Groundwater species richness is higher in Europe (~2000 species) compared with
the other continents, ~561 species in Asia, ~500 species in North America, ~335
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species in Africa (Gibert and Culver 2005), and ~500 in Australia (Stuart Halse,
personal communication), although this can be the result of a more concentrated
effort of identification of new groundwater species in the Old Continent until
relatively recently. Europe was the center of biospeleological researches for almost
a century and the first researches on groundwater fauna were concentrated mostly on
cave aquatic habitats, especially cave rivers and pools, and on wells and springs
outside the caves (see also Chap. 3). It was only later that the hyporheic zone was
described (Orghidan 1959; Motas 1963) and studied more intensively than caves
(reviews in Danielopol and Rouch 1991; Rouch 1992; Boulton et al. 2003; Di
Lorenzo et al. 2013). The deeper aquatic zones, such as the phreatic zone (see
Chap. 3) known to harbor specific fauna (Marmonier et al. 1993; Stoch et al.
2009), have been less studied due to limitations such as difficulties of access,
boundaries assignment, and spatial heterogeneity (Larned 2012).

8.2 Groundwater Unicellular Organisms (see Table 8.1)

8.2.1 Protista: Protists

Protists are a group of unicellular eukaryotic organisms ranked as a separate king-
dom. More than 180 species have been described from caves, of which ~20% occur
in guano, decomposing organic matter, and humid clay (Golemansky and Bonnet
1994). They are also abundant in show caves, in pools and also around lampenflora
(Varga 1959, 1963). Most of the studied groundwater protists are from interstitial
habitats and display some adaptations such as small, fine, and transparent shells of
Foraminifera that inhabit deep groundwater of the Kara-Kum desert (Brodsky 1928,
1929; Nikoljuk 1948, 1968 cited by Golemansky and Bonnet 1994). Protists are
mostly introduced in caves by waters that come from the surface. The species found
in deserts groundwater are sometimes remnants of ancient seas that covered the
respective areas (Delamare-Debouteville 1960). In an unpublished study of Sheila
Seale (cited by Lavoie 2015), protists were found in all aquatic pools and streams
sampled in Mammoth Cave (USA) but not in drip water. Gonzélez-Lopez et al.
(2013) also found protists on stalagmites in different caves around the world but all
were edaphic species. Protists have also been found in the microbial mats of Movile
Cave (Romania) together with bacteria and fungi (see also Chap. 16). Epibiontic and
endoparasitic species of protists were found on and in cave animals and some are
specific for their stygobiont hosts, such as Lagenophrys monolistraeand
Spelaeophrya troglocaridis (Golemansky and Bonnet 1994).
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8.3 Groundwater Multicellular Animal Groups (see
Table 8.1)

8.3.1 Porifera: Sponges

Sponges, multicellular organisms with a body full of pores and channels, are poorly
represented in caves or other subterranean environments, and the few that inhabit
groundwaters are considered to be stygoxenes. The only true stygobiont sponge
found to date occurs in Croatia, Eunapius subterraneus, with the following adaptive
characteristics: gemmule reduction and reduced thickness of both skeleton and body
consistence (Sket and Velikonja 1984, 1986; Fig. 8.1a).

There are sponges that inhabit marine caves, because of their constant conditions,
without particular adaptations to life in caves (Vacelet 1990; Manconi et al. 2013).

8.3.2 Hydrozoa: Hydrozoans

The only known cave hydrozoan is Velkovrhia enigmatica described by Matjasi¢ and
Sket in 1971 from caves of the Dinaric karst. Other hydrozoans found in caves of
Mexico, the USA, the Czech Republic, Austria, Australia, and Dinarides belong to
the genus Hydra and are not adapted to subterranean life (Zagmajster et al. 2011).

8.3.3 Platyhelminthes: Flat Worms

The order Tricladida order contains stygobiont planarians that are depigmented, lack
eyes or have reduced eyes and have slower biological processes (ontogenesis,
respiration, and metabolism) than their epigean relatives (Fig. 8.1b). One of the
peculiar characteristics of cave planarians is that they have a higher number of
chromosomes (Gourbault 1968, 1970). Their origin can be either freshwater or
marine waters, and half of the described freshwater species are hypogean. Among
stygobionts the genus Dendrocoelum contains ~57 species inhabiting groundwaters
in the Palearctic, including the special ecosystem of the Movile Cave (Stocchino
et al. 2017; see also Chap. 16). Stygobiont planarians have also been described from
the Americas and Australia. For example, Hausera hauseri is a typical stygobiont,
unpigmented and eyeless, presumably an oceanic relict found in Brazil (Leal-
Zanchet et al. 2014), while the genus Girardia has diversified in caves of Brazil
and Mexico (Souza et al. 2016).

Most planarians, however, are considered stygophiles because the lack of eyes
and depigmentation are the group characteristics and no other adaptations to ground-
water were observed. There are studies indicating that the presence of planarians in
groundwater could be a good indicator of organic pollution (Holsinger 1966;
Eberhard 1990).
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Fig. 8.1 Stygobiont invertebrates from caves and calcrete aquifers; (a) Eunapius subterraneus
(Porifera), (b) Dendrocoelum sp. (Tricladida), (¢) Zospeum tholussum (Gastropoda), (d) Congeria
sp. (Bivalvia), (e) Pristina pastoral (Oligochaeta), (f) Croatobranchus mestrovi (Hirudinea), (g)
Marifugia cavatica (Polychaeta), (h) Arenurus sp. (Hydrachnidia). Note that the relative size of the



8 An Overview on the Aquatic Cave Fauna 179

The order Temnocephalida contains smaller parasitic species that live on cave
crustaceans, with the exception of Bubalocerus pretneri, which is a predator. All
subterranean described Temnocephalida lack eyes and most of the genera have been
found in caves of the Dinaric range—Stygodyticola, Scutariella, Subtelsonia, and
Troglocaridicola—, other than a single unidentified species from Papua New
Guinea (Matjasi¢ 1994).

8.3.4 Rotifera: Rotifers

Many rotifers have been observed in cave waters but none seem to be groundwater
adapted, with the exception of some interstitial species, found outside caves
(Pourriot 1994). Nevertheless, the presence and diversity of Rotifera in caves and
other groundwater might be underestimated because most of the sampling has been
done with larger mesh of planktonic nets unable to catch these extremely tiny
organisms. A study on fauna in dripping water in caves in Brazil found rotifers to
be more diverse than Copepoda as usually found in such habitats in Europe (Simoes
et al. 2013).

8.3.5 Kinorhyncha: Mud Dragons

Species of kinorhynch found in marine caves in the Mediterranean regions of Europe
and Australia belong to Echinoderes (Sgrensen et al. 2000), and those in Japan
belong to Ryuguderes (Yamasaki 2016).

8.3.6 Nematoda: Roundworms

Nematodes colonized different environments and do not have pigments or eyes, which
makes it difficult to distinguish stygobionts from epigean or stygophile species. There
are a few species that were described from continental and marine caves that are
considered to be cave adapted. They belong to genera such as Desmocolex,
Cylindrolaimus, Plectus, Halalaimus, and Thalassoalaimus (Delamare-Deboutteville
1960). In Movile Cave, five species live in the microbial mats: Chronogaster troglo-
dytes—endemic to this cave—, Panagrolaimus sp., Protorhabditis sp., Udonchus
tenuicaudatus, and probably a species of Monhystrella (Riess et al. 1999). Their
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Fig. 8.1 (continued) animals is not respected. Photos by © Marko Lukié (a), © Jaroslav Stankovi¢
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180 O. T. Moldovan

population is controlled by the abundant copepod Eucyclops subterraneus scythicus,
revealing a trophic linkage between nematodes and copepods (Muschiol 2009).

8.3.7 Nemertea: Ribbon Worms

There is no evidence of subterranean adaptations in marine species, while some
freshwater cave species are depigmented and lack eyes. Eyeless species of Prostoma
have been described from cave waters in Europe (Botosaneanu 1998), as have
species of Potamonemertes from gravel riverbeds in New Zealand (Moore and
Gibson 1972).

8.3.8 Gastrotricha: Hairybacks

A single species can be considered as stygobiontic, Marinellina flagelata, a gastro-
trich that lives in the hyporheic zone. This interstitial species has reduced size,
reduced number of eggs, is depigmented, and lack eyes (Kisielewski 1998). Few
gastrotrichs have also been recorded in continental cave waters, such as Chaetonotus
antrumus from a cave in Montenegro (Kolicka et al. 2017). The only comprehensive
study of the gastrotrich fauna in a cave habitat was carried out in an Italian sea cave
by Todaro et al. (2006).

8.3.9 Tardigrada: Water Bears

Only interstitial stygobiont species are known from this group; there are no occur-
rences in continental caves. They are depigmented and lack eyes. Tardigrades in
marine caves are more frequent although there is no information on their adaptation
to the environment. However, Jgrgensen et al. (2014) recently found dozens of
species in marine caves, with nine from Australia; Fujimoto and Yamasaki (2017)
described a new genus and species collected from sandy beaches of Ryukyu
Archipelago, Japan.

8.3.10 Annelida: Segmented Worms

Representatives of the class Aphanoneura and subclass Oligochaeta (Clitellata
class) occur frequently in continental and marine caves. Some terrestrial taxa also
live in cave waters, such as Fridericia and Allolobophora (Dumnicka and Juberthie
1994). Cave Annelida do not show any adaptations to subterranean life, because they
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already lack eyes and appendices (Fig. 8.1e), except for the smaller size and shorter
hairs of some Naididae, or longer hairs of some Enchytraecidae (Dumnicka 1986;
Dumnicka and Wojtan 1989). However, in a recent study Gonzalez et al. (2018)
have shown that Aphroditiformia suborder show a significant elongation of sensory
parapodial cirri (bundles of cilia), while lacking eyes and pigmentation (eyes could
be also lost during colonization of deep-sea habitats).

In caves, the oligochetes prefer the sediments at the bottom of the water bodies,
leaving only their posterior parts free, above the sediments, for respiration
(Dumnicka and Juberthie 1994).

Some families, such as Potamodrilidae (Aphanoneura) and Dorydrilidae
(Oligochaeta), live exclusively in groundwater habitats. Other representatives of
Aelosomatidae (Aphanoneura) have been described from caves in Europe
(Rheomorpha neiswestnovae, Aeolosoma gineti) and Cuba (Aeolosoma cubana),
although their typical habitats are interstitial waters. Among oligochetes,
Dorydrilidae has one groundwater genus (Dorydrilus), Haplotaxidae has three
genera known only from caves, Lumbriculidae has seven genera with cave taxa,
and Tubificidae has 14 genera of which five are known only from groundwater.
Enchytraeidae, although known as soil inhabitants, has subterranean species that live
exclusively in water, while stygobiont species of Naididae have been described only
from the Antilles (Dumnicka and Juberthie 1994); groundwater appears to be an
important habitat for Phreodrilidae in northern Australia (Pinder 2008).

Hirudinea subclass has few cave-adapted leeches around the world, and their
adaptations to life in caves include depigmentation and lack or reduction of eyes.
The slight widening of the oral sucker in Dina absoloni was proposed as another
cave-specific adaptation by Sket (1986). In the family Haemopidae, Haemopis caeca
is the only known stygobiont and was found in Movile Cave (see also Chap. 16).
Most of the aquatic cave leeches belong to Erpobdellidae in the Northern Hemi-
sphere; within this family the stygobionts belong to Dina, Trocheta, and
Croatobranchus which occur in the Dinaric karst, the last with an unique mouth
morphology (Sket et al. 2001) (Fig. 8.1f). Erpobdella borisi is a possible new
stygobiont found in Iran (Cichocka et al. 2015).

Polychaeta class are marine species with few representatives living in anchialine
caves (see also Chap. 18) or in freshwater cave habitats. There are two well-known
polychaetes from freshwater cave habitats: Troglochaetus beranecki and Marifugia
cavatica. The minute and transparent 7. beranecki is widely distributed in Europe,
and a related species was found in Japan and attributed to Speochaetes (although
never described according to Uéno 1957; from Juberthie and Decu 1998).
M. cavatica is depigmented and eyeless, lives in a calcified tube, and probably
colonized cave waters during Pliocene or Pleistoce