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Preface to ”Hotspots of Subterranean Biodiversity”

Caves have long intrigued biologists because of the unique life forms they harbor—species

without eyes or pigment, often with elongated, spindly appendages and other non-optic sensory

hypertrophies. Caves and their inhabitants were once thought to be rare, but current research shows

that neither is truly rare. Worldwide, there are well in excess of 100,000 caves and 5000 species

specialized for caves and other aphotic, subterranean habitats. These species hold a special fascination

for evolutionary biologists because of their bizarre morphology, and they present challenges to

students of biodiversity because sampling cave fauna represents a considerable logistical challenge

and because species ranges are typically very small due to the constraints of subterranean dispersal.

More than 20 years ago, David Culver, together with the Slovenian speleobiologist, Boris Sket,

assembled the first list of individual caves and karst wells (20 in total) with more than 20 specialized

species. Since that time, this list of hotspot sites has grown to 22 caves and karst wells, each with 25

or more aquatic or terrestrial species (and in a few cases both) specialized for caves and wells.

In this Special Issue, detailed accounts are given of 14 of the 22 hotspot sites in Australia,

Bermuda, Mexico, France, Romania, Slovenia, Spain, Sulawesi, and the United States. For each of

these sites, a detailed taxonomic consideration is presented, as well as detailed description of the site,

usually with a cave map. These descriptions should be of interest, not only to speleobiologists, but

to anyone interested in biodiversity in general. Although the pattern is still incompletely known, the

terrestrial pattern is a global one, with hotspots throughout the world. Aquatic hotspots are more

constrained, somewhat concentrated in central Europe (six out of ten cases).

Our thanks go the publisher, especially Emma Li, the Managing Editor for Diversity, and to all

the authors who contributed to this Special Issue—Hotspots of Subterranean Biodiversity—printed

here.

Tanja Pipan, David C. Culver, Louis Deharveng

Editors

ix





diversity

Editorial

Hotspots of Subterranean Biodiversity

Tanja Pipan 1,*, Louis Deharveng 2,* and David C. Culver 3,*

1 Research Centre of the Slovenian Academy of Sciences and Arts, Karst Research Institute, Novi trg 2,
SI-1000 Ljubljana, Slovenia

2 Institut de Systématique, Évolution, Biodiversité (ISYEB), UMR7205, CNRS, Muséum national d’Histoire
naturelle, Sorbonne Université, EPHE, 45 rue Buffon, 75005 Paris, France

3 Department of Environmental Science, American University, 4400 Massachusetts Ave. NW, Washington,
DC 20016, USA

* Correspondence: tanja.pipan@zrc-sazu.si (T.P.); louis.deharveng@mnhn.fr (L.D.);
dculver@american.edu (D.C.C.)

Received: 18 May 2020; Accepted: 21 May 2020; Published: 25 May 2020
��������	
�������

Abstract: Worldwide, caves and groundwater habitats harbor thousands of species modified and
limited to subterranean habitats in karst. Data are concentrated in Europe and USA, where a number
of detailed analyses have been performed. Much less is known with respect to global patterns due to
a lack of data. This special issue will focus on and discuss the global patterns of individual hotspot
caves and groundwater habitats.

Keywords: α-diversity; biogeography; biospeleology; cave biology; caves; hotspots; invertebrates;
subterranean biodiversity

1. Introduction

The denizens of caves and other habitats without light hold a special interest for students of
biodiversity [1]. The fauna have bizarre and very distinctive morphology, including the lack of
or reduction in eyes and pigment, elongated appendages, and often a ghost-like appearance [1–4].
How these species from disparate groups, including both vertebrates and invertebrates, evolved this
convergent morphology remains a subject of intense research, both in the laboratory [5–7] and in the
field [8,9]. Whatever the details, cave fauna are a magnificent example of convergent evolution and
adaptation [10,11].

What is less well known is that there are thousands of species specialized for life in darkness,
especially in caves. While speciation can occur as a result of isolation in caves, followed by subterranean
dispersal and more isolation, opportunities for subterranean dispersal are restricted [4,12,13], and the
specialized subterranean fauna is the result of many hundreds if not thousands of separate colonizations
from the surface to the subsurface. These numbers are sufficient to expect predictable geographic
patterns to emerge from their analysis [14].

While there are now several datasets on the georeferenced occurrence of specialized subterranean
species from both Europe and the United States with over 2000 records [15–18], these records were
hard-won and without parallel in other continents and regions. Brazil is the best-known region outside
of Europe and the United States and the number of records is much smaller, and mostly for as yet
undescribed species [19,20]. Exploration and access to caves is often formidable, and the number of
caves is very large. For example, 45,000 caves were known from the USA in 1999 [21], and that number
has grown considerably since that time. Of course, not all caves need to be sampled to obtain a good
estimate of species richness for a region, but a rather large number do. This is because β-diversity
dominates α-diversity [22,23]. One study of the European terrestrial fauna found that approximately
100 caves were needed to have accumulation curves of species numbers approach an asymptote [24].

Diversity 2020, 12, 209; doi:10.3390/d12050209 www.mdpi.com/journal/diversity1
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The availability of large numbers of records for non-cave subterranean habitats is almost
non-existent, with two exceptions. One is the analysis of epikarst communities in Slovenia [25],
a habitat that is indirectly sampled through the continuous sampling of water dripping from cave
ceilings [26]. The other is the larger scale sampling of porous aquifers in Europe as part of the PASCALIS
project (Protocol for the ASsessment and Conservation of Aquatic Life in the Subsurface) [27]. There
are also several studies that combine cave and non-cave subterranean aquatic diversity [28,29]. This
sampling deficiency in subterranean habitats not directly accessible to humans has been named the
“Racovitzan impediment” [30].

In spite of these impediments, we know a great deal about cave biodiversity patterns in Europe
and, to a lesser extent, the United States. In Europe, there is a ridge of high species richness for both
aquatic and terrestrial species at a latitude of approximately 45◦ N along the spine of the Pyrenees and
through the Dinaric karst of Slovenia, Croatia, Serbia, and Montenegro [16,24]. Species range sizes
follow Rapoport’s Rule and increase with increasing latitude [16], and species turnover is high over
short distances [16,23]. Explanations of patterns are highly scale-dependent. For example, the ridge of
high species richness is largely concordant with areas of high productivity [24], but productivity is
unimportant in determining hotspots within hotspots [15]. The explanations for regional differences
have proven to be complex, often involving a combination of energy availability, spatial heterogeneity,
and history, and the explanations vary from region to region, being spatially non-stationary [31].

Determining the global patterns of subterranean species richness has remained elusive. At one
level, the possibilities of determining the patterns seem difficult at best and a long way in the future.
If thousands of records are needed to describe and understand the European pattern, global studies
with tens of thousands of records would be needed. However, there may be a shortcut at hand that
at least holds promise of a global picture, albeit incomplete. It starts with the observation by Gibert
and Deharveng [22] in their classic paper on subterranean biodiversity that regional diversity is a
good predictor of local diversity and vice versa. This was buttressed by later findings that species
accumulation curves rarely crossed, and thus the regional qualitative pattern could be captured by a
relatively small number of samples [24,32]. Culver and Sket [33] took this idea to its logical extreme,
and considered only caves and karst wells with the highest species richness, originally finding 20 sites
with 20 or more species specialized for subterranean life. While the coverage of large numbers of
caves in a relatively small area was (and is) limited to Europe and the United States, they reasoned
that at least a few outstanding caves, extensively sampled, were known from most large karst areas.
Since the publication of the first hotspot list in 2000, knowledge of the global cave fauna has grown
exponentially. Species lists are available for several tropical countries [20,34,35], and a number of caves
throughout the tropics and sub-tropics are now well sampled [36]. In a later update [37], the bar was
raised to either 25 terrestrial or 25 aquatic species. In 2019, there were 24 examples of hotspot caves
known [38]—16 from the temperate zone, 5 from the subtemperate zone, and 3 from the subtropics.
The tropics have at least five caves with 20 or more species specialized for subterranean life, the original
hotspot criterion [37]. The demonstration of hotspot caves in the tropics also raises some other issues.
One is how to treat undescribed species, which is the case for the majority of tropical species [39]. If
they are ignored, then tropical and subtropical caves will appear to be artificially depauperate. If they
are fully counted, the likelihood that some of these species are not valid [40] is ignored. Of course,
described species may also be wrongly thought to be limited to subterranean habitats. In addition,
the tropical cave fauna often has a component specialized on guano but never found outside of caves.
These guanobionts typically show less eye and pigment loss and less appendage elongation [38,39].
Should they be discounted as cave specialists? If so, then once again tropical and subtropical caves
may appear to be artificially depauperate.

This special issue of Diversity aims to bring together information on hotspot caves and karst
ground-watered habitats for in-depth analyses and comparisons. First and foremost, there will be a
species list for each of the hotspot caves, information that is strangely unpublished for many of the
hotspot caves. This is especially important given the controversy around the ecological status of cave
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species [41]. Deharveng and Bedos [41] pointed out that considerable confusion exists in the literature
about the terms troglobiont—which should be used only for species not found outside of caves,
irrespective of their morphology—and troglomorph [42,43], species with reduced eyes and pigment
and elongated appendages. The two are not identical, a problem that arises not only with guanobionts
but also with all species without troglomorphic features occurring in caves [44]. The special issue will
also provide a physical setting for the caves and groundwater habitats, including their hydrogeological
and environmental context, their use by humans, the nature of the karst in which they are situated, and
the knowledge on nearby cave biodiversity. An interesting side note is that a number of hotspot caves
are or have been commercial caves, including Mammoth Cave in Kentucky, USA; the Postojna-Planina
Cave System in Slovenia; and Vjetrenica in Bosnia and Hercegovina. Meanwhile, some groundwater
hotspots are industrially exploited for water consumption. Finally, there will also be a summary of
what we know, the patterns of distribution, and future research directions. For more information,
contact any of the editors.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Ojo Guareña Natural Monument in Burgos (Spain) is an important and large karstic system.
It consists of more than 110 km of surveyed galleries, and it has rich sources of organic material
from the surface and permanent water circulation. It is the fourth largest cave system in the Iberian
Peninsula, and one of the 10 largest in Europe. Ojo Guareña also ranks 23rd among the world’s largest
caves. To date, only volcanic caves in the Canary Islands, in which between 28 and 38 subterranean
species occur, are considered subterranean diversity hotspots in Spain. Here, we provide the first list
of subterranean taxa present in Ojo Guareñ, which is comprised of 54 taxa that includes 46 stygobiotic
and eight troglobiotic species (some still unidentified at the species level), revealing Ojo Guareña
as the largest known subterranean biodiversity hotspot in Spain and Portugal. In addition, we
provide a list of an additional 48 taxa, 34 stygophiles and 14 troglophiles, found in the system, whose
ecological status could change with detailed biological studies, which may change the number of
strictly subterranean species present in the system. Indeed, at present, these numbers are provisional
as they correspond to a small part of this sizeable cave system. The biodiversity of large areas of the
system remains unknown as these areas have yet to be explored from the biological point of view.
In addition, a large number of samples of both terrestrial and aquatic fauna are still under study by
specialists. Furthermore, evidence of cryptic species within Bathynellacea (Crustacea) indicates an
underestimation of biodiversity in the karstic system. Despite these limitations, the data available
reveal the typical uneven distribution of subterranean aquatic fauna, and suggest that the great
heterogeneity of the microhabitats in this wide and highly connected karstic extension led to the
great richness of aquatic subterranean species.

Keywords: hotspot caves; Ojo Guareña natural monument; stygobionts; troglobionts; subter-
ranean biodiversity

1. Introduction

Iberian Peninsula, together with Balearic Islands, is one of the regions in Europe
with the greatest development of karst areas. Numerous caves, many of them large (more
than 3 km of development and/or more than 300 m in depth), have been surveyed in the
country [1]. Despite this, very little data on the subterranean fauna within these caves
are available. Potential biospeleologists are discouraged by the difficulties of access and
progression in the caves (e.g., large vertical shafts, meanders, narrow passages, etc.), the in-
accessibility to man of much of the underground environment (flooded galleries, mesovoid
shallow substratum-MSS-, hyporheic sites), and the low density of specimens in accessible
populations (epikarst, especially). Thus, most samplings of these ecosystems have been
limited and sporadic, and mainly focused on the study of specific taxonomic groups using
capture techniques suited for them. Due to the great sampling deficiencies and the scarce
biospeleological tradition in our country, there are very few inventories of the region’s
underground fauna beyond some lists of a few terrestrial or aquatic taxa in the more
well-known caves. The only caves considered in the literature as subterranean diversity
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7



Diversity 2021, 13, 199

hotspots in Spain are four volcanic ones located in the Canary Islands: in these, between
28 and 36 troglobiotic species and 38 stygobiotic and interstitial species (volcanic anchialine
habitats of Lanzarote) have been recorded [2,3]. Culver and Pipan (2013) also mention
possible diversity hotspots in the Cantabrian Mountains in northern Spain, which contain
the largest number of caves in the country [4]; however, more studies of this region are
needed to confirm this hypothesis.

The Ojo Guareña Natural Monument (OGNM) karstic system is situated on the
southern rim of the Cantabrian Mountains. It lies within a hypothetical zone (between
ca 42◦ and 46◦ N) in Europe characterized as having “high biodiversity for terrestrial
cave fauna” [5]. According to Gulden [6], OGNM is the fourth largest cave system in
the Iberian Peninsula, and one of the 10 largest in Europe; it also ranks 23rd on the list
of the world’s largest caves. With more than 110 km of surveyed galleries, it is a vast
cave system that has rich sources of organic material from the surface and also permanent
groundwater flow (phreatic water). It is one of the few places in Spain where the terrestrial
and aquatic environments have been sampled repeatedly and extensively [7]. However,
we are far from knowing its true diversity. All of the “shortfalls” impeding our knowledge
of biodiversity that are commonly mentioned at the global level (e.g., Linnean, Wallacean,
Darwinian, Prestonian) [8] also apply at local scales. A more recently described shortfall, the
“Racovitzan impediment” [9], is of particular importance in the case of the subterranean
biodiversity of the OGNM: what remains unexplored, from a biological point of view,
cannot be known.

The most accessible (and thus the best sampled) area of the OGNM extends from
the main entrance at Palomera Cave to Museo de Cera Hall (covering about 3 km of
passages). Moreover, this area contains sumps from the Guareña River and water that
filters in from the Trema River. However, many of the specimens collected in this area and
throughout the monument remain unidentified at the species level (taxonomic shortfall).
Cryptic species of crustaceans have also been discovered in the area [10], indicating that
the data presented here represent an underestimation of the diversity of the subterranean
fauna. In addition, the biological composition of many kilometers of underground passages
has yet to be surveyed, and the accumulation curves of stygobitic species [7,11] of the best
sampled areas do not reach saturation, demonstrating our incomplete knowledge of the
true biodiversity of this cave system’s fauna.

In addition to its biological assemblages, the OG endokarst has unique geological,
geomorphological, hydrological, paleoclimatic, archaeological, and paleontological charac-
teristics that make it worthy of protection. It has a continuous and non-fragmented surface
that is subjected to natural evolution with little human intervention and that can maintain
the physical and biological characteristics of the system, ensuring the continued function-
ing of natural processes. Moreover, the absence of resource extraction by agricultural,
forestry, hydraulic or mining (natural or artificial) activities reduce the likelihood that the
functioning and resources of the ecosystems within the system, and the aesthetics of the
landscape, would be significantly altered.

2. A Bit of History

The main cave of the system (OG), through its main entrances (Palomera Cave and
Dolencias Shaft), has been known since the 1940s [4]. Although the cave did not ini-
tially arouse great interest among the scientific community—beyond simple sporadic
visits and specific samplings—, interest later increased as the importance of its biological
species [12–15], archaeological sites [16], and hydrogeological and geomorphological pecu-
liarities became more evident. Due to these features, various public administrations began
to establish general protection regimes for the karst system; eventually, in 1996, it was
incorporated as a natural monument in the Network of Protected Natural Spaces in Spain
and, more recently, in the European Ecological Network Natura 2000 [7]. In addition, given
the uniqueness of its geology, it was included in a publication on the “Points of Geological
Interest of the Cantabrian Coast” (1983). However, despite these acknowledgments, very
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little scientific study has been conducted in the system. In fact, until just this century, faunal
sampling of the system had been sparse, and the findings almost anecdotal.

Here, we provide some details of past explorations of this natural monument in order
to put into context the knowledge that exists of this vast karst system. The presence
of numerous archaeological remains from the Paleolithic and Neolithic, and from the
Iron and Middle ages, testifies that OG has been known since ancient times. However,
geologists did not become interested in it until 1933 [17]. In 1956, the Edelweiss Cave
Club (GEE), from Burgos, began to explore the large galleries that converge at the main
entrance (development = 8 km). In 1958, with the collaboration of various speleological
groups (Spanish and foreigners), the “OG 58” campaign was held, resulting in 8900 m
being surveyed and produced the first plan of the cave. A complete topographic survey
of the system continues to this day, and in parallel, exploration inside the main cave and
the rest of the caves intensifies. By 1986 [18], surveys of new sectors, only accessible when
the water is low, together with the union of other caves, considerably increased the known
development of the complex to 89,071 m. Currently, 110 km in an area encompassing
15 km2 have been explored and surveyed.

Biological sampling of OG was occasional during the second half of the twentieth
century, though it is worth highlighting the initiative of Professor Eugenio Ortiz, director
of the Museo Nacional de Ciencias Naturales de Madrid (MNCN), who, from 1968 to
1975, tried to establish an underground laboratory at the system (that never materialized)
and an associated biological station to be sponsored by the Consejo Superior de Inves-
tigaciones Científicas (CSIC). Among the aquatic faunal samplings carried out during
those years, Ortiz observed the presence of numerous specimens of the isopod Stenasellus
virei buchneri Stammer, 1936 (Figure 1) in a pond near the Palomera entrance. He also
collected specimens of Bathynellacea and some other groups; however, they were never
studied or, at least, the results were never published. Other samples collected by Ortiz,
especially terrestrial ones, were later studied by specialists of different fauna groups (e.g.,
oligochaetes, opilions, mites, myriapods, and beetles). Later (1975), T. Antón, a member of
the Edelweiss Cave Club, and X. Bellés collected and studied some other terrestrial fauna,
which led to several publications [19–26]. In 1984, Notenboom [27,28] reported on some
aquatic faunal samples from one of the resurgences of the system (La Torcona). Camacho
and Puch also conducted sporadic samplings of aquatic fauna in the cave during the
1980s and 1990s. Thanks to these works, which were performed without institutional
support, the cave’s fauna began to be inventoried [29]. As of 1993, a total of 81 taxa were
known in the cave, of which 71 were identified to the species level (63 terrestrial and
8 aquatic). Of these, only a dozen of the well-identified species could be considered as
strictly subterranean fauna [29]. From 2002 to 2004, OGNM was one of four areas under
study as part of a project on European stygofauna (PASCALIS) [11]. The project areas
included various caves, springs, wells, unsaturated zones (hyporheic system of epigean
rivers) and porous aquifers. Finally, the Junta de Castilla y León and the MNCN of the
CSIC signed agreements to carry out faunistic studies of the cave (from 2002 to 2004 and
2006 to 2009) prior to its limited opening to tourism. Small parts of the terrestrial [30] and
aquatic ecosystems [31] were studied prior to any potential effects that tourism could
have on the faunal composition. The results of all of these investigations have contributed
to the lists of species constituting the main objective of this publication.

In this study, we provide the first lists of stygobiotic and troglobiotic (and stygophilic
and troglophilic) taxa present in OGNM, which were compiled on the basis of the results of
the aforementioned investigations. Although only a small fraction of this vast karst system
has been surveyed, and some gaps in knowledge remain, we show that it is a hotspot of
subterranean biodiversity with great biological potential.
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Figure 1. Isopod Stenasellus virei buchneri. Photo ESEM, MNCN, Madrid.

3. Materials and Methods

The study area (OGNM) is located in the Sotoscueva region (Burgos, Northern Spain),
within the southernmost limit of the Cantabrian Mountains. OGNM is a paradigmatic
example of a complete karst system, with a water absorption zone in the northwestern and
central parts, an extensive network of galleries of more than 110 km in the main cave and
evacuation points located at the southeastern limit of the system. It develops in limestones
and dolomites of the Upper Coniacian (about 130 m of thickness), which lean on clay
limestones and marls of the Middle Coniacian–Turonian (Upper Cretaceous) that act as
an impermeable substrate (Figure 2). The surface landscape is arranged in the form of
a geosyncline with a WNW–ESE alignment, giving rise to the characteristic slopes that
stand out in the northern part of the area [4,18,32]. The rivers Guareña, to the north, and
Trema, to the west, course underground when they encounter limestones and dolomites
and resurface, after a long, partially known route, in La Torcona, a cave resurgence near
the confluence of the Trema River with La Hoz Stream (Figure 3).

 

Figure 2. Geological section approximately North-South, corresponding to line A–B in Figure 3.
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Figure 3. Location of caves, underground galleries, flows, and drainages on a digital elevation model of the OGNM terrain.

The main cave (OG) has 13 entrances: Palomera Cave, Dolencias Shaft, Huesos Shaft,
Rizuelos Shaft, Cornejo Cave, Cuatro Pisos Cave, San Bernabé caves, Moro Cave, Trema
river sinkholes, La Mina Cave, Guareña river sinkhole (the “Ojo” or Eye), Villallana Cave,
and Torcona cave spring (main resurgence of the system) (Table S1) (Figure 3). The last
two are connected to the main cave by long flooded passages. The general structure is
comprised of a maze of galleries, mainly horizontal, that are arranged along the W–E and
N–S axes. In the western part of the cave, the galleries are mainly oriented in a NE–SW
direction. Other caves of the system that are not yet connected to the main cave include
Kubía (surveyed length 550 m), Último Sumidero (350 m), Prado Vargas (130 m), Kaite
(585 m), Covanería (320 m), and Jaime (650 m). A little further away from the main cave
lies Las Yeguas Cave (1900 m). In 1981, the Trema river sinkholes (on the right bank of
the river) and La Mina Cave (on the left bank) became connected through two conduits
that traverse underneath the bottom of the Trema river canyon. The hypogeal course of
this river is only known in the space between two sumps (300 m). In Cornejo Cave, the
progression of the underground stream stops in a semi-flooded squeeze.

In short, the current ensemble of galleries developed in a 15 km2 area (Figure 3). Of
these, 30 km are concentrated in an area of just 1 km2, underneath Alto de San Bernabé
Hill, just above and to the south of the Guareña river sinkhole. The galleries are distributed
in six largely overlapping levels, creating a three-dimensional maze known as “the West
Daedalus”. The upper levels are almost clogged inactive passages. The intermediate ones
present a seasonal hydrological activity that can be very important, depending on the
weather. The lower levels are the permanent beds of the Guareña and Trema rivers, to
the north and west, respectively, and of Villamartín Stream, to the northwest, feeding a
large underground aquifer installed around the axis of the syncline. After a long, partially
known path, these water sources reappear in La Torcona, a cave near the eastern limit of
the massif, and El Torcón, an inaccessible flooded spring. Hydrological recharge occurs
by infiltration of rainwater and snowmelt through permeable formations, as well as by
feeding from small hillside springs and by karst sinks that induce flow losses along epigeal
channels. The most spectacular cases of recharging in the entire unit are found at the
Guareña river sinkhole, at the base of the San Bernabé escarpment, through a penetrable
sinkhole (“el Ojo”), and at the Trema river sinkhole in its own channel, shortly before the
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village of Cornejo. The entire endorheic basin represents an area of about 27 km2. After a
relatively rapid underground flow (1.5 km/day in low water conditions and 4 to 5 km/day
in flooding), the flow drains towards the Trema River, on the southeastern limit of the karst.
Although much is known about the behavior of the underground waters that come from
the Guareña River, very little is known about those that come from the Trema River.

3.1. Sampling and Studies of the Fauna

As mentioned above, the OGNM was only occasionally sampled prior to the first
decade of the twenty-first century, when the most intensive and systematic samplings,
to date, occurred. The taxa lists compiled here are derived from previous studies of
the material obtained from all known samplings, though with a bias towards the more
recent ones. Below, we briefly mention some of the sampling techniques used, as well as
the extent of sampling.

3.1.1. Samples of Aquatic Fauna

Although we do not know the number or specific locations of the samples collected
or the specific sampling techniques used by Ortiz during his exploration of the cave,
we do have detailed information on the systematic samplings carried out during this
century. Between 2002 and 2009, 344 samples of aquatic fauna were collected at OGNM [31].
Sampling was carried out in the main cave (OG), plus 12 other caves and 12 springs, and in
the hyporheic environments of the epigean rivers (Table S1):

(a) Main Cave (OG), about 3 km of main gallery (Palomera to Museo de Cera). A total
of 59 sites were sampled (see Table S1 for site names): OG01 to OG16, periodically sampled
(methods described below), and OG17 to OG59, sampled once or twice using hand nets
(Figure 4). A total of 244 samples was studied.

 

Figure 4. Part of the survey of the main cave, indicating the sampling sites.
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(b) Other caves in the system that were sampled on one or two occasions: Rizuelos,
Kaite 2, Jaime, La Mina, Prado Vargas, García, San Bernabé, San Miguel river sinkhole, Las
Llanas, Cornejo, Racino, and Redonda. A total of 31 samples were studied.

(c) Springs sampled only once: Torcona, Pozo del Infierno, Cornejo, La Mea, Villa,
Salce, Cubío, La Calzada, Jordana, Avellanos, Mazo 1, and Mazo 2. A total of 24 samples
were studied.

(d) Hyporheic and interstitial environments of the surrounding rivers and streams
that are part of the OGNM aquifer, sampled on one or two occasions and at various
points: Guareña, Ulemas, Trema, Trueba, Engaña, Nela, and La Hoz. A total of 43 samples
were studied.

(e) Wells sampled only once: Torcón and Villabascones. Only two samples were studied.
Most samplings were restricted to the epikarstic zone of the caves [31]. However,

sampling also occurred in some other areas including a couple of underground rivers in
the main cave (Erizos and Guareña), the phreatic zone in Aburrimiento gallery (a long
southernmost passage), and the resurgences of La Torcona and Villallana.

Eight sampling methods were used [33,34]: (1) traps with bait in free water (ponds and
gours) and located within the substrate on riverbanks; (2) direct captures with a manual
aspirator; (3) drip collection; (4) the Karaman-Chappuis method (on sandy shores of
underground pools and epi- and hypogeal rivers); (5) removing the substrate and filtering
the water with a hand net (ponds, gours, potholes) (Figure 5); (6) Bou-Rouch pumping (in
La Torcona and in epigean rivers); (7) kicking (in the benthos of the Guareña and Erizos
river streams); and (8) Cvetkov nets or other types of phreatobiological nets (in deep lakes
and wells). All sampling nets (0.100 mm mesh size) were designed ad-hoc in order to adapt
them for the different habitats and types of fauna studied. With the mesh size used, most
adult forms of crustaceans and interstitial fauna can be collected.

 

Figure 5. Sampling in “Sala Edelweiss” OG09. Photo C. Puch.
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The samples collected between 2002 and 2004 and between 2007 and 2009 were pro-
cessed in the MNCN laboratories in Madrid under the supervision of A.I. Camacho [31]. As
a great deal of the material collected (mainly ostracods, amphipods and copepods) are still
being studied and identified by specialists, some of the entries on the stygobiotic species
list have only been identified to the family or genus level. In most cases, samples were
identified using classical (morphological) taxonomic methods. For samples of Bathynel-
lacea, molecular analyses of nuclear (18S) and mitochondrial (COI) gene fragments were
also carried out for taxonomic purposes. For this, we used DNA extraction and PCR
amplification techniques previously developed for this type of fauna [10,35,36].

3.1.2. Samples of Terrestrial Fauna

The sampling techniques used in the earlier sporadic sampling visits to the cave are not
known. We assume that most samplings were made de visu, a low yield technique, hence
the scarcity of available material and data on the few troglobiotic species known at that
time. From 2002 to 2004, samples of terrestrial fauna were collected using three techniques:

(1) Baited traps, after being set, were collected periodically (30, 60, 90, and 120 days
after setting) in four selected spots in OG, along the main route from Palomera to Museo de
Cera, over a distance of about 3 km. Samples collected outside the main cave (OG), from
the access doline to the Palomera entrance, [29] were also included in the study.

(2) Sediment samples were collected at four locations in OG at six time points through-
out the year, in an attempt to collect cave-dwelling fauna that are not attracted to the baited
traps. Sediment samples of the access doline to Palomera, taken over four occasions, were
also processed.

(3) Manual aspirators were used to capture samples de visu on every visit to OG.
The collected material was processed in the laboratories of the Department of Animal

Biology I of the Faculty of Biology at the Complutense University of Madrid, under
the supervision of Pérez-Zaballos [30]. Fauna were extracted from the sediment using
the Berlese technique, and taxa were separated into individual groups. In a few cases,
specimens could be identified only to the order or family level, and most specimens
remain under study by taxonomists specializing in the different terrestrial groups. Some of
the material has been deposited in the collections housed at the MNCN (Madrid, Spain).

4. Results

Overall, only partial results have been obtained from the samplings: most of the ma-
terial collected, particularly the terrestrial specimens, are still under study, with their
identification to a specific level still pending.

A total of 299 taxa has been identified in OGNM (Table 1), of which 112 are terrestrial
and 187 are aquatic [30,31]. A total of 54 of these taxa constitutes subterranean fauna: 46
stygobiotics and 8 troglobiotics. However, another 48 taxa comprising 34 stygophilics and
14 troglophilics (Table S2) were also identified. In many cases, the ecological status of cave
animals is difficult to determine [37] and therefore we feel their inclusion is warranted. In
the future, the surface/subterranean status of some of these species could change as more
information about their ecology and biology comes to light.

Table 1. Number of taxa known in the Ojo Guareña Natural Monument.

TAXA Total Species Stygobiotic Troglobiotic Stygophilic Troglophilic

Aquatic/Terrestrial Species Species Species Species

Rotifera 1/— 0 — 1 —

Cnidaria 1/— 0 — 0 —

Nematoda 1/? — 0 — 0

Turbellaria 5/— 0 — 0 —

Hirudinea 3/— 0 — 1 —

14
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Table 1. Cont.

TAXA Total Species Stygobiotic Troglobiotic Stygophilic Troglophilic

Aquatic/Terrestrial Species Species Species Species

Tardigrada 13/3 0 0 0 0

Oligochaeta 49/9 5 2 8 0

Mollusca

Gastropoda 11/4 2 1 1 0

Bivalvia 5/0 0 — 0 —

Crustacea

Cladocera 1/0 0 — 0 —

Ostracoda 22/0 8 — 9 —

Copepoda 37/0 9 — 12 —

Amphipoda 8/0 4 — 0 —

Isopoda 3/1 2 0 1 1

Bathynellacea 7/0 7 — — —

Limnohalacarida 1/— 1 — 0 —

Hydrachnidia 19/— 8 — 1 —

Oribatida —/54 — 0 — 5

Araneae —/1 — 0 — 1

Opiliones —/2 — 0 — 1

Pseudoscorpionida —/1 — 0 — 1

Myriapoda —/3 — 1
Chilopoda — 2

Diplopoda

Collembola —/1 — 1 — 0

Diplura —/2 — 1 — 0

Zygentoma —/1 — 0 — 0

Coleoptera —/13 — 2 — 3

Diptera —/12 (Families) — 0 — 0

Hemiptera —/1 (Order level) — 0 — 0

Lepidoptera —/1 (Order level) — 0 — 0

Orthoptera —/1 (Order level) — 0 — 0

Psocoptera —/1 (Order level) — 0 — 0

Psiphonaptera —/1 (Order level) — 0 — 0

TOTAL: 299 187/112 46 8 34 14

4.1. Aquatic Fauna

Table 1 shows the distribution of the 187 aquatic taxa in OGNM by faunal group.
Crustacea is the largest group, with 78 species, 30 of which are stygobiotics (some without a
specific name). Groups with the largest species numbers include Copepoda, Ostracoda and
Bathynellacea. Only five of the 49 aquatic species of Oligochaeta are stygobionts. In the case
of the Acari, nine of the 20 aquatic species are stygobiotics. The two remaining stygobiotics
species are Mollusca (two gastropod species). Similar to the case of the stygobiotics, most
of the 34 stygophilic species belong to the Copepoda (12 species), Ostracoda (9), and
Oligochaeta (8) (Table 1).
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Although this work focuses on the subterranean species present in OGNM, it is
important to highlight the repeated presence of the up to 187 taxa in the samples, and their
unequal distributions and abundances among the different subterranean aquatic habitats
and sampling points. As an important energetic resource of the ecosystem, this aquatic
fauna may be able to provide information on the diversity and disparity of populations in
different localities [31].

Below, we provide a list of stygobiont taxa found in OGNM. All of the samples have
been reviewed by expert taxonomists; thus, we consider the list as valid, without specifying
whether the “sp.” notation refers to a new species, an already known species, or, possibly,
a cryptic species. The specific site(s) from which each taxa was collected in OGNM is
also included.

List of stygobiont species found in the Ojo Guareña National Monument, and their
specific sites (sampling sites in the main cave, through the Palomera entrance: OG01–OG59,
Figure 4).

Oligochaeta

Gianius navarroi Rodriguez and Achurra, 2010. OG10 and OG14.
Delaya navarrensis (Delay, 1973). OG21.
Stylodrilus mariae Achurra, Rodriguez and Erséus, 2015. OG07 and OG08.
Trichodrilus tenuis Habre, 1960. OG14.
Trichodrilus sp. 1. OG09.

Mollusca

Palaospeum septentrionale (Rolan and Ramos, 1995). Sima Jaime Cave, De la Hoz
Creek, and Torcona Spring.
Spiralix (Burgosia) burgensis Boeters, 2003. Sima Jaime Cave, Trema River, and
Trueba River.

Hydrachnidia

Axonopsis (Paraxonopsis) vietsi Motas and Tanasachi, 1947. Trueba River.
Frontipodopsis reticulatifrons Szalay, 1945. OG08, OG10, and Engaña River.
Frontipodopsis sp. Lasía River.
Kongsbergia sp. Trueba and Lasía rivers.
Neoacarus hibernicus Halbert, 1944. Nela River.
Protzia sp. Trueba River.
Pseudotorrenticola sp. Nela River.
Sperchonopsis sp. Lasía River.

Limnohalacarida (Halacaridae)

Soldanellonyx chappuisi Walter, 1917. OG: 07–10, 12, 14, 15, 17, 19, 30, 31, 34, 36–38,
and 50; caves: Rizuelos, García, San Miguel, Cornejo and Redonda; springs: Torcona
and Calzada; rivers: Trema, Trueba, Engaña, Nela, and De la Hoz and Torcon Well.

Copepoda, Cyclopoida

Acanthocyclops cf. venustus (Norman and Scott, 1906). Engaña and Nela rivers.
Acanthocyclops n. sp. OG: 10, 31, 34, 37, and 38.
Graeteriella (G.) unisetigera (Graeter, 1910). OG02 and OG07.
Speocyclops infernus (Kiefer, 1930). OG: 01, 08, 09, 14, 16–19, 21, 31, 38, and Huesos 2
and 4.
Speocyclops sebastianus Kiefer, 1937. Trema River.
Speocyclops spelaeus Kiefer, 1937. Caves: García, San Bernabé, Las Llanas, and Racino.

Copepoda, Harpacticoida

Bryocamptus (Rheocamptus) pyrenaicus (Chappuis, 1923). Caves: Kaite 2, García,
Cornejo, Racino, and Redonda; Salce Spring.
Paracamptus sp. SA. Nela River.
Parastenocaris sp. OG: 07–09, 12, 14, 16, 17, 20, 21, 31–38, 41–43, 45, 46, 51–54, and
Huesos 2; Villa Spring and De la Hoz and De la Cueva creeks.
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Ostracoda

Candoninae cf. gen. sp. 1 “Rounded”. OG: 07, 09, 12, 17, 19, 21, 39; spring: Torcona,
Cornejo and Calzada; Nela River.
Candoninae “Trapezoid” 1. OG: 09, 19, 21; caves: Jaime, La Mina, Las Llanas;
Guareña River.
Candoninae cf. gen. sp. 2 “Trapezoid” 2. OG09.
Candoninae cf. gen. sp. 2 “Trapezoid” 3. OG: 1, 18, 37, 38.
Candoninae “Triangular” 1. OG: 15, 30–32 and Trema River.
Candoninae “Triangular” 2. OG16 and Sima Jaime Cave.
Candoninae “Triangular” 3. Torcona Spring and Trema River.
Cypria sp. OG: 7, 9, 10, 35, 40, 42, 43, 51, 55–59, Huesos 2 and 3; San Miguel Cave;
springs: Cornejo, Villa, Salce, Cubio, and Jordana; rivers: Guareña and Lasía.

Amphipoda

Haploginglymus sp. 1. OG38; Torcona Spring; river: Trema, Trueba, and Nela;
Torcon well.
Niphargus sp. OG37 and 38; Cubio Spring and Trueba River.
Pseudoniphargus burgensis Notenboom, 1986. Torcona Spring.
Pseudoniphargus n. sp. 1. Torcona Spring.

Isopoda

Cantabroniscus primitivus Vandel, 1965. OG21.
Stenasellus virei buchneri (Stammer, 1936). OG: 02, 07, 09, 10, 14, 15, 17, 21, 39, 40, 44,
53, 55, and 57; caves: García, San Bernabé, San Miguel, Las Llanas, and Redonda
and Salce Spring.

Bathynellacea

Iberobathynella burgalensis Camacho, 2005. OG53.
Iberobathynella cornejoensis Camacho, 2005. Redonda and Racino caves and Trema River.
Iberobathynella guarenensis Camacho, 2003. OG57 (“Erizos River”).
Vejdovskybathynella edelweiss Camacho, 2007. OG01, 09, 16, 17, 38, 50, 57, and Huesos
3 and 4; Racino and Mina caves and Cubio Spring
Vejdovskybathynella n. sp. 1 (cryptic species “edelweiss”). OG57 (“Erizos River”).
Vejdovskybathynella n. sp. 2 (cryptic species “edelweiss”). Redonda and Sima
Jaime caves.
Bathynellidae n. gen. n. sp. OG09, 14, Torcona Spring and Prado Vargas Cave.

In OG, 25 stygobiotic species have been found across the 59 sampling sites, with many
of the species being found in OG09 (12 species), followed by OG07, OG08, and OG10
(11 species each) and OG14 (seven species) (Figure 4).

Of the five stygobiotic species of Oligochaeta found in OG, Gianius navarroi described
from OG [38], has only been found in two small ponds, OG10 and OG14. The two species
of Mollusca live in other caves, springs and rivers but not in OG. The eight stygobiotics
of Hydrachnidia live in the rivers, though one, Frontipodopsis reticulatifrons, has also been
found in OG8 and OG10, two small epikarstic ponds that are filled with water from diffuse
drips. The stygobiotic species of Limnohalacaridae is widely distributed throughout the
principal cave (in many of the sites), and in all of the other types of habitats (multiple
springs and rivers, and one of the two wells).

Crustaceans, a major animal group found in groundwater worldwide [2], are very
well represented in OGNM by 78 taxa, 30 of which are stygobionts (Table 1). Copepods
are present in almost all ponds and pools in OG. Of the 37 copepod species found, nine
are stygobiotics that live in several caves and rivers and in a couple of springs. Twenty-
two identified species of ostracods are distributed around OGNM. Of these, eight are
stygobiotics that inhabit all the different types of sites sampled. Species of three of the
five genera of Amphipoda found at the system are stigobiotics. They live mainly in
springs and rivers, and also in two sites of OG. Of the two stygobiotic isopod species
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found, Cantabroniscus primitivus has only been found in the “siete lagos” area (OG21). The
other species, Stenasellus virei buchneri (Figure 1), has been found in many sites in OG and
in some of the other caves and springs. In addition to these isopod species, we found
Proasellus cf ortizi, (Table S2), which we conservatively consider a stygophilic, despite its
cave-like morphology. This species has been consistently found in OG12, although at
varying abundances, and in three springs (Avellanos, Mea, and Jordana).

Bathynellacea, a strictly stygobiotic group of crustaceans, is represented in OGNM by seven
species belonging to two families: Parabathynellidae and Bathynellidae (Figures 6 and 7). Four
of the species, three belonging to Parabathynellidae (Iberobathynella Schminke, 1973 genus)
and one to Bathynellidae (Vejdovskybathynella Serban and Leclerc, 1984 genus), have already
been formally described [12–14,39]. The second genus found belonging to Bathynelidae is
pending description. On the basis of molecular data, we discovered two cryptic species
of Vejdovskybathynella within the family Bathynellidae [40]. These species are currently
under further study. To our knowledge, no other karst area in the world has as many
known species of Bathynellacea living together. The specimens of Bathynellidae found in
Erizos River and Redonda Cave were initially identified as Vejdovskybathynella edelweiss
(Figure 6), which is known from seven sites in OG, and from other caves of the system
(Huesos, Racino, La Mina, and Cubio Spring). It is the most widely distributed species in
OGNM. However, the specimens from Erizos River show a genetic divergence in the COI
gene of 14.8% with the nominal species, and 17% with the specimens from Redonda Cave,
which, in turn, show a 15.2% divergence with the nominal species [40]. These results imply
that the specimens from Erizos and from Redonda each constitute a distinct species, and
that there are actually three morphologically similar species of Vejdovskybathynella in the
sampled sites. We expect this case will not be an isolated event, suggesting the biodiversity
of the system is far greater than has been estimated. The distribution of the bathynellaceans
is patchy. Species of both families have been found together in Redonda Cave and Erizos
River (the only site from which I. guarenensis has been described). Vejdovskybathynella
edelweiss and the new genus coexist in OG09. Iberobathynella burgalensis (Figure 7) only
lives in gours in OG53. Iberobathynella cornejoensis, which has not been found in the main
cave, inhabits a couple of small caves of the complex including Redonda (near the Trema
sinkholes, where it has also been found) and Racino (to the west).

Figure 6. Habitus of Vejdovskybathynella edelweiss Camacho, 2007.
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Figure 7. Habitus of Iberobathynella burgalensis Camacho, 2005.

4.2. Terrestrial Fauna

The terrestrial fauna in OGNM is poor compared with those in other systems: only
8 troglobiotic and 14 troglophilic species have been identified (Table S2). This is more likely
due to a lack of sampling and study rather than to an absence of species. Given that we
still have some samples waiting to be identified to the species level, we expect this number
to increase.

Between 1968 and 1975, Ortiz sampled the terrestrial and aquatic fauna in Palomera.
The material collected from two clayey areas of Palomera and from zones with organic
residues throughout OG were subsequently studied by specialists [22–25] and gave rise
to two monographs, one on terrestrial oligochaetes (eight species but only two troglo-
bionts) [41] and another on oribatid mites (43 species but no troglobionts; three were new
to Spain, and two were new to science) [42].

Other previous studies of terrestrial fauna in OG include those by Bellés and Antón [18];
Prieto and Gómez [43], who studied some terrestrial molluscs collected by the Niphargus
Cave Club. Demange and Serra [44] described the only myriapod known from OG. Rambla
cites the presence of a troglobiont opilion in OG [45] that Prieto and Zubiaga later stud-
ied [46]. Español [47] studied 10 coleopterans collected by Ortiz and found six species, one
of them new to science (Trechus ortizi). The presence of some of these species in OG were
confirmed through the samplings carried out between 2002 and 2003; however, most of the
specimens from these later campaigns have yet to be identified by specialists.

The list of well-identified troglobiotic species is short, and specific information on the
sites in which they have been found is lacking.

List of troglobiotic species found in the main cave of the Ojo Guareña National Monument:

Oligochaeta:

Aporrectodea rosea troglodyta (Álvarez, 1971).
Orodrilus paradoxoides (Álvarez, 1971).

Mollusca:

Zospeum schaufussi Frauenfeld, 1862.
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Arachnida, Opiliones:

Litocampa zaldivarae Sendra, Salgado and Monedero, 2003.

Myriapoda, Chilopoda:

Lithobius deroutae sexusbispiniger Demange and Serra, 1978.

Collembola:

Verhoeffiella cf hispanicus (Bonet, 1931).

Coleoptera:

Speocharis sharpi Escalera, 1898.
Trechus ortizi Español, 1970.

5. Discussion and Conclusions

Only a small fraction of the terrestrial ecosystem of OGNM has been studied: knowl-
edge of the species that occur in the complex stems from sporadic samplings conducted
during the second half of the twentieth century and between 2002 and 2003, with many of
the specimens collected still unstudied. Therefore, a few data available about the troglobi-
otic fauna in the system makes any discussion irrelevant. By contrast, the abundance of
information on the subterranean aquatic fauna of OGNM makes their discussion important,
despite the fact that only a small part of the system’s aquatic environment has been studied.
Over a total of six years (2002–2004 and 2006–2009), a series of selected sites from the
epikarst of the main gallery had been regularly sampled, with many other areas of the vast
subterranean territory sporadically sampled.

The information available for the stygofauna goes beyond that provided by a still
photo taken during sampling. Repeated samplings at different times of the annual cycle and
over successive years (thus considering changes in environmental conditions or variability
of drought-flood cycles) are necessary to find a stygofauna that is formed, in general, by
“rare” species (i.e., those that are scarce or difficult to locate) that live in small populations
in places with little to no access.

The obtained data reveal the typical patchy distribution of subterranean aquatic
fauna [48]. The great heterogeneity of microhabitats, in a highly connected, vast continuous
karstic extension, could explain the high richness of subterranean species observed in
OGNM, as has been demonstrated in other cases [49,50]. Habitat heterogeneity and the
spatiotemporal dynamics of this subterranean aquatic ecosystem are also evidenced by the
great variation of species and communities observed, even over short periods of time and at
a local scale of a few meters [31], a result common for subterranean environments [51–53].

Despite numerous samplings, covering the different microhabitats (gours, drips,
ponds, lakes, and the interstitial medium of hypogean streams), large sections of OGNM
remain unexplored, from both a topological (e.g., permanently flooded sections) and
biological perspective. The inability to sample the entirety of the karst system implies an
underestimation of its species richness.

The subterranean aquatic fauna in most karst areas in Europe has been fairly well stud-
ied, with around 1800 stygobiotic species known to date [54]. In Spain, slightly more than
200 are known from very few areas (representing 11% of all known species in Europe) [11].
In OGNM, of the 187 aquatic taxa found (see Table 1), 46 are stygobiotics, accounting
for almost a quarter of all stygobiotic species known in our country. However, many of
these taxa have been identified to only the genus level (e.g., for some taxa of Oligochaeta,
Copepoda, Amphipoda, and Acari), or the subfamily level (e.g., Candoninae (Ostracoda)),
and many specimens remain unidentified, suggesting the number of stygobiotic species
will likely increase as more studies are published. We do not yet know the extent of en-
demism or the number of new species in OGNM, as many specimens from all of the major
groups remain under study and have not yet been identified to a specific level.

Crustaceans constitute a major animal group in groundwater [2]: around 3400 species
are known worldwide, 1200 of which are known to occur in Europe [54]. We identi-
fied 30 stygobiotic crustacean species in OGNM. Remarkably, we found seven species of
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Bathynellacea in OGNM. This is a unique case as in no other karst system has this many
species been found in coexistence. Moreover, the seven species are distributed among
three genera: two known ones (Iberobathynella Schminke, 1973, and Vejdovskybathynella
Serban and Leclerc, 1984, each with three species) and a third (Bathynellidae n. gen. n.
sp.) that is new to science. Specimens of these species have been found, within the main
cave, in five pools and the Erizos River, and in five of the other caves, two springs, and the
Trema River. The two cryptic species of Vejdovskybathynella, Vejdovskybathynella sp. 1 and
Vejdovskybathynella sp. 2, have also been found in two nearby caves outside OGNM, Río
Chico, and Imunía [55]. The other five species of Bathynellacea are endemic to OGNM.
A possible scenario is that the ancestral populations of these species, which were likely
widely distributed in the area, became isolated due to droughts and vicariance. Although
Bathynellacea lack active forms of dispersal (they do not have swimming larvae, like other
crustaceans) and are generally not very mobile, a later (passive) dispersal event may have
led to their genetic isolation and consequent speciation, resulting in the unusually high
number of species coexisting, though in a patchy way, in a relatively small area. However,
phylogeographic studies of these species are needed to confirm any of these hypotheses.

The largest number of stygobiotic species found in OGNM occur in the main cave
(OG), with 25 species. A large number of these species is found at several sites: 12 species
in OG09; 11 in OG07, OG08, and OG10; and seven in OG14. In addition, in general, the
species were repeatedly found in all samplings, although in different proportions [31].
The 25 stygobiotics, along with the seven known troglobiotics, make OG a subterranean
biodiversity hotspot within the wider OGNM hotspot (with its 54 subterranean species).

The number of stygobiont species in OGMN is striking. In no other area of Spain and
Portugal has such a level of subterranean biodiversity been reported (see Table 1), even in
the four hotspot caves in the Canary Islands (Felipe Reventón, Viento, Sobrado, and La
Corona lava tube), which have between 28 and 36 troglobiotic species the first three and
38 stygobiotic species La Corona [2,3].

To improve our knowledge of the diversity of a region, it is essential to have large in-
ventories of well-identified, georeferenced species in order to conduct standardized geospa-
tial analyses that can be compared among regions and at different spatial scales [2,56].
Although the available data clearly demonstrate that the subterranean biodiversity in
OGNM is relatively high, especially compared with that of other caves in the world [57,58].
The balance of sites and specific samples studied shows the relevance that the small known
fraction can have compared with all that remains to be explored and studied from a
biological perspective.

Among the common shortfalls of biodiversity data, the “Racovitzan impediment” is
of great importance in the case of the OGNM. The sampling deficiency is large: there are
numerous habitats not directly accessible to humans that, therefore, have not been sampled
to date. Thus, we lack information about the species they may harbor. In addition, the
lag between sampling efforts and the taxonomic identification of all specimens makes it
difficult to obtain accurate data on the overall biodiversity of the system and its distribution.
Although we are likely underestimating the real diversity of subterranean fauna in OGNM
due to these issues, we confirm the prediction made by Culver and Pipan [2]: a subterranean
hotspot is indeed present in northern Spain. Here, we provide the first list of stygobiotic and
troglobiotic taxa present in OGNM, as well as demonstrate that, despite some knowledge
gaps, this complex is a hotspot of subterranean biodiversity. Moreover, the diversity
observed to date for OGNM implies its high rank among hotspot caves in not only Europe,
but the world.

Future lines of research should focus on resolving the ecological status of the 48 taxa
provisionally considered as stygophilics (34) or troglophilics (14) (see Table S2); discovering
potential new cryptic species among the fauna through molecular analyses, such as those
used to reveal cryptic species in the families Bathynellidae [55] and Parabathynellidae [59];
and identifying all remaining material to the lowest taxonomic level possible. These studies,
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along with a greater sampling effort, will all contribute to increase our knowledge of the
subterranean biodiversity of this exceptionally conserved karst ecosystem.

Supplementary Materials: The following materials are available online at https://www.mdpi.
com/article/10.3390/d13050199/s1: Figure S1, Stenasellus virei buchneri (Stammer, 1936) in OG14;
Table S1, Georeferenced list of sampled sites on the Ojo Guareña Natural Monument; Table S2, List
of stygophile and troglophile species and the sites where they have been found in Ojo Guareña
Natural Monument.
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Abstract: Movile Cave hosts one of the world’s most diverse subsurface invertebrate communities.
In the absence of matter and energy input from the surface, this ecosystem relies entirely on in situ
primary productivity by chemoautotrophic microorganisms. The energy source for these microor-
ganisms is the oxidation of hydrogen sulfide provided continuously from the deep thermomineral
aquifer, alongside methane, and ammonium. The microbial biofilms that cover the water surface, the
cave walls, and the sediments, along with the free-swimming microorganisms, represent the food
that protists, rotifers, nematodes, gastropods, and crustacean rely on. Voracious water-scorpions,
leeches, and planarians form the peak of the aquatic food web in Movile Cave. The terrestrial com-
munity is even more diverse. It is composed of various species of worms, isopods, pseudoscorpions,
spiders, centipedes, millipedes, springtails, diplurans, and beetles. An updated list of invertebrate
species thriving in Movile Cave is provided herein. With 52 invertebrate species (21 aquatic and 31
terrestrial), of which 37 are endemic for this unusual, but fascinating environment, Movile Cave is
the first known chemosynthesis-based groundwater ecosystem. Therefore, Movile Cave deserves
stringent attention and protection.

Keywords: Movile Cave; Romania; subterranean biodiversity; chemoautotrophically based; ground-
water ecosystem

1. Introduction

Movile Cave is an underground void, which has no natural opening to the surface.
It is located on the outskirts of the town of Mangalia (SE Romania), 2 km from the Black
Sea shore [1] and it was intercepted 18 m below the surface by an artificial geological
survey shaft dug in June 1986. The cave is developed in Sarmatian limestones (12.5 MY),
which were covered by Quaternary deposits (clays and loess), approximately 2.5 million
years ago [2], and it was formed by classical karst dissolution processes combined with
sulfuric acid speleogenesis (SAS), a process mediated by sulfur-oxidizing bacteria [3].
Additional geographical description information and geological data is presented in Sarbu
et al. 2019 [1]. The cave appears as a horizontal maze, with a total development of 240 m,
and consists of two levels (Figure 1). The upper level is dry and it lacks speleothems. The
atmosphere in the upper level is warm (21 ◦C) and it contains 19% dioxygen (O2) and
1% carbon dioxide (CO2). The lower level is 40 m long and partially flooded, with the
Lake Room and three Air-Bells as the only aerated zones. The O2 concentration decreases
gradually in the Air-Bells to 7%, while the CO2 concentration increases to 3.5% due to the
activity of microorganisms, which form biofilms [4,5]. In the Air-Bells, the O2 dissolved
in water originates from the cave atmosphere and it is rapidly used for the oxidation of
hydrogen sulfide (H2S) and methane (CH4). Below a depth of 1 mm, the water becomes
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completely anoxic [6]. The water is relatively stagnant at the surface in the Lake Room and
in the nearby Air-Bells, while some flow (i.e., 5 l s−1) was detected at depths over 1 m in
the flooded cave passages [3].

Figure 1. Plan of Movile Cave (a) with depiction of the water surfaces (dotted areas) in Lake Room and the three Air-Bells
(AB) (b).

Movile Cave is the first subterranean groundwater ecosystem described to be solely
based on chemosynthesis [7]. Reduced chemical compounds such as H2S, CH4 and ammo-
nium (NH4

+) are supplied continuously and in large amounts by the thermomineral water
that ascends along geological faults from an artesian aquifer [5] located at a depth of 180 to
200 m in Mesozoic limestones [2]. Movile Cave is a window of access to a groundwater
aquifer that occupies a surface area of approximately 50 to 100 km2 and supports a partic-
ular hypogean ecosystem. Other windows of access to the aquifer are the old hand-dug
wells in the town of Mangalia and in the surrounding villages, as well as several thermal
sulfidic springs located along the sea-shore, at distances of 1 to 3 km from Movile Cave.
Several of the endemic species that inhabit Movile Cave were also encountered in these
springs and wells.

Along with CH4 and NH4, H2S represents the energy source for a wide variety
of microorganisms [8] that use O2, nitrate, sulfate, and ferric iron (Fe3+) as electron ac-
ceptors [9–11]. The carbon fixed in situ by microorganisms, either swimming freely or
congregated in thick biofilms, represents the food base of the trophic webs in Movile Cave.
Aquatic invertebrates that graze on microorganisms, roam at the water surface where O2 is
available in small concentrations. Terrestrial invertebrates are rarely found in the upper
dry sections of the cave, but they are unusually abundant in the lower, partially flooded
cave level (Figure 1), in the Lake Room and the Air-Bells, where isopods, pseudoscorpions,
millipedes, and insects feed on nearly any organic debris or graze on soil microorganisms,
while predatory chilopods and spiders chase their prey, consisting of isopods, collembola,
beetles or other spiders.

Analogous chemosynthesis-based cave ecosystems, such as those in the Frasassi caves
(Italy) [12–14], Melissotrypa Cave (Greece) [15], Ayyalon Cave (Israel) [16,17], and Tashan
Cave (Iran) [18–20], display comparable diversities of cave dwelling invertebrates with
large numbers of endemisms (Table 1). These ecosystems also depend primarily on in
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situ carbon fixation by chemoautotrophic microorganisms using the H2S present in water.
The natural resources in these ecosystems sustain, just like in Movile Cave, the growth of
diverse and complex microbial communities, that form biofilms.

Table 1. The number of invertebrate species encountered in sulfidic cave ecosystems analogous to
Movile Cave. All endemic species encountered in these sulfidic ecosystems are restricted to caves.

Cave Species Present Endemic Species

Movile Cave (Romania) 52 37
Frasassi caves (Italy) 56 16

Melissotrypa Cave (Greece) 30 8
Ayyalon Cave (Israel) 8 7

Tashan Cave (Iran) 3 3

These ecosystems can be appropriate examples for the ecological theory regarding the
diversity-driven speciation [21] and convergent or parallel evolution. On the contrary, in
caves with energy input from the surface, thus scarcer and less diverse food resources, the
diversity of cave organisms is significantly lower.

The purpose of this study is to provide an up-to-date list of invertebrate cave-dwelling
species living in the peculiar Movile Cave ecosystem and to draw attention to the scientific
importance of these species and their fascinating habitat.

2. Movile Cave Fauna

2.1. Aquatic Fauna

In Movile Cave, the food base for aquatic invertebrates is produced autochthonously,
and consists of microorganisms that thrive in the sulfide-rich water and sediments and
use the energy resulting from the oxidation of the reduced chemical compounds from the
thermo-mineral water [8].

The microorganisms swim freely in water as bacterioplankton, or they gather in thick
biofilms floating at the water surface or they attach to rock surfaces (Figure 2). These
represent a copious food source for the numerous consumers thriving in this groundwa-
ter ecosystem [7]. Various types of Archaea [10], sulfur-oxidizing bacteria [8], methan-
otrophs [9,10,22–24], or nitrifying and denitrifying bacteria [10], have been identified in
Movile Cave. Representatives of a newly described strain of Thiovulum swim actively at the
water surface and gather in loose veils [25]. Epi-symbiotic strains of Thiothrix sp. live on the
bodies of aquatic amphipod crustaceans [11]. A diverse fungal community, associated with
microbial mats and submerged sediments, is also present [26]. Underneath the floating
mats formed by microorganisms, a diverse community of aquatic invertebrates feast on the
abundant and assorted food provided [1,7].

Flagellate, ciliate, and amoebozoan protists and rotifers are the smallest grazers in
this peculiar groundwater ecosystem [27]. They feed on bacterioplankton and microbial
biofilms. Microorganisms, either pro- or eukaryotic, are consumed by the abundant meio-
fauna consisting of rotifers, nematodes, polychaetes, and copepod and ostracod (Figure 3C)
crustaceans. Among the aquatic invertebrates, the nematodes (Panagrolaimus sp. and Poik-
ilolaimus sp.) are important prey for cyclopoid copepods Eucyclops greateri scythicus [28].
Groups of hundreds of Moitessierid gastropods Heleobia dobrogica (Figure 3E) gather at the
edge of the water, along the lake banks feeding on microbial biofilms [29]. Crustaceans of
the Ostracoda, Copepoda, Amphipoda, and Isopoda (Figure 3B) swim at the water surface
or slink on the submerged cave walls, and feed on smaller organisms they come across
(Table 2). Eyeless and unpigmented water scorpions (Nepa anophthalma, Hemiptera), one
of the top predators in this aquatic environment (Figure 3D), hide cautiously under the
water surface, between the lake walls asperities, and wait for prey consisting of amphipods
and isopods. Leeches (Haemopis caeca) are also considered top predators in this aquatic
ecosystem (Figure 3A). They swim elegantly in the mass of water, diving deeper sometimes,
and approach the lake banks where they predate on earthworms (Helodrilus sp.) that live in
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high numbers in the sediments. Flat worms (Dendrocoelum obstinatum) glide on sediments
in shallow water near the lake banks, never deeper than 1 cm, where some dissolved O2 is
still present, or swim at the water surface [30]. They graze on microorganisms, or they can
predate on worms and crustaceans [1].

Figure 2. Longitudinal profile through the submerged cave gallery (modified after Sarbu and Popa, 1992). Some water
flow is present at depths greater than 1 m, while at the surface, the water is rather stagnant and supports the growth of
microorganisms in thick or loose biofilms. Anaerobic microbes attach to the cave walls, rocks, and sediments.

The trophic chains in Movile Cave are likely simple compared to the complex food
webs in aboveground ecosystems with more complex interactions. The in-situ food pro-
duction, the diversity of microorganisms and invertebrates in Movile Cave, are remarkably
rich [1] for a cave environment. Conversely, the majority of caves resulting from epigenetic
karstic dissolution processes, where the base of the food web is represented by input
of allochthonous food of photoautotrophic origin, host lower numbers of cave-adapted
species. Using stable isotope analysis, Sarbu et al. [5,7] provided a first diagram of the
aquatic food web of Movile Cave. Its base is represented by the microbial biofilms formed
mainly as a result of H2S and CH4 oxidation. The primary consumers are terrestrial grazers
(Archiboreoiulus serbansarbui, Trachelipus troglobius and Armadillidium tabacarui), and aquatic
grazers (Helodrilus sp., Niphargus racovitzai, Niphargus dancaui). These are predated upon by
the secondary consumers and top predators (aquatic) Nepa anophthalma and Haemopis caeca;
(terrestrial) Medon dobrogicus, Agraecina cristiani and Cryptops speleorex.
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Figure 3. Aquatic invertebrates present in Movile Cave; (A). the leech (Haemopis caeca); (B). isopod
crustaceans (Asellus aquaticus infernus); (C). ostracods (Pseudocandona sp. nov.), the scale length is 200
μm; (D). water scorpions (Nepa anophthalma); (E). gastropods (Heleobia dobrogica).

2.2. Terrestrial Fauna

The terrestrial fauna is more complex. It is composed of four species of isopods, six
spider species, four pseudoscorpions, one acarian species, three chilopods, two millipedes,
three springtails, two dipluran species, and five beetles (Tables 2 and 3). The largest
invertebrate species and top predator in Movile Cave ecosystem is Cryptops speleorex
(Figure 4B) [31]. These voracious centipedes are 8-10 cm long, and they roam continuously
in search for prey, which is not scarce, and it ranges from the smallest collembolan or
coleoptera species to the stout isopods Trachelipus troglobius (Figure 4D). The geophilid
centipedes Geophilus sp. and Clinopodes carinthiacus are also among the predators in this
ecosystem. They chase smaller prey, such as collembola, smaller isopods or the offspring of
the larger isopods, and pseudoscorpions.
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Figure 4. Terrestrial invertebrates present in Movile Cave; (A). the spider (Agraecina cristiani); (B).
top predator chilopod (Cryptops speleorex); (C). millipede (Archiboreoiulus serbansarbui); (D). isopod
(Trachelipus troglobius).

Numerous collembola (springtails) are present on the water surface, on top of the
floating microbial biofilms, as well as on the biofilms that cover the cave walls in the
remote Air-Bells [32,33]. These are very small hexapods, and therefore, they do not count
much in the total biomass available for higher trophic levels. Instead, the three collembola
species are significant for very high numbers. They achieve large densities because of the
availability of luxurious resources, both in terms of type and amount of food. Collembola
are everywhere in populated places in Movile Cave, such as in Lake Room or Air-Bells.
Two of the three species jump continuously in all directions; therefore, they can easily
become part of the menu of other cave inhabitants. Many of the small-size predators rely
heavily on springtails as their primary food source.

The largest terrestrial species diversity and density in Movile Cave is present in Lake
Room (Figure 2). Here, one can observe slender millipedes (Archiboreoiulus serbansarbui,
in Figure 4C, and Strongylosoma jaqueti), the tiny Haplophthalmus movilae or the large and
hunchbacked isopods Trachelipus troglobius (Figure 4D) approaching the lake banks for
drinking, or more likely for grazing on microorganisms present along the lake shore, with
the risk of being preyed upon by water scorpions (Nepa anophthalma). The millipedes and
isopods are mostly present in the Lake Room and Air-Bell 1, most likely because O2 is
still abundant in these chambers. On the contrary, other isopods (i.e., Caucasonethes vandeli
pygmaeus and Armadillidium tabacarui) are by far more abundant in the remote Air-Bells (2
and 3).

30



Diversity 2021, 13, 128

Table 2. List of troglobionts and stygobionts from Movile Cave.

Aquatic/Terrestrial Species Taxonomic Affiliation References

1 Aquatic Dendrocoelum obstinatum *; Stocchino
et al., 2017

Platyhelminthes,
Dendrocoelidae [30]

2 Aquatic Panagrolaimus cf. thienemani * Nematoda,
Panagrolaimidae [34]

3 Aquatic Chronogaster troglodytes *; Poinar and
Sarbu, 1994

Nematoda,
Chronogasteridae [35]

4 Aquatic Haemopis caeca *,#; Manoleli et al., 1998
Annelida, Hirudinea,

Haemopidae [36]

5 Aquatic Helodrilus sp. nov. * Annelida, Clitellata,
Lumbricidae

Martin, P., pers.
comm.

6 Aquatic Heleobia dobrogica *; Grossu and Negrea,
1989

Gastropoda,
Moitessieriidae [29]

7 Aquatic Pseudocandona sp. nov. * Crustacea, Ostracoda,
Cyprididae

Danielopol, D.,
pers. comm.

8 Aquatic Eucyclops graeteri scythicus *; Plesa, 1989 Crustacea, Copepoda,
Cyclopidae [37]

9 Aquatic Parapseudoleptomesochra italica; Pesce
and Petkovski, 1980

Crustacea, Copepoda,
Harpacticoida

Rouch, pers.
comm.

10 Aquatic Niphargus racovitzai *; Dancau, 1970 Crustacea, Amphipoda,
Niphargidae [38]

11 Aquatic Niphargus dancaui *,#; Brad et al., 2015
Crustacea, Amphipoda,

Niphargidae [39]

12 Aquatic Asellus aquaticus infernus *,#;
Turk-Prevorčnik and Blejec, 1998

Crustacea, Isopoda,
Asellidae [40]

13 Terrestrial Caucasonethes vandeli pygmaeus *;
Giurginca, 2020

Crustacea, Isopoda,
Trichoniscidae [41]

14 Terrestrial Haplophthalmus movilae *; Gruia and
Giurginca, 1998

Crustacea, Isopoda,
Trichoniscidae [42]

15 Terrestrial Trachelipus troglobius *; Tabacaru and
Boghean, 1989

Crustacea, Isopoda,
Trachelipodidae [43]

16 Terrestrial Armadillidium tabacarui *; Gruia et al.,
1994

Crustacea, Isopoda,
Armadillidiidae [44]

17 Terrestrial Chthonius monicae *; Boghean, 1989
Arachnida,

Pseudoscorpiones,
Chthoniidae

[45]

18 Terrestrial Chthonius borissketi *; Curčić et al., 2014
Arachnida,

Pseudoscorpiones,
Chthoniidae

[46]

19 Terrestrial Roncus dragobete *; Curčić et al., 1993
Arachnida,

Pseudoscorpiones,
Neobisiidae

[47]

20 Terrestrial Roncus ciobanmos *; Curčić et al., 1993
Arachnida,

Pseudoscorpiones,
Neobisiidae

[47]
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Table 2. Cont.

Aquatic/Terrestrial Species Taxonomic Affiliation References

21 Terrestrial Palliduphantes constantinescui *;
Georgescu, 1989

Arachnida, Araneae,
Linyphiidae [48]

22 Terrestrial Agraecina cristiani *,#; Georgescu, 1989
Arachnida, Araneae,

Liocranidae [48]

23 Terrestrial Kryptonesticus georgescuae *; Nae, Sarbu,
and Weiss, 2018

Arachnida, Araneae,
Nesticidae [49]

24 Terrestrial Hahnia caeca *; Georgescu and Sarbu,
1992

Arachnida, Araneae,
Hahniidae [50]

25 Terrestrial Labidostomma motasi *; Iavorschi, 1992 Arachnida, Acarina,
Labidostommatidae [51]

26 Terrestrial Geophilus sp. nov. * Chilopoda, Geophilidae Baba, St., pers.
comm.

27 Terrestrial Cryptops speleorex *,#; Vahtera et al., 2020 Chilopoda, Cryptopidae [31]

28 Terrestrial Archiboreoiulus serbansarbui *,#;
Giurginca et al., 2020

Diplopoda, Julida,
Julidae [52]

29 Terrestrial Onychiurus movilae *; Gruia, 1989 Collembola,
Onychiuridae [53]

30 Terrestrial Oncopodura vioreli *; Gruia, 1989 Collembola,
Oncopoduridae [53]

31 Terrestrial Plusiocampa isterina *; Condé, 1993 Diplura, Campodeidae [54]

32 Terrestrial Plusiocampa euxina *; Condé, 1996 Diplura, Campodeidae [55]

33 Terrestrial Medon dobrogicus *; Decu and
Georgescu, 1994

Coleoptera,
Staphylinidae [56]

34 Terrestrial Tychobythinus sulphydricus *; Poggi and
Sarbu, 2013

Coleoptera,
Staphylinidae [57]

35 Terrestrial Decumarellus sarbui *; Poggi, 1994 Coleoptera,
Staphylinidae [58]

36 Terrestrial Bryaxis dolosus *; Poggi and Sarbu, 2013 Coleoptera,
Staphylinidae [57]

37 Terrestrial Clivina subterranea *; Decu et al., 1994 Coleoptera, Clivinidae [59]

38 Aquatic Nepa anophthalma *; Dedu et al., 1994 Hemiptera, Nepidae [60]

*—species endemic to Movile Cave; #—species found in nearby springs and wells.
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Table 3. List of troglophiles and stygophiles from Movile Cave.

Aquatic/Terrestrial Species Taxonomic Affiliation References

1 Aquatic Udonchus tenuicaudatus; Cobb,
1913

Nematoda,
Rhabdolaimidae [34]

2 Aquatic Poikilolaimus sp. Nematoda, Rhabditidae [34]

3 Aquatic Monhystrella sp. Nematoda,
Monhysteridae [34]

4 Aquatic Habrotrocha rosa; Donner, 1949 Rotatoria, Habrotrochidae Ricci, C., pers.
comm.

5 Aquatic Habrotrocha bidens; Gosse, 1851 Rotatoria, Habrotrochidae Ricci, C., pers.
comm.

6 Aquatic Aelosoma hyalinum; Bunke, 1967 Annelida,
Aeolosomatidae

Dumnicka, E., pers.
comm.

7 Aquatic Aelosoma italica; Bunke, 1967 Annelida,
Aeolosomatidae

Dumnicka, E., pers.
comm.

8 Aquatic Tropocyclops prasinus; Fischer,
1860

Crustacea, Copepoda,
Cyclopidae [37]

9 Terrestrial Carniella brignolii; Thaler and
Steinberger, 1988

Arachnida, Araneae,
Theridiiae [61]

10 Terrestrial Dysdera hungarica; Kulczynski,
1897

Arachnida, Araneae,
Dysderidae

Weiss, L., pers.
comm.

11 Terrestrial Clinopodes carinthiacus; Latzel,
1880 Chilopoda, Geophilidae Zapparoli, M., pers.

comm.

12 Terrestrial Strongylosoma jaqueti; Verhoeff,
1898

Diplopoda,
Paradoxosomatidae

Tajovsky K., pers
comm.

13 Terrestrial Pygmarrhopalites pygmaeus;
Wankel, 1860

Collembola,
Arrhopalitidae [62]

Armadillidium tabacarui form here large populations of up to 200 individuals per square
meter. The density of Caucasonethes vandeli pygmaeus is practically impossible to estimate in
Air-Bells 2 and 3 especially as the researcher must continue to breathe through a SCUBA
regulator, and to wear a diving mask. Caucasonethes vandeli pygmaeus is an extremely small
isopod, less than 2 mm long, it is translucid, and moves very fast.

Larger spider species, such as Agraecina cristiani (Figure 4A) and Dysdera hungarica,
predate mainly on collembola, but also on smaller isopods (Caucasonethes vandeli pygmaeus,
Haplophthalmus movilae, and Armadillidium tabacarui), which are present on the cave floor
and on the walls in relatively high numbers, along with the smaller spiders and pseu-
doscorpions. Palliduphantes constantinescui and Kryptonesticus georgescuae are web-weaving
spiders that catch small prey such as collembola or small isopods. Even smaller spiders
(Hahnia caeca and Carniella brignolii) are content with springtails and mites.

Five Coleoptera species are present in Movile Cave. Of these, Medon dobrogicus
and Clivina subterranea are frequently present in Air-Bells 2 and 3 where they form large
populations. They run continuously on the walls in these sections of the cave, and predate
upon collembola, juvenile individuals of the isopods Armadillidium tabacarui, Caucasonethes
vandeli pygmaeus, and Haplophthalmus movilae, or they can even chase the small Chthonius
monicae pseudoscorpions. Due to its very small size, the latter can only feed on springtails
and mites, or the small Caucasonethes vandeli pygmaeus isopods. Smaller, but also predatory
staphylinids beetles (Tychobythinus sulphydricus, Decumarellus sarbui, and Bryaxis dolosus),
can only hunt and feed on collembola.
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Movile Cave is a unique habitat that needs unquestionable protection. Pollution of
the groundwater aquifers by the intensive farming in South-Eastern Dobrogea, or spilling
of various contaminants in the environment as a result of the expansion of the residential
areas around Mangalia, can lead to severe disturbances of this exceptional ecosystem. The
cave is already part of Natura 2000 sites (Code ROSCI0114), it is accessible only for scientific
research, and it can only be entered based on authorized permissions. New technological
advances in research methods allow for better understanding of how life can prosper even
in such extreme environments, like Movile Cave, in total darkness, low pH, hypoxia and
anoxia, high sulfide-, CH4, and CO2 concentrations. Microbiological research has evolved
significantly from characterization of enzymes produced by microbes and cultivation of
sulfide oxidizers [63], to the first molecular characterization of microbial communities by
basic fingerprinting techniques and generation of clone libraries [10,22], to the nowadays
Next-Generation Sequencing approaches that allow the examination of tens of thousands of
sequences or complete genomes [25,64]. Regarding the invertebrates, new and undescribed
species are no longer a great surprise, but they have to be identified and studied before their
possible disappearance. It also allows to document the extent and nature of evolutionary
convergence across distinct lineages of stygobiontic crustaceans and to determine to what
extent natural selection was the driver of the extreme modifications observed in certain
species thriving in the cave. The structure of the food web in this special environment
is being studied by direct observations of the feeding behaviors, stable isotope analysis,
and metagenomic investigations of the gut content of the species that inhabit the cave.
Information on food webs is important and tells ultimately on how organisms can find ways
to survive, and even to thrive, in ecosystems that do not depend on Sun-derived energy.
Here, the food is produced in situ by using natural and inexhaustible energy sources,
such as the H2S, CH4 and NH4

+ from the deep subterranean aquifer. Finally, research on
symbiosis between crustaceans and bacteria with biotechnological applications, discovery
of new species of cave bacteria with possible antibiotic resistance, and experiments on their
possible use for human health, has also a great potential to be explored in more detail in
the future. Therefore, Movile Cave still has a lot more to offer.
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26. Nováková, A.; Hubka, V.; Valinová, Š.; Kolařík, M.; Hillebrand-Voiculescu, A.M. Cultivable Microscopic Fungi from an Under-
ground Chemosynthesis-Based Ecosystem: A Preliminary Study. Folia Microbiol. (Praha) 2018, 63, 43–55. [CrossRef]

27. Reboul, G.; Moreira, D.; Bertolino, P.; Hillebrand-Voiculescu, A.M.; López-García, P. Microbial Eukaryotes in the Suboxic
Chemosynthetic Ecosystem of Movile Cave, Romania. Environ. Microbiol. Rep. 2019, 11, 464–473. [CrossRef]
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The authors wish to make the following corrections to this paper [1]. The authors apol-
ogize for any inconvenience caused and state that the scientific conclusions are unaffected.

1. Replacing a sentence in Section 2.2 Terrestrial fauna, on page 5:

The geophilid centipedes Geophilus sp. and Clinopodes carynthiacus are also among the
predators in this ecosystem.

With
The geophilid centipedes Geophilus sp. and Clinopodes carinthiacus are also among the

predators in this ecosystem.

2. Replacing a sentence in Section 2.2 Terrestrial fauna, on page 6:

The three species jump continuously in all directions, and therefore they can easily
become part of the menu of other cave inhabitants.

With
Two of the three species jump continuously in all directions; therefore, they can easily

become part of the menu of other cave inhabitants.

3. Splitting of Table 2 (List of aquatic and terrestrial invertebrate species encountered
and described in Movile Cave ecosystem) into troglobionts/stygobionts (Table 2) and
troglophiles/stygophiles (Table 3), as following:

4. Replacing a sentence in Section 2.2 Terrestrial fauna, on page 9:

Caucasonethes vandeli pygmaeus is an extremely small isopod, about 1 mm long, it is
translucid, and moves very fast.

With
Caucasonethes vandeli pygmaeus is an extremely small isopod, less than 2 mm long, it is

translucid, and moves very fast.

5. Replacing a sentence in the Section: Funding on page 10:

S. Iepure and S. Sarbu were supported by grant PN-III-P4-ID-PCE-2020-2843 (EVO-
DEVO-CAVE).

Should be replaced with
S. Iepure and S. Sarbu were supported by grants of Ministry of Research and Innova-

tion (UEFISCDI) projects number PN-III-P4-ID-PCE-2020-2843 (EVO-DEVO-CAVE) and
PN-III-P4-ID-PCCF-2016-0016 (DARKFOOD).
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Table 2. List of troglobionts and stygobionts from Movile Cave.

Aquatic/Terrestrial Species Taxonomic Affiliation References

1 Aquatic Dendrocoelum obstinatum *; Stocchino et al., 2017 Platyhelminthes, Dendrocoelidae [30]

2 Aquatic Panagrolaimus cf. thienemani * Nematoda, Panagrolaimidae [34]

3 Aquatic Chronogaster troglodytes *; Poinar and Sarbu, 1994 Nematoda, Chronogasteridae [35]

4 Aquatic Haemopis caeca *,#; Manoleli et al., 1998 Annelida, Hirudinea, Haemopidae [36]

5 Aquatic Helodrilus sp. nov. * Annelida, Clitellata, Lumbricidae Martin, P., pers. comm.

6 Aquatic Heleobia dobrogica *; Grossu and Negrea, 1989 Gastropoda, Moitessieriidae [29]

7 Aquatic Pseudocandona sp. nov. * Crustacea, Ostracoda, Cyprididae Danielopol, D., pers. comm.

8 Aquatic Eucyclops graeteri scythicus *; Plesa, 1989 Crustacea, Copepoda, Cyclopidae [37]

9 Aquatic Parapseudoleptomesochra italica; Pesce and Petkovski, 1980 Crustacea, Copepoda, Harpacticoida Rouch, pers. comm.

10 Aquatic Niphargus racovitzai *; Dancau, 1970 Crustacea, Amphipoda, Niphargidae [38]

11 Aquatic Niphargus dancaui *,#; Brad et al., 2015 Crustacea, Amphipoda, Niphargidae [39]

12 Aquatic Asellus aquaticus infernus *,#; Turk-Prevorčnik and
Blejec, 1998 Crustacea, Isopoda, Asellidae [40]

13 Terrestrial Caucasonethes vandeli pygmaeus *; Giurginca, 2020 Crustacea, Isopoda, Trichoniscidae [41]

14 Terrestrial Haplophthalmus movilae *; Gruia and Giurginca, 1998 Crustacea, Isopoda, Trichoniscidae [42]

15 Terrestrial Trachelipus troglobius *; Tabacaru and Boghean, 1989 Crustacea, Isopoda, Trachelipodidae [43]

16 Terrestrial Armadillidium tabacarui *; Gruia et al., 1994 Crustacea, Isopoda, Armadillidiidae [44]

17 Terrestrial Chthonius monicae *; Boghean, 1989 Arachnida, Pseudoscorpiones, Chthoniidae [45]

18 Terrestrial Chthonius borissketi *; Curčić et al., 2014 Arachnida, Pseudoscorpiones, Chthoniidae [46]

19 Terrestrial Roncus dragobete *; Curčić et al., 1993 Arachnida, Pseudoscorpiones, Neobisiidae [47]

20 Terrestrial Roncus ciobanmos *; Curčić et al., 1993 Arachnida, Pseudoscorpiones, Neobisiidae [47]

21 Terrestrial Palliduphantes constantinescui *; Georgescu, 1989 Arachnida, Araneae, Linyphiidae [48]

22 Terrestrial Agraecina cristiani *,#; Georgescu, 1989 Arachnida, Araneae, Liocranidae [48]

23 Terrestrial Kryptonesticus georgescuae *; Nae, Sarbu, and Weiss, 2018 Arachnida, Araneae, Nesticidae [49]

24 Terrestrial Hahnia caeca *; Georgescu and Sarbu, 1992 Arachnida, Araneae, Hahniidae [50]

25 Terrestrial Labidostomma motasi *; Iavorschi, 1992 Arachnida, Acarina, Labidostommatidae [51]

26 Terrestrial Geophilus sp. nov. * Chilopoda, Geophilidae Baba, St., pers. comm.

27 Terrestrial Cryptops speleorex *,#; Vahtera et al., 2020 Chilopoda, Cryptopidae [31]

28 Terrestrial Archiboreoiulus serbansarbui *,#; Giurginca et al., 2020 Diplopoda, Julida, Julidae [52]

29 Terrestrial Onychiurus movilae *; Gruia, 1989 Collembola, Onychiuridae [53]

30 Terrestrial Oncopodura vioreli *; Gruia, 1989 Collembola, Oncopoduridae [53]

31 Terrestrial Plusiocampa isterina *; Condé, 1993 Diplura, Campodeidae [54]

32 Terrestrial Plusiocampa euxina *; Condé, 1996 Diplura, Campodeidae [55]

33 Terrestrial Medon dobrogicus *; Decu and Georgescu, 1994 Coleoptera, Staphylinidae [56]

34 Terrestrial Tychobythinus sulphydricus *; Poggi and Sarbu, 2013 Coleoptera, Staphylinidae [57]

35 Terrestrial Decumarellus sarbui *; Poggi, 1994 Coleoptera, Staphylinidae [58]

36 Terrestrial Bryaxis dolosus *; Poggi and Sarbu, 2013 Coleoptera, Staphylinidae [57]

37 Terrestrial Clivina subterranea *; Decu et al., 1994 Coleoptera, Clivinidae [59]

38 Aquatic Nepa anophthalma *; Dedu et al., 1994 Hemiptera, Nepidae [60]

*—species endemic to Movile Cave; #—species found in nearby springs and wells.
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Table 3. List of troglophiles and stygophiles from Movile Cave.

Aquatic/Terrestrial Species Taxonomic Affiliation References

1 Aquatic Udonchus tenuicaudatus; Cobb, 1913 Nematoda, Rhabdolaimidae [34]

2 Aquatic Poikilolaimus sp. Nematoda, Rhabditidae [34]

3 Aquatic Monhystrella sp. Nematoda, Monhysteridae [34]

4 Aquatic Habrotrocha rosa; Donner, 1949 Rotatoria, Habrotrochidae Ricci, C., pers. comm.

5 Aquatic Habrotrocha bidens; Gosse, 1851 Rotatoria, Habrotrochidae Ricci, C., pers. comm.

6 Aquatic Aelosoma hyalinum; Bunke, 1967 Annelida, Aeolosomatidae Dumnicka, E., pers. comm.

7 Aquatic Aelosoma italica; Bunke, 1967 Annelida, Aeolosomatidae Dumnicka, E., pers. comm.

8 Aquatic Tropocyclops prasinus; Fischer, 1860 Crustacea, Copepoda, Cyclopidae [37]

9 Terrestrial Carniella brignolii; Thaler and Steinberger, 1988 Arachnida, Araneae, Theridiiae [48]

10 Terrestrial Dysdera hungarica; Kulczynski, 1897 Arachnida, Araneae, Dysderidae Weiss, L., pers. comm.

11 Terrestrial Clinopodes carinthiacus; Latzel, 1880 Chilopoda, Geophilidae Zapparoli, M., pers. comm.

12 Terrestrial Strongylosoma jaqueti; Verhoeff, 1898 Diplopoda, Paradoxosomatidae Tajovsky K., pers comm.

13 Terrestrial Pygmarrhopalites pygmaeus; Wankel, 1860 Collembola, Arrhopalitidae [55]

Reference

1. Brad, T.; Iepure, S.; Sarbu, S.M. The Chemoautotrophically Based Movile Cave Groundwater Ecosystem, a Hotspot of Subterranean
Biodiversity. Diversity 2021, 13, 128. [CrossRef]
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Abstract: The karstic cave Križna jama in the South Western part of Slovenia is one of the largest,
well known and most beautiful Slovene water caves. The cave consists of more than 8 km of corridors
with impressive halls, colossal dripstone formations, a subterranean river and numerous lakes.
Considering the subterranean fauna, Križna jama has been identified amongst the richest caves in
the world. So far, 60 troglobionts, the obligate subterranean species among them 32 aquatic and
28 terrestrial taxa have been recorded and documented. Križna jama has scientific importance, as
well as ten subterranean taxa, which have been described based on specimens from this cave. Despite
Križna jama is relatively well-studied, new recent unexpected findings are promising. Thus, further
discoveries of specialized subterranean species in the cave are expected.

Keywords: caves; Križna jama; biospeleology; subterranean biodiversity; hotspots; troglobiont;
checklist

1. Introduction

Križna jama (registered in Slovene Cave Cadaster, Cad. No. 65) is developed under
the Križna gora (857 m) hill near the village Lož in the South Western part of Slovenia.
It is one of the largest, well known and most beautiful Slovene water caves. Due to
its natural beauty, it has been promoted in the Slovene edition of National Geographic
magazine [1]. In the first global subterranean biodiversity comparative study [2], Križna
jama was listed among the richest caves of the Dinaric range. The cave consists of 8273 m
of corridors with impressive halls, colossal dripstone formations, a subterranean river
and many lakes (Figure 1). The main passage, called Jezerski or Glavni rov, located
approximately in the middle of the cave, at a spot named “Kalvarija”, bifurcates into two
separate corridors: Pisani rov and Blatni rov or Blata (Figure 2). Cavers recently discovered
some new unknown and still unmeasured passages (Troha A. per. comm.). The cave is
mainly horizontal with a difference of only 32 m between the highest and the lowest point
of the cave. The lowest drypoint is at the water level of the lakes in Kittl shafts or Kittlova
brezna, where the subterranean river sinks into the passage that cannot be accessed.

The unique features of Križna jama are its breathtaking clean and emerald green
subterranean lakes (Figure 1). In two passages, Jezerski and Pisani rov, there are 22 lakes.
Summing these to the lakes in Blatni rov, there are 45 lakes in Križna jama altogether.
During the rainy seasons, the running water on its way through the karstic massif dissolves
limestones and saturates with calcium carbonate. On its course through the cave, streams
deposit carbonates on the riverbeds. Especially on its stream rapids, the permanently
deposited sinter creates rimstone barriers that dam and accumulate numerous lakes. An
average rate of sinter deposition in Križna jama is estimated to be approx. 0.256 mm per
year [3]. From a geological and hydrological point of view, Križna jama is located in a
syncline between the Bloke plateau and the Idrija fault zone, where the karstic Ljubljanica
river flows through a series of karst poljes. It lies within the aquifer of the triangle formed
by the Bloke plateau (720 m), the Cerknica polje (550 m) and the Loško polje (575 m).
The oldest rocks of the syncline are the Upper Triassic dolomites, while the youngest are
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the Upper Jurassic limestones. Between them, there are a series of limestone strata, with
lenses or nests of dolomites. The syncline shows a relatively weak faulting but local faults,
together with tectonised bedding planes, can guide the formation of some Križna jama
passages [4,5].

During periods of low water levels, Križna jama is mainly characterised by the flow of
percolated water from the nearby hilly karst area. When water levels are high, Križna jama
drains a small extent of allogenic water from the Bloke plateau, mainly from the Bloščica
and the Farovščica streams too [5]. Underground water courses and connections have
been elucidated by a series of tracer tests [6,7]. The water flowing through Križna jama
sinks near the cave entrance in the deep Kittl shaft or abyss which ends with a syphon
and reapers downstream in the Štebrščica spring at the edge of the Cerknica polje [6].
Speleo-divers tried to follow the stream in the Kittl shaft in an attempt to find further
subterranean connections. Passing the flooded syphons at the depth of 70 m however,
appears to be technically too difficult. Instead, cavers in the attempt to find easier access
to the subterranean cave passages, tried to find some hidden entrance on the surface.
In a long-term effort after 200 h of digging, in 1991 cavers finally enlarged a small hole
(known as Dihalnik v Grdem dolu). Until that time, only the edible dormice (Glis glis)
have regularly used this small entrance. This new small entrance led to the discovery of
additional 1415 m long virgin cave, popularly called “Križna jama 2”. Due to the fragile
dripstone formations, this cave is extremely sensitive to visit. After proper investigation
and measuring, this cave has been closed and strictly protected, with less than 30 cavers
ever visited it. Although it is undoubtedly part of the same cave system, Križna jama
2 (registered in Slovene Cave Cadaster, Cad. No. 6286, as Dihalnik v Grdem dolu) is
considered as a separate cave object from Križna jama.

Figure 1. The unique features of Križna jama are its breathtaking clean and emerald green subterranean lakes.
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Figure 2. Plan of Križna jama. Archive of Karst Research Institute ZRC SAZU, cartography Mitja Prelovšek.

Križna jama crystal clean lakes and dripstone formations attracted numerous explorers,
cavers and visitors early in the 20th century. Uncontrolled visits in the early time resulted
in some damage of dripstone formations and local pollution of the cave. The local cavers
soon closed the entrance and within a couple of volunteer actions successfully cleaned up
the cave. Križna jama nowadays accepts about 10,000 guided visitors per year, but only a
small part of the visitors are lucky enough to enjoy the beautiful lakes in the inner parts of
the cave by boat. Due to the fragility of the sinter dripstones and the sensitivity of the cave,
the number of guided visits is limited and strictly controlled.

45



Diversity 2021, 13, 210

2. Materials and Methods

To complete an updated list of troglobiotic fauna in Križna jama, we consulted the
available literature. Species recognized as troglophiles and trogloxenes are discussed
in the text but not listed in Table 1. In searching for subterranean fauna reports in dis-
persed publications within the last, almost 200 years, we encountered difficulties con-
cerning the different names used for Križna jama. In our review we recorded many
different names, all referring to Križna jama: Mrzla jama am Fuss des Kreuzgeberges [8],
Berühmte Grotte von Podlaz [9], Mrzla Jama [10], Krizna jama, ou Kreuzöhle sur le ver-
sant D. du Kreuzberg [11], Mrzla jama, á Blazka Poliza, distr. De Logatesc and Krizna
jama/Kreuzhöhle/sur le Kreuzberg, prés de Lass [12] and Kreuzberghöhle (1700 m N Laas
and N Hang des Kreuzberges) [13]. Križna jama [14] cave should not be mistaken with an-
other cave with a similar name—Mrzla jama pri Ložu (registered in Slovene Cave Cadaster,
Cad. No. 79), located 1.7 km heading south. A third “Mrzla jama” cave (1.5 km heading
north) is a small cave with a water stream called Mrzla jama pri Bločicah (registered in
Slovene Cave Cadaster, Cad. No. 1176). The fauna of all these three caves is however
similar or probably equal.

Table 1. An updated list of stygobiotic and troglobiotic species encountered in the Križna jama. Tb.—terrestrial (troglobiont),
Stb.—aquatic (stygobiont), Stb. pop.—stygobiotic population, Tl.—type locality in Križna jama, new—new, unpub-
lished data.

Taxonomic Group Familia Genus/Species/Subspecies Status References

Ciliata Lagenophryidae Lagenophrys monolistrae Stammer, 1935 Stb. [14,15]
Turbellaria Dendrocoelidae Dendrocoelum cf. spelaeum (Kenk, 1924) Stb. [14]
Turbellaria Scutariellidae Stygodyticola hadzii Matjašič, 1958 Stb. [14,16]
Gastropoda Hydrobiidae Belgrandiella superior Kuščer, 1932 Stb. [14,17,18]
Gastropoda Hydrobiidae Belgrandiella crucis (Kuščer, 1928) Stb., Tl. [13,14,19]
Gastropoda Hydrobiidae Belgrandiella schleschi (Kuščer, 1932) Stb., Tl. [13,14,19]
Gastropoda Hydrobiidae Hauffenia michleri Kuščer, 1932 Stb. [13,14,19]
Gastropoda Moitessieriidae Phaladilhiopsis sp. Stb. [14]
Gastropoda Ellobiidae Zospeum exiguum Kuščer, 1932 Stb., Tl. [14,18–20]
Gastropoda Ellobiidae Zospeum kusceri A. J. Wagner, 1912 Tb. [14,18,20]
Gastropoda Ellobiidae Zospeum isselianum Pollonera, 1887 Tb. [14,18,20]
Oligochaeta Haplotaxidae Delaya bureschi (Michaelsen, 1925) Stb. [14]
Oligochaeta Lumbriculidae Trichodrilus strandi Hrabe, 1936 Stb. [14]
Oligochaeta Lumbriculidae Trichodrilus ptujensis Hrabe, 1963 Stb. [14]
Oligochaeta Lumbriculidae Trichodrillus pragensis Vejdovsky, 1876 Stb. [14]

Oligochaeta Naididae Rhyacodrilus omodeoi Martinez-Ansemil, Sambugar
& Giani, 1997 Stb., Tl. [14]

Oligochaeta Naididae Rhyacodrilus sketi Karaman, 1974 Stb. [14]
Oligochaeta Naididae Tubifex pescei (Dumnicka, 1980) Stb. [14]
Ostracoda Entocytheridae Sphaeromicola sp. Stb. [14]
Copepoda Canthocamptidae Elaphoidella jeanneli (Chappuis, 1928) Stb. [14]
Copepoda Canthocamptidae Elaphoidella stammeri Chappuis, 1936 Stb. [14]
Copepoda Canthocamptidae Lessinocamptus n.sp. Stoch unpubl. Stb., Tl. [14,21]

Copepoda Canthocamptidae Bryocamptus (Rheocamptus) balcanicus s.l.
(Kiefer, 1933) Stb. [14]

Copepoda Cyclopidae Megacyclops viridis s.l. (Jurine, 1820) Stb. [14]
Copepoda Cyclopidae Acanthocyclops kieferi (Chappuis, 1925) Stb. [14]
Copepoda Cyclopidae Acanthocyclops troglophilus (Kiefer, 1932) Stb. [14]
Copepoda Cyclopidae Diacyclops languidoides goticus Kiefer, 1931 Stb. [14]
Copepoda Cyclopidae Diacyclops charon (Kiefer, 1931) Stb. [14]
Copepoda Cyclopidae Speocyclops infernus (Kiefer, 1930) Stb. [14]
Amphipoda Niphargidae Niphargus orcinus Joseph, 1869 Stb., Tl. [13,14,22]
Amphipoda Niphargidae Niphargus wolfi Schellenberg, 1933 Stb. [14]
Amphipoda Niphargidae Niphargus stygius (Schiödte, 1847) Stb. [14]
Amphipoda Crangonyctidae Synurella ambulans (F. Müller, 1846) Stb. pop. [14]
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Table 1. Cont.

Taxonomic Group Familia Genus/Species/Subspecies Status References

Isopoda Trichoniscidae Titanethes albus (C. Koch, 1841) Tb. [14]
Isopoda Trichoniscidae Androniscus stygius tschameri Strouhal, 1935 Tb. [14,23]
Isopoda Sphaeromatidae Monolistra racovitzai Strouhal, 1928 Stb., Tl. [13,14,24]
Araneae Dysderidae Stalita taenaria Schiödte, 1847 Tb. [10,13,14,25–28]
Araneae Dysderidae Parastalita stygia (Joseph, 1882) Tb. [10,13,14,26,28]
Araneae Dysderidae Mesostalita nocturna (Roewer, 1931) Tb. new
Araneae Linyphiidae Troglohyphantes excavatus Fage, 1919 Tb. [10,13,14,29,30]
Pseudoscorpiones Neobissidae Neobisium spelaeum (Schiödte, 1847) Tb. [14,31]
Pseudoscorpiones Chthoniidae Chthonius (Globochthonius) speleophylus Hadži, 1930 Tb. [14,32]
Opiliones Nemastomatidae Hadzinia ferrani Novak & Kozel, 2014 Tb. [33]
Diplopoda Attemsiidae Attemsia falcifera Verhoeff, 1899 Tb. [13,14,34]
Diplopoda Anthogonidae Haasia largescutata paligera (Strasser, 1940) Tb. [35]
Diplopoda Polydemidae Brachydesmus inferus concavus Attems, 1898 Tb. [35,36]
Diplura Campodeidae Plusiocampa (Stygiocampa) nivea (Joseph, 1882) Tb. [13,14,25]
Collembola Arrhopalitidae Arrhopalites/Pygmarrhopalites sp. Tb. [10]
Collembola Paronellidae Troglopedetes pallidus Absolon, 1907 Tb. new
Collembola Oncopoduridae Oncopodura cavernarum Stach 1934 Tb. new
Collembola Onychiuridae Absolonia gigantea (Absolon, 1901) Tb. new
Collembola Onychiuridae Onychiurus/Onychiurides sp. Tb. new
Collembola Tomoceridae Tritomurus scutellatus Frauenfeld, 1854 Tb. [10,13,14]
Coleoptera Carabidae Typhlotrechus bilimekii frigens Jeannel 1928 Tb., Tl. [13,14,37,38]
Coleoptera Carabidae Anophthalmus heteromorphus (G. Müller 1923) Tb., Tl. [13,14,37–40]
Coleoptera Staphylinidae Machaerites ravasinii G. Müller, 1922 Tb. [14,41–44]

Coleoptera Leiodidae Bathyscimorphus (Drovenikia) trifurcatus
Jeannel, 1924 Tb., Tl. [12–14,45,46]

Coleoptera Leiodidae Bathysciotes khevenhuelleri (Miller, 1852) Tb. [12–14]
Coleoptera Leiodidae Aphaobius milleri (Schmidt, 1855) Tb. [12–14,47]
Coleoptera Leiodidae Leptodirus hochenwartii Schmidt, 1832 Tb. [8,11–14]

In the stygobiotic and troglobiotic faunal checklist (Table 1), we report only valid
names of taxa. Those were checked using online world taxa databases as WoRMS for
aquatic taxa and MilliBase, Pseudoscorpions of the World, MolluscaBase, etc. For some
taxa, we updated recently synonymized names. Species listed in the former checklist that
are not accepted as valid taxa were excluded from the list. In the older literature, some
dubious records are persistently appearing. For the precautionary reason, we excluded
such taxa from the list if the specimens were not collected or reported recently. In some
cases, taxonomic experts explicitly stated that specimens found in Križna jama belong to a
new, yet undescribed species.

As the last published checklist of Križna jama troglobionts [14] was mostly focused on
aquatic fauna and there was a lack of terrestrial fauna studies, in the autumn of 2020 and
early spring of 2021, we sampled the terrestrial fauna. In a few excursions, we investigated
the cave up to the point called Križna gora (Figure 2). We searched for fauna mostly by eye
on speleothems, cave walls, among rocks and especially near the bat guano deposits. The
use of rubber boats, provided by the managers of Križna jama, was essential to investigate
deeper parts of the cave. To collect additional terrestrial fauna we deployed a smaller
number of plastic pit-fall traps along the transect in the surveyed cave corridor. The traps
were baited with cheese and rotten meat. As the traps were without a fixative, we examined
them after five days. We took macrophotographs of most of the captured animal species
“in situ” in the cave. Specimens needed for future research were stored in alcohol and are
deposited in the Zoological Collection of the Notranjska Museum Postojna. Collembolan
fauna was preliminarily determined by Marko Lukić (Zagreb) but a detailed study of the
collected specimens is still pending. Especially at the cave entrance, we sifted the soil and
gravel with entomological sieves but using this method we did not find any significant
troglobiotic fauna. During our recent field trips, we also sampled aquatic fauna. Larger
crustaceans were sampled with aquatic nets in the water of the cave river, pools and lakes.
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Some of the sampled aquatic fauna was later photographed in the laboratory. A large
sample of gravel and silt was collected from the bottom of the lakes, sieved and examined
in the laboratory to study smaller invertebrate species, especially molluscs and annelids.
Microscopic slides with informative details of the species were made for the identification
of some invertebrate species. In some cases, taxa are identified to genus level since no
detailed and final study on the collected specimens is made.

3. Results

3.1. A Historical Overview

Local people have been visiting Križna jama for millennia. Evidence of that are
fragments of pottery dating from the Bronze Age found within the cave. The oldest
signature found on a cave wall is dated back to 1557. The first explorations of the cave are
documented by the evidence that Jožef (Josip) Cerar (in German Johann Zörrer) visited
Križna jama in November 1824 and in July 1825 with a group of local people from Lož
and Cerknica. His report, the cave description and its first map, unfortunately, did not
appear until 1838 [48]. He was the first to report that some cave passages contain cave bear
(Ursus speleus) bones. In his report, he used the German name of the cave “Heiligen-kreutz”,
despite the locals knew the cave as “Mrzla jama” (cold cave). The first known printed
account of this cave comes from an Englishman John James Tobin diary who accompanied
Sir Humphry Davy douring his cave visit, in 1832. At that time, only the first 500 m or so
of the cave were accessible and known. Tobin’s report of proteus (Proteus anguinus) seen
in the cave is very interesting [49]. Soon after that, Aleksander Škofic in 1847 and Adolf
Schmidl in 1854 wrote detailed descriptions of the cave. Their reports about plenty of cave
bear bones and teeth made Križna cave famous. These reports encouraged the Austrian
geologist Ferdinand von Hochstetter to start digging bones in Križna jama in 1878 and 1879.
Hochstetter and his workers collected out an impressive number of 4600 cave bear bones
from more than 100 individuals [50]. Two complete cave bear skeleton reconstructions,
displayed in the Museum of Natural History in Vienna, originated from this time [51]. The
first to report about the presence of the cave slender-neck beetle Leptodirus hochenwartii
in Križna jama was Heinrich Müller in 1857 [8]. The German naturalist Gustav Joseph
visited several Slovenian caves in the period from 1853 to 1881. Despite the fact that his
collection is not preserved, he published basic data about the Križna jama fauna in one of
his publications [10]. Additional faunal reports from Križna jama can be found in Hamann’s
catalogue [25]. In the 19th century, mostly cave beetle collectors visited Križna jama. There
were Eduard Knirsch, Joseph Müller, Anton Haucke, Josip Sever, Alfonz Gspan, Ivan Dolar
and Egon Pretner. Roman Kenk and Albin Seliškar visited Križna jama in 1928 and first
collected aquatic fauna as well. Ljudevit Kuščer studied and published descriptions of some
Križna jama new subterranean snails [17,19]. The first list of Križna jama fauna reported
and described taxa by various European leading taxa specialists [12,24,52] was published
in Wolf’s catalogue [13]. After World War II, Egon Pretner made many visits to Križna
jama, mostly leading foreign and other Slovene biologists who sampled the fauna. Jože
Bole investigated the gastropods of Križna jama and its surrounding springs [18,53]. From
the 70′s onwards, Boris Sket and his colleagues visited Križna jama on several excursions
and gathered samples, mainly focusing on aquatic fauna [14]. Nevertheless, no detailed
ecological investigations have been done in the cave. Based on collected samples, significant
progress has been made about the presence of some less investigated animal groups, such
as Oligochaeta [54,55]. Sket published a second paper in Slovene about the Križna jama
fauna in 1986 [56], and a scientific overview with Fabio Stoch in 2014 [14]. Recently, the
authors carried out an additional survey, mainly focused on terrestrial fauna. In this paper,
new and so far unpublished data on the presence of some terrestrial troglobiotic fauna
is given.
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3.2. The Subterranean fauna of Križna Jama

The entrance hall of Križna jama is voluminous and due to the artificially enlarged
entrance, daylight penetrates deep inside the cave. Within the first part of the cave next
to the entrance, numerous troglophilic and trogloxene animals can be regularly seen.
Especially in winter geometrid moths Triphosa dubitata and noctuids Scoliopteryx libatryx,
as well as cave crickets (Troglophilus spp.), are common as parietal fauna on the walls.
Different species of harvestmen (Opiliones), spiders (Araneae), caddisflies (Trichoptera)
and various flies and mosquito (Diptera) considered as troglophiles and trogloxenes are
common here. In the bottom of the entrance hall rich with humus, some other soil fauna,
not considered as troglobiotic, is present. Stone martens (Martes foina) and edible dormice
(Glis glis) regularly penetrate deeper into the cave corridors. On the contrary, the tawny
owl (Stryx aluco) is usually found dormant only at the cave entrance.

So far, seven species of bats have been recorded in Križna jama [57,58]. The most
common is the lesser horseshoe bat (Rhinolophus hipposideros). It overwinters in both
Križna jama and in Križna jama 2 in significant numbers. Regularly about 900 individuals
overwinter here and this represents the second-highest concentration of bats compared
to other Slovene caves [58]. Other species like the great mouse-eared bat (Myotis myotis),
Daubenton’s bat (Myotis daubentonii), the serotine (Eptesicus serotinus) and the barbastelle
bats (Barbastella barbastellus) are occasionally found in smaller numbers. Schreibers’ bat
(Miniopterus schreibersii) have so far been spotted in Križna jama only once [58]. There
are no bat breeding colonies in Križna jama. Bat parasites such as the bat thick (Ixodes
vespertilionis) can be regularly found on walls next to the hibernating bats. Numerous
troglophilic and troglobiotic collembolans, mites, diplopods and beetles are attracted by
owl pellets and bat guano as well as by marten scats and dormice droppings all over
the cave.

Among the troglobionts cave beetles are relatively numerous. The most famous of
all, the slenderneck beetle Leptodirus hochenwartii, is rare and mostly found in the deeper
cave spaces far from the entrance. In the entrance hall, as well all along the immense
cave tunnels of Križna jama, the small bathyscioid leptodirine beetle Bathyscimorphus
trifurcatus (Figure 3b) is the commonest troglobiotic beetle [11,45,46]. The leptodirine beetle
Bathysciotes khevenhuelleri is regularly trapped in pitfall traps in the entrance hall between
the stones and the soil in the habitat that resembles the MSS, while the leptodirine Aphaobius
milleri have been collected only sporadically [47]. Bathysciotes khevenhuelleri is relatively
common in Snežnik-Javorniki wider area in mesovoid shallow substratum (or “Milieu
souterrain superficiel”—MSS) [59], while Aphaobius milleri prefers to some extent colder
cave microclimates in the area which can be found right after the Križna jama entrance.
Two species of troglobiotic ground beetles are known from Križna jama and for both taxa
Križna jama is their type locality. The subspecies of the trechine Typhlotrechus bilimeki frigens
(Figure 3a) is relatively common [37,38] in many places, while the endemic Anophthalmus
heteromorphus is extremely rare and thus much sought by collectors [38–40]. The troglobiotic
pselaphine beetle Machaerites ravsinii is occasionally found among the rocks in the entrance
hall of Križna jama [41–44]. Some other subterranean beetle species occasionally reported
for Križna jama are doubtful and need further recent confirmation.

The Collembolan fauna of Križna jama has not been studied in details until recently.
Joseph [10] described two species of Sminthurus from Križna jama, but they are not consid-
ered valid in later works. In Wolf’s catalogue [13] there are records of five species of collem-
bolans, which were questioned as doubtful in the last Križna jama list of troglobionts [14].
In recent samplings, the collembolan species Troglopedetes pallidus (Figure 3b), Oncopodura
cavernarum, Absolonia gigantea and some undefined species of Onychuiridae and Arrhopali-
tidae are documented. Small, eyeless and strongly troglomorphic collembolan specimens
of taxonomically not yet determined species of the complex Arrhopalites/Pygmarrhopalites
(Figure 3e) can be found on bat guano regularly. Troglobiotic collembolans are all common
on the bat guano and similar organic debris, especially stone marten scats in deeper parts of
the cave. Tritomurus scutellatus is common only near the entrance, but still within the cave’s
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dark zone. The dipluran species Plusiocampa (Stygiocampa) nivea is rare but widespread in
Križna jama.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3. Troglobiotic and stygobiotic fauna from Križna jama: (a) Ground beetle (Typhlotrechus bilimekii frigens). (b) Lep-
todirine beetle (Bathyscimorphus (Drovenikia) trifurcatus), on the right and Collembolan (Troglopedetes pallidus), on the left.
(c) Cave spider (Parastalita stygia). (d) Cave Harvestman (Hadzinia ferrani). (e) Cave Millipede (Brachydesmus inferus concavus)
and Collembolan (Pygmarrhopalites sp.), indicated with white arrow. (f) Various species of aquatic snails from family
Hydrobiidae and quartz crystals. (g) Sphaeromatid isopod (Monolistra racovitzai). (h) Cave amphipod (Niphargus orcinus).
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The troglobiotic arachnid fauna of Križna jama is rich as well. So far, only one of
the lyniphiid Troglohyphantes species is reported from Križna jama [10,14,27,29,30]. The
troglobiotic dysderid spider species Stalita taenaria and Parastalita stygia (Figure 3c) live
in Križna jama sympatrically [26–28]. The coexistence of these two related species in the
same cave is rare [60]. Surprisingly enough, a third distinctly smaller dysderid species
Mesostalita nocturna was found deep inside Križna jama during one of the last excursions
(Delić T. per. comm.). In one of the recent ecological studies [60], it was demonstrated
that the shift in the trophic niche amongst related species minimizes the interspecific
competition and enables related dysderid spider species coexistence. The fact that the
Križna jama is a tourist cave and is regularly visited, the recent discovery of fully troglo-
morphic harvestmen was an unexpected surprise. A detailed study of the only known
single male and female specimens showed that they belong to a recently described species
Hadzinia ferrani (Figure 3d) from the cave Ferranova buža, situated 40 km northwest from
Križna jama [33,61]. Amongst the pseudoscoripons in Križna jama two troglobiotic species
are known [31,32]. The relatively giant Neobysium speleum is rarely encountered on wet
walls and stalactites of the deeper parts of the cave. The second smaller species Chthonius
(Globochthonius) spelaeophilus is reported recently from the cave too [32].

Among the Myriapod, a only troglobiotic millipedes have been recorded in Križna
jama so far, although the cave centipede Lithobius stygius is expected to be found also as it
was recently confirmed in nearby Mrzla jama pri Ložu [62]. The most abundant among the
millipedes are the polydesmid Brachydesmus inferus concavus (Figure 3e) [35,36,63], which
was reported as B. subterraneus or B. sp. in former works [13,14]. On any organic material,
even in the deeper parts of the cave, all development stages (larvae and mating adults) of
this millipede are commonly seen. Two other millipede species, Attemsia falcifera [13,14,34],
reported as A. pretneri in older works and Hassia largescutata paligera, reported as Acherosoma
cornuatum paligerum, endemic species of the region, are living in Križna jama too [35,63–65].

Two species of terrestrial isopod crustaceans are regularly found in Križna jama. The
giant cave woodlouse Titanethes albus lives on wet spots in deeper parts of the cave, while
the smaller species Androniscus stygius tschammeri [23] is usually found on rotting wood or
organic debris near the entrance of the cave. Visitors to Križna jama can regularly encounter
the aquatic sphaeromatid isopod Monolistra racovitzai (Figure 3g) [13,14,24]. In some perma-
nent cave lakes, these crustaceans slowly crawl on rocks and flooded rimstones. In the same
cave lakes, the monolistrians are regularly accompanied by the relatively rarer predatory
amphipod crustacean Niphargus orcinus (Figure 3h) [14,22]. This Niphargus species can reach
up to 3 cm in length and it is a relatively giant invertebrate. Studying crustaceans specimens
of the genus Monolistra and Niphargus under the microscope, the presence of ostracodan
Sphaeromicola stammeri and turbellarian Stygodyticola hadzii as epizoans or exterior parasites
have been found [14,16]. Two smaller amphipod species Niphargus wolfi and Niphargus
stygius live in Križna jama too. While the former is usually found in loam and rimestone
pools fed by percolated water dripping from the cave ceilings, N. stygius is found in cave
lakes too [14]. In such pools, significant fauna of copepod crustaceans like Elaphoidella spp.,
Speocyclops infernus and Acanthocyclops kieferi have been sampled [14,21,66,67]. These pools
can be occasionally flooded by the subterranean river during the floods. Larger waters, the
lakes and mainstream rivers in both corridors of the Blata and Pisani rov, are oligotrophic
and the fauna here is relatively scarce. Besides Monolistra and Niphargus, smaller copepod
fauna such as Acanthocyclops troglophilus and Diacyclops charon have been recorded [14].
Despite most of the river corridor bottoms being covered in sinter deposits in some places,
especially in the corridor Blata, the river bottom consists of very loose silt and loam mixed
with sand. Here the large and colourful troglobiotic oligochaete Delaya bureschi is common.
Six other troglobiotic oligochaetes have been recorded for Križna jama so far [14,55]. In the
subterranean waters of Križna jama two species of troglobiotic turbellarians are reported
as well.

In the lakes, river and streams of Križna jama, six aquatic, including four hydrobiid,
snail species are found [17–19,53,68]. Based on specimens from Križna jama, two species
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Belgrandiella crucis and B. schleschi, were described. Belgrandiella superior and Hauffenia
michleri, have been described from cave waters from a surrounding Ljubljanica river
catchment area. Specimens of the aquatic snail from the genus Paladilhilopsis are still
to be determined [14]. Aquatic snails live all along permanent water streams, where
specimens can be found mainly on the bottom among the rocks, gravel and silt. In the
lakes, where small amounts of organic debris drop from the surface (such as particles of
fallen leaves), the populations of snails are more abundant. Besides hydrobiid snails, three
species of primarily terrestrial troglobiotic snails live in Križna jama. The species Zospeum
kusceri and Z. isselianum can be usually found on wet walls and stalactites. A third species
Zospeum exiguum, described from Križna jama, is considered as at least a partly aquatic.
Living specimens of Z. exiguum were collected mainly on the submerged rocks in lakes and
streams so far [19,20]. However, the easiest way to collect empty snail shells is to collect
sand on certain spots on the lake edges, where empty shells are deposited in significant
numbers as a tanatocenoses (Figure 3f).

Sifting gravel and sand samples from the mainstream pools, in search of snails, re-
cently revealed unexpected cave sedimentary deposits. In previous Križna jama fluvial
sediment studies [69,70] allochthone oolitic bauxite ooids and quartz pebbles amongst
the autochthonous fragments of broken sinter were noted. Searching for snails, we found
tiny quartz crystals of a special biterminated shape as well (Figure 3f). Most of the quartz
crystals in Križna jama are notably eroded, but some brilliant specimens can be found as
well. Such biterminated quartz crystals, popularly called “cerknica diamonds”, are unique
and in the region known from the narrow strip of land characteristic by porous sucrose
dolomites on the Slivnica Mountain on the eastern side of Cerknica [71]. Accompanied
by bauxite ooids, these fluvial sediments clearly show their origin and a fluvial transport
from Slivnica—Bloke plateau and demonstrate the river catchment area of at least part
of Križna jama running waters. Identification of water catchment area that drains into
the Križna jama water system is essential for understanding zoogeographical reasons for
species composition as well as for nature conservation reasons. For some rare events of
periodic water pollution in the Križna jama, the source stream Farovščica in the Bloke
plateau has already been identified, using water tracing methods [6].

The largest aquatic cave animal in Križna jama is to be the cave salamander or proteus
(Proteus anguinus). Its presence in Križna jama was reported by Tobin in 1832 [49] later
by Joseph to [10] and cited by Wolf [13]. Since then, no one has ever seen or mentioned
proteus in Križna jama. Sket [72] declared this report as a “most probably erroneous” and
therefore proteus has been later omitted from the fauna list of Križna jama. Proteus has
a wide holo-dinaric distribution and it is present along all the Ljubljanica river drainage
area. The closest confirmed localities of proteus are some wells in Loško polje, only a
few kilometres away from Križna jama. Its absence in this cave is for this reason of great
scientific interest. Similarly to the absence of proteus, the cave shrimp Troglocaris has never
been reported in the Križna jama, not even in the wider Lož area [73]. The reason for this
deficiency might be the same as for the absence of any Thiaridae, Neritidae and Unionidae
Mollusca in the neighbouring Cerknica lake [14,18,53,68].

4. Discussion

In one of the first reports on the Križna jama subterranean biodiversity [2] there are
listed 45 troglobionts and stygobionts from Križna jama, among them 29 aquatic and
16 terrestrial species what listed this cave on the list of the world’s richest caves [2,74]. In a
more recent and updated list [14], the total number of troglobionts and stygobionts reached
50. Among those, 32 species are aquatic and 18 species as terrestrial. In this paper, the
number of stygobionts remains the same but we omitted some doubtful taxa reported in
older works and added significant new terrestrial troglobiotic taxa that were documented
recently. Therefore, we present a list of 60 troglobiotic species, among them 32 aquatic
and 28 terrestrial (Table 1). No new taxa have been recently described on basis of the
specimens from Križna jama and thus the number of taxa with the type locality in this
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cave remains 10 species and subspecies. The fauna of Križna jama is similar to the fauna
of other biodiverse caves in the Notranjska region like the Postojna-Planina cave system.
In the Križna jama, there are some additional faunistic elements among the terrestrial
fauna, which are related to the Dolenjska karst and are not present in Notranjska karst
caves. The spider Parstalita stygia and millipede Brachydesmus inferus are such examples.
Aquatic fauna is the most characteristic of the Ljubljanica river drainage system [68].
Geographically located in the temperate climatic zone and in the Dinaric mountain range,
which is well known for its rich subterranean biodiversity the high number of troglobionts
is not surprising. However, most hot spots of high subterranean biodiversity tend to have
high primary productivity or rich organic input from the surface [2]. Contrary to some
caves as the Postojna-Planina cave system, Logarček and some other caves situated in the
region popularly called Notranjska triangle and well known as a prominent subterranean
fauna hotspot [68], Križna jama is to be classified as oligotrophic.

There is no sinking river from the surface passing through the cave that brings sig-
nificant organic material as for example Pivka River in the Postojna–Planina cave system.
Waters in Križna jama are thus clean and of good quality. This is probably the main reason
why there are so few non-troglobiotic elements in Križna jama waters. Fauna in Križna
jama is due to lack of food, not abundant, but it is well diversified. The only exception
could be attributed to Tršanov rov or the so-called Stransko jezero, where occasionally we
can find a small amount of organic debris coming from the surface. The aquatic fauna is
the richest there. In this part, small stonefly larvae enter the cave and are a presumably
welcome food source for cave animals such as Niphargus orcinus.

The entrance to the Križna jama is situated on the foothill of Križna gora Mountain.
The cave is horizontal and extends directly into the mountain. The thickness of the
limestone ceiling rapidly increases and measures 50, 100 and 150 m above the first lake close
to the entrance, in the middle of the cave and in the deepest part of the cave, respectively.
This immense, to some extent cracked and partly saturated habitat called epikarst, is from
a biological point of view mostly unexplored and undersampled [75–77]. Epikarst tends to
be a hotspot within a hotspot because the heterogeneous nature of epikarst allows for high
species richness. Both the aquatic and terrestrial fauna of epikarst tends to be abundant,
with epikarst copepods being the most diverse and best-studied group in some other
biodiverse caves [76,77]. To further improve the knowledge of the faunal composition of
Križna jama, sampling of the epikarst water seems to be the most promising, both direct
sampling of dripping water as well as a detailed sampling of pools and lakes filled with
percolating water. The thickness of rock deposits above the cave prevents penetration
of organic particles and also incidental soil fauna elements. So food sources scarcity
was noted throughout the inner parts of Križna jama too. These are the reasons that in
Križna jama the terrestrial troglobiotic fauna is not abundant in numbers but it consists
of numerous troglobiotic taxa without the presence of not-troglobiotic representatives.
The cave is relatively well studied, however the recent finding of some, even big-sized
arachnid species, so far overlooked is promising. Thus, further discoveries of specialized
subterranean species in the cave are expected.
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(Dissetationes), Cl. IV; SAZU 1967, 10, 57–108.
54. Martinez-Ansemil, E.; Sambugar, B.; Giani, N. Groundwater Oligochaetes from southern-Europe. I. A new genus and three

new species of Rhyacodrilinae (Tubificidae) with a redescription of Tubifex pescei (Dumnicka) comb. n. Ann. Limnol. 1997,
33, 33–44. [CrossRef]

55. Karaman, S. Taksonomska, Zoogeografska i Ekološka Studija Oligochaeta u Području Planine, Cerknice i Postojne; Univerza v Ljubljani:
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Abstract: Cueva del Viento and Cueva de Felipe Reventón are lava tubes located in Tenerife, Canary
Islands, and are considered the volcanic caves with the greatest cave-dwelling diversity in the world.
Geological aspects of the island relevant to the formation of these caves are discussed, and their most
outstanding internal geomorphological structures are described. An analysis of the environmental
parameters relevant to animal communities is made, and an updated list of the cave-adapted species
and their way of life into the caves is provided. Some paleontological data and comments on the
conservation status of these tubes are included.
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1. Introduction

Caves are mostly associated with sedimentary terrains subjected to karst processes,
mainly in carbonate rocks but also in gypsum, rock salt, conglomerate, etc. [1]. These
solution caves are the result of a chemical erosive process that progresses slowly (millions
of years) and can result in important cavity dimensions, such as the 667 km of Mammoth
Cave (USA) or the 371 km of the Sac Actun/Dos Ojos System (Mexico) [2]. Volcanic
terrains typically lack limestone and other sedimentary rocks, at least with sufficient
thickness and age to originate karst caves, with a few exceptions when the reef limestone
has been uplifted and later karstified [3]. However, other kinds of caves are frequent
in volcanic terrains, formed in a completely different way and different type of rocks,
usually fluid basalts but sometimes also phonolites [4]. Volcanic caves, most of them
lava tubes, have a constructive rather than erosive origin, are exactly the same age as
their host rock, and become destroyed in a very short geological time span compared
to karst ones [5]. This, together with the fact that the whole volcanic areas have much
smaller extension than karstifiable sedimentary rocks, means that volcanic caves are much
less abundant worldwide and, in general, of considerably smaller dimensions than karst
ones [6]. It had been claimed that volcanic caves did not have any adapted cave-dwelling
fauna [7]. However, this was later disproved for Hawaiian lava tubes and later for many
other tropical and non-tropical volcanic areas [5,8–11]. Conversely, some lava tubes are
particularly rich in cave-adapted fauna and feature prominently in global cave rankings.
Thus, among the 27 caves richest in cave-adapted species worldwide in 2019, 23 were karst
caves, and only four were lava tubes: one in Australia (Bayliss Cave) and three on the
Canary Islands [12]. However, the lava tubes are surprisingly well ranked: Jameos del
Agua lava tube for groundwater animals, and Cueva de Felipe Reventón and Cueva del
Viento for underground terrestrial richness. Cueva de Felipe Reventón and Cueva del
Viento are lava tubes located in Tenerife, Canary Islands, and have been the most attractive
caves for scientific studies from this archipelago, together with the anchialine part of Cueva
de la Corona lava tube on the island of Lanzarote [13–17].

Diversity 2021, 13, 226. https://doi.org/10.3390/d13060226 https://www.mdpi.com/journal/diversity

57



Diversity 2021, 13, 226

2. Location and General Characteristics

The Canary archipelago is located in the eastern Atlantic between 27◦37′ to 29◦25′ N
and 13◦20′ to 18◦10′ W, off the coast of south Morocco. It comprises eight main inhabited
islands of volcanic origin, with geological ages as emerged land decreasing from 21 Ma for
the eastern Fuerteventura to 1 Ma for the westernmost El Hierro. A remarkable variety
of volcanic rocks, type of eruptions, local climates and landscapes is found across this
archipelago. Tenerife is in the center of the island chain, with an intermediate age of
12 Ma [18]. It is the largest (2034 km2), the highest (3714 m at Teide Peak) and the most
diverse island both in terms of ecosystems and of plant and animal species [19]. The
abundance of subrecent and recent basaltic lavas allows the existence of many lava tube
caves and other subterranean environments that harbor a rich cave-adapted fauna [20].
The highest density of lava tubes is found around Icod de Los Vinos, in the northwest
of the island, an area covered by the lavas of Teide and Pico Viejo stratovolcanos from
the central-western part of the island [21] (Figure 1). In these lava flows is the Cueva del
Viento System, which includes Cueva de Felipe Reventón and Cueva del Viento, as well as
other minor lava tubes. The two main caves are situated close to each other with entrances
between 572 and 847 m a.s.l.; but the extreme lowest and highest internal galleries of Cueva
del Viento are at 395 and 880 m, respectively.

Figure 1. Maps of the Canary Islands and of Tenerife island, with indication of the area (red rectangle)
where the Cueva del Viento System lies, and Pico Viejo volcano whose lavas produced the caves. By
S. Socorro.
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Both caves originated in the same lava flow and probably simultaneously, but they
are not connected and have traditionally been considered as independent caves. The maps
of their surveys show that Cueva de Felipe Reventón is roughly aligned with one branch
of Cueva del Viento, as if it were an extension of the latter (Figure 2). The corresponding
ends facing each other are blocked by solidified lava siphons, leaving an unknown 90 m
long stretch that had to connect the two caves during their formation. The access between
caves is impossible for humans, but not for small animals through the cracks of the same
lava flow. From the biospeleological point of view, they would be part of the same Cueva
del Viento System.

Figure 2. Survey of Cueva del Viento System, with different colors for the main sections, and indication of all accessible
entrances. Assemblage partially based on other previously published maps [22,23], with permission. © S. Socorro.

The climate of this area is mild (annual mean 15.1 ◦C) and moderately humid by the
island standards. However, the potential vegetation is not a laurel forest as in other places
at the same altitude and orientation, but a mixed pine forest dominated by the Canary pine
(Pinus canariensis) with big heathers (Erica arborea) and some broadleaf trees such as wax
myrtle (Morella faya), laurel (Laurus novocanariensis) and Canary holly (Ilex canariensis). This
area is moderately inhabited, with many scattered houses and cultivation fields but never
with a compact urban structure, and only the upper part of the cave system (Cueva del
Sobrado) develops under a fairly well-preserved pine forest.

Cueva del Viento has five easily practicable entrances and two small skylights, all
originated by roof collapses. Two of these openings are within a public property belonging
to the Cabildo de Tenerife (the local government of the island), the cave sector in between
being a show cave; the other five openings are in private land. Four different names are
used for the main entries and their corresponding cave sectors: Cueva Piquetes, Cueva de
Breveritas, Galería Belén and Cueva del Sobrado, each with their own entrance though
Sobrado has four (Figure 2). Piquetes and Breveritas are artificially separated by a cellar of
a house; Belén is a short sector of Breveritas isolated from the rest by two stone collapses;
and the formerly considered as independent Cueva del Viento and Cueva del Sobrado are
actually connected by a narrow natural passage, and now considered as a single cave. For
study purposes the whole cave has been divided into the following sections, from the lowest
to the highest and using entrances or inner collapses as limits: Piquetes, Breveritas Inferior,
Breveritas Superior, Belén, Ingleses, Sobrado Inferior and Sobrado Superior. Breveritas
Inferior, Breveritas Superior and Ingleses would be popularly known as Cueva del Viento
proper, with a single entrance called Breveritas. All the main galleries of Cueva del Viento
have reasonable large dimensions and are easily accessible (Figure 3).
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Figure 3. Passage of Cueva del Viento (Breveritas) with the original ceiling evidenced by the abundant small stalactites of
lava (red arrows) and with dangling roots (white arrows). © S. Socorro.

The mapped extent of Cueva de Felipe Reventón is 1845 m so far measured, but the
complete survey has never been finished and it is probably something over 3000 m in
length [24]. The only entrance to Felipe Reventón is in a public property also belonging
to the Cabildo de Tenerife, but most of the upper part of the cave lies under private land
with a few houses. This entrance is at 628 m a.s.l. just at the lower end of the cave, and no
different sector names are used for partial galleries. It is a rather labyrinthine system of
interconnected galleries with a relatively short distance (438 m) between upper and lower
extremes (Figure 2), and the internal dimensions are generally somewhat smaller than the
main galleries of Cueva del Viento.

3. Discovery, Exploration and Scientific Study

The first detailed description of a volcanic cave in the Canary Islands was in 1776
by Bethencourt de Castro brothers on Cueva de San Marcos, in the same Pico Viejo lava
flow as the Viento System but next to the coast [21]. The objective of the expedition was to
describe and survey the cave, and “to continue to the summit . . . , where some say it has
communication with another cave called del Viento”, then already known by this name.

The first modern expedition was carried out in 1969 by the local Sección de Explo-
raciones Vulcanoespeleológicas de La Guancha (SEVG). A year later they completed the
topography of what they considered the entire cave, but the map was not published. Mem-
bers of the Club Montañés de Barcelona contacted SEVG and published a geological study
and the first topography [13]. Shortly afterwards, the American vulcanospeleologist W.R.
Halliday explored the cave and, after analyzing the survey of SEVG, stated that the known
part was 6021 m long and listed it as the longest volcanic cavity in the world [25].

In 1973 and 1974 the British C. Wood and his team explored the cave and published
an extensive geological study of Cueva de San Marcos and Cueva del Viento proper, with
a new topography of the latter including a new 2340 m branch that runs through a level
lower than the rest of the cave [14]. The cave reached 10,002 m, but by then it could no

60



Diversity 2021, 13, 226

longer be claimed as the longest known volcanic cavity in the world as both Leviathan
Cave (Kenya) and Kazumura Cave (Hawaii) exceeded 11 km [26].

Between 1986 and 1988, the GIET (Grupo de Investigaciones Espeleológicas de Tener-
ife) of the University of La Laguna found several unpublished sections of the deep branch
discovered by Wood and Mills (Ingleses gallery), the total length rising to 10,964 m [22].
The same team carried out the first biological study of the complete Cueva del Viento
System [27].

In 1988, members of the Grupo de Espeleología de Tenerife Benisahare (henceforth
Benisahare) discovered a connection with the well-known Cueva del Sobrado whose
topography, commissioned by the Cabildo of Tenerife in 1989 and made by J.L. Martín,
added another 3570 m in one of the most intricate areas of Cueva del Viento.

During the exhibition “Labyrinths of lava” of the Museum of Natural Sciences of
Tenerife, Sergio Socorro and collaborators presented in 1990 a three-dimensional topo-
graphic assembly of the whole Cueva del Viento, in which the “axis” was taken as in the
Wood and Mills topography given the greater accuracy of the orientation of the sections.

The removal of rubble from the lower entrance of Cueva del Sobrado in 1994, in a work
directed by the later J.J. Hernández Pacheco for the Cabildo of Tenerife, uncovered a 17 m
deep pit connecting with a new lower branch 2346 m long [23]. The published topographies
total 17,032 m of galleries, but searching, exploration and surveying has been continued by
the Benisahare group, with a provisional figure of 18,249 m, although still unpublished.
Cueva del Viento is not the first but the seventh longest among volcanic caves [6], but many
specialists agree that its complexity of passageways and its geomorphology are the most
outstanding among this type of caves [14].

The first topographic and biological survey of Cueva de Felipe Reventón was per-
formed by the GIET of La Laguna University [28], whose members together with Benisahare
have continued the task over the years [16].

4. Geology

The Teide volcano represents the culmination of the evolution of an intraplate oceanic
island. The Canary Islands are located on a thick oceanic crust close to a continent. This
results in subsidence (sinking of the crust due to the weight of an island) being minimal,
which means that these islands can remain emerged for more than 20 million years. In turn,
this allows long periods of magmatic evolution and successive eruptive cycles, producing
stratovolcanos like Teide. In Tenerife, during the last three million years, two previous
stratovolcanos have already grown up and eventually slid down to the sea. At present,
after 200,000 years of the third cycle of construction of a stratovolcano, the current Teide is
still active in the center of the island [29].

When an island is located right on the hot spot in its initial formation, basaltic magmas
coming directly from the earth’s mantle predominate. This is called a basaltic shield island;
most of the Hawaiian Islands do not go beyond that phase (while active). Conversely,
Tenerife is already in a mature state, away from the hot spot, such that in its entrails various
magmatic chambers can interact with each other [29].

All the caves of the Cueva del Viento System are volcanic cavities framed in this
context. They were formed 27,030 ± 430 years ago in lavas from the first eruptive phase of
the Pico Viejo volcano, located on the slopes of Teide [29] (see Figure 1).

The composition of lava in the Cueva del Viento System does not correspond to a basalt
in the strict sense, which would be the fluid lavas that normally develop as a “pahoehoe”
flow (a more fluid basaltic lava with a smooth to ropy surface), where lava tubes are usually
formed. The so-called plagioclase basalts of Pico Viejo, in which the caves lie, constitute
somewhat evolved lavas in their geochemistry. These lavas had already begun magmatic
evolution, so that their composition is between tephrites and tephryphonolites, with the
particularity of containing a high proportion of plagioclase crystals [4]. These crystals
were already formed in the magma before the eruption and increased the viscosity of the
lava. In other words, the fluidity of the lava is diminished by abundant solid particles
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in suspension that the plagioclases make up. This lack of fluidity could be compensated
by the steep slope of the area and decreased eruptive flow or distributed among several
emission centers, making them compatible with the pahoehoe flow mechanism that usually
forms the lava tube caves.

On the surface, the area where the different entrances of the Cueva del Viento System
are distributed is covered by subsequent flows from Teide-Pico Viejo volcanic building.
These more evolved lavas (tephryphonolites and phonolites) as well as the more recent
phonolites of Roques Blancos (1800 BP) [29], formed as huge channels of viscous lava now
covering most of the flow that originated the caves, so that its outcrops are very scarce in
the area concerned.

This succession of flows determines, in part, the surface vegetation. As a deep soil
has not developed, most of the recent flows are occupied by a mixed forest dominated by
Pinus canariensis, a tree capable of growing under these conditions, unlike the laurel forest
species that might be expected with this altitude and climate.

These caves follow the downward slope of the island dropping 485 m at an average
inclination of 11◦. They have a unique geomorphological complexity among the known
volcanic tubes, characterized by the convergence and bifurcation of their numerous gal-
leries [14]. This type of tube formation is the most difficult to understand since a great
complexity is observed in their structure and arrangement of the branches. Both Cueva
del Viento and Cueva de Felipe Reventón are good models of this type of lava tubes. The
eruption probably lasted for several months producing flows hundreds of meters wide,
leading to the formation of this complex cave with branches that run in three superimposed
floors, corresponding to various episodes of the initial activity of Pico Viejo volcano [14].

In these types of tubes, the way in which the pahoehoe spreads greatly influences
how the spatial arrangement of the underground network of ducts can be complicated.
Furthermore, after a network of ducts is established, a new flow can overlap on top of the
former, creating a new system that can become intercommunicating with the underlying
passages. In Breveritas Superior and Sobrado galleries there are two vertical pots through
which cascades of lava flowed from a higher tube to a lower one.

5. Geomorphology

The complex network of passages in Cueva del Viento proper is distributed in three
main levels (Figure 4):

• An upper one (Level 3) that connects the main tubes through narrow shallower passages;
• An intermediate one (Level 2) that includes Sobrado Superior (3.57 km) and most of

Cueva del Viento (7.82 km);
• A deep Level 1 through which Ingleses (3.14 km) and Sobrado Inferior (2.35 km)

galleries lie.

The axis Sala de la Cruz–Pájaros Gallery–Belén–Breveritas Entrance–Piquetes (see
Figure 2) probably corresponds to a lava channel that was initially open to the sky in the
pahoehoe flow [14]. In some sectors of this axis, closure sutures are observed on the cave
ceiling and bulges on the outer surface of the terrain (Figure 5).

In general, the internal surfaces within the cavity consist of cornices, terraces, benches,
and tiers due to variations and stabilizations that the level of the lava flow undergoes
within the already formed tube. The different levels of flow stabilization are marked
symmetrically on both walls, sometimes only by flux striations.

Changes in viscosity are also marked. The smooth surfaces correspond to phases in
which the lava circulated with great fluidity (Figure 6); instead, a rough floor would be the
last residual flow that was solidifying (Figure 7).
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Figure 4. Complex system of tubes at different levels, the highest ones captured by upwards re-
excavation and collapses of the ceiling. Ingleses Gallery. © S. Socorro.

Figure 5. Ceiling with a closure suture of a formerly open lava channel, in Breveritas Gallery.
© S. Socorro.
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Figure 6. Network of conduits with smooth surface formed by very fluid lava in Cueva de Felipe
Reventón. Foreground: last blocks fallen from the roof after the eruption. © S. Socorro.

Figure 7. Vitreous black stripe on the walls of Ingleses Gallery. Re-excavation of the ceiling showing
the pahoehoe structure. The very last flow stopped and formed a rough step. © S. Socorro.

In the Sobrado Superior sector, the geomorphological beauty of its galleries and its
didactic interest are notable. There are side terraces, multiple levels marked by lava when
changing height, effects of centrifugal force on lateral benches, etc. The area called the
Labyrinth is an intricate network of interconnected tubes of almost circular section and
smooth walls, which can rival the other existing labyrinth in Cueva de Felipe Reventón
(Figure 6).
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Unlike the upper galleries, that of Ingleses (Level 1) evidently did not receive solidify-
ing lava streams and the flow was never stabilized for long enough to form side terraces
and benches, which are scarce and not very prominent here. Due to the distance from the
surface, the lava is “cleaner” with few subsequent mineral coatings deposited by infiltrated
water, as it is more likely to settle at higher levels. In addition, several lava flows from later
eruptions have covered the ground surface above these galleries, increasing their distance
from the exterior.

The spectacular black band that can be seen along the main gallery of Ingleses must
have been formed by a pulse of very fluid lava that flooded the conduit to a certain height
(Figures 7 and 8). The rapid fall in the lava level left a thin layer that quickly cooled and
vitrified in contact with the walls.

Figure 8. Large re-excavation of the ceiling and walls in the Ingleses Gallery, showing the parallel
layers of the pahoehoe flow. Most of the fallen blocks that fell from the roof during the tube formation
were swept away by the lava, while the latest to fall stayed in position on the floor. © S. Socorro.

In various passages of Ingleses one can see how the hot flows through the tube
“corroded from the inside” the solidified lava in the pahoehoe flow on the surface that
had formed the roof of the tube. In other words, while the flow and configuration of the
ducts last, the stream drags along loose pieces detached from the “puff pastry” of the cavity
ceiling, which constitutes the pahoehoe flow itself, and that today we see sectioned in walls
and roofs (Figure 8). These detached blocks are also seen welded to the ground in various
places throughout the cavity.

Sometimes, the magnitude of this “re-excavation towards the ceiling” is so great
that other higher ducts are intercepted from below (Figure 7). Such conduits have not
yet been explored, and they could correspond to Level 2 at which the main galleries of
Breveritas Superior formed above Ingleses Gallery. These geological cuts should be like
those observed by Ollier and Brown [30], which inspired their now outdated theory to
explain the formation of tubes, based on what they called “layered lava” and related it to a
supposed laminar flow; however, it corresponds to the complex movement of pahoehoe
flows with various lobes, embryonic tubes, lava channels, and sometimes continuous
mantles of lava.

The cylindrical tube configuration only occurs when the current reaches the ceiling
persistently, to consolidate a continuous inner lining. Otherwise, as in many sections, the
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ceiling is irregular and may show pahoehoe “puff pastry” structures, although more or
less blurred by mineral deposits in the upper levels of Breveritas.

The main branches of Cueva de Felipe Reventón and the connecting galleries corre-
spond largely to embryonic lava tube systems that develop in the complex advance of a
pahoehoe stream. For this reason, these areas are made up of complicated labyrinths and
tubes at different heights, where an authentic tangle of lava outbreaks is interwoven that,
at the time, constituted the advanced front of the pahoehoe flow (Figure 6).

6. The Cave Environment

Lava tube caves originate very quickly in geology and remain very close to the surface,
usually a few meters deep throughout their length [31]. This is the start point for their
ecological succession, erosion, and final destruction due to collapse or to clay silting; this
happens in a much shorter time span than karstic caves: a maximum of 500,000 years for
Hawaiian caves [5]. Some Canary tubes have persisted for longer, especially when they are
gently inclined and develop in dry climates, as in the 992,000 ± 21,000 years old Cueva
del Llano formed by drainage of a lava lake in the subdesert Fuerteventura island, or the
exceptional case of Cueva de Aslobas in Gran Canaria with more than 13 Ma [32,33]. The
environment inside very recent lava tubes is highly influenced by surface weather, due to
the abundant interconnected cracks and voids of the lava and to the absence of covering
soil. Therefore, this habitat is not yet suitable for cave-adapted fauna. Ecological succession
on the surface will provide a layer of soil and vegetation on the middle-aged lavas over a
period dependent on local climate. A parallel, slightly delayed ecological succession will
take place inside the tube until it reaches a humid and stable cave environment [34]. The
process is sometimes accelerated by deposits of small-sized pyroclasts (lapilli and cinders)
that almost immediately cover the surface providing sufficient isolation for cave conditions,
as happens in Cueva de Don Justo on El Hierro island [34].

In limestone caves ecological succession advances downwards creating new habitats
ever deeper, but in lava tubes the situation is reversed, and succession progresses upwards
as protective soil and vegetation develop on the surface [35]. Thus, deeper galleries of the
cave (or deeper parts of a big gallery) mature before shallower ones. Usually, in the Canary
Islands lava tubes reach this mature ecological stage between many hundreds and some
thousand years depending on the local climate, and they become senile and ecologically
decaying after a few hundred thousand years. Therefore, Cueva del Viento and Cueva de
Felipe Reventón are now in their best stage to host a rich adapted fauna due to their age
(ca. 27,000 ybp) [21]. Their situation in a vast area of moderately recent lavas still with an
inner network of cracks and voids allows obligate subterranean fauna to reach the caves
from other underground habitats. The moderate altitude of the area is also favorable given
the local climate on the north slope of the island, mesic at middle altitudes between 500
and 1200 m a.s.l. due to humid trade winds, but drier both at lower and higher altitudes.
Other lava tubes located in the dry lowlands usually harbor a much poorer cave-adapted
fauna [20,34].

Stable temperatures and high humidity prevail throughout the year in the most
suitable caves, a necessary requirement for cave adapted fauna. The deeper a gallery
the greater the environmental stability, but with lower availability of trophic resources.
The absence of water streams inside the tubes slows down the advance of organic matter
in depth. Thus, the deepest passages of lower levels in Cueva del Viento proper differ
from those in shallower ones, the former with scarcer food resources, more constant
temperature and humidity, and sometimes higher CO2 concentration [36]. In addition to
trophic scarcity, these parameters are unsuitable for poorly adapted species and lead to
the dominance of troglobionts (i.e., obligate inhabitants of subterranean habitats, usually
but not necessarily with the morphological syndrome of lack of pigment, eyelessness and
elongated appendages) [1]. This fact was already verified in lava tubes of Australia and
Hawaii [10] and is noticeable in Sobrado Inferior and especially in Ingleses, both at the
third lower level at least 15 m below surface with a scarce, almost exclusively troglobiotic
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fauna [36]. In Cueva de Felipe Reventón there are no different levels of galleries and
environmental features are very similar along the cave. The main contrast of ecological
significance between its galleries is their substrate, sometimes bare lava but often with
remarkable earth accumulation derived from the overlying soil through very small roof
collapses or thick cracks.

Most lava tubes are shallow, unless they have been covered by later flows belonging to
more recent eruptions. This situation close to the surface and the abundant cracks in the lava
allow the plant roots to reach the cave, often dangling from the ceiling (Figures 3 and 9).
This is an important resource for the animal community, especially for root-feeding and
sap-sucking species, the latter being markedly abundant in individuals [31]. These root-
dependent species are common in lava tubes around the world, especially from volcanic
archipelagos but also in limestone caves, although the latter almost exclusively in the
tropics [37]. As many as 18 cave-adapted planthopper species are found in the non-tropical
volcanic Macaronesian Islands (Canary Is., Madeira and Azores) but only four species
are known from karst caves in the rest of West Palearctic [38–40]. In some sections of the
whole Viento cave system, especially in Sobrado Superior, sap-sucking insects are by far
the most abundant cave-dwelling animals, represented by the planthopper Tachycixius
lavatubus Remane and Hoch (Figure 10). However, the roots do not reach all passages of
the cave, especially those at the deepest galleries or those in the cave sections underlying
thick overlapping modern lavas. Nevertheless, once the organic matter has reached the
shallower parts of the lava tube, it can diffuse horizontally (and more slowly vertically)
towards the rest of the cave and be integrated in the food chain of the ecosystem.

Figure 9. The tender roots hanging from the ceiling are an important input of organic matter.
© S. Socorro.

Besides the main entrances, there are along both caves several partial collapses of the
original compact ceiling, facilitating the connection with the overlying soil and sometimes
even with the surface. This allows the entry by many trogloxenes (animals not linked
to the caves) and subtroglophiles (only linked for part of its life cycle) [41], which form
an important resource for predatory species in many parts of the lava tubes, sometimes
far from any large entrance. Abundant flying insects can be found in such spots, like the
subtroglophile Megaselia scuttle flies that probably are common prey for a diversity of
troglobiotic web-spiders, which could not survive only feeding on other troglobionts. In the
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twilight zone close to entrances, these flying insects are preyed on by the abundant spider
Meta bourneti Simon, a typical eutroglophile with permanent populations completing its
life cycle inside and rarely outside the caves [41].

Figure 10. The planthopper Tachycixius lavatubus is the most abundant troglobiont in these caves.
© S. Socorro.

Relative humidity is high and ceiling drip very frequent and even abundant in many
parts, but running water is rarely present except just after heavy rains. Almost all water
quickly percolates through the abundant cracks of the lava floor connected with a network
of voids in the host rock. Thus, no significant water ponds are present, and no groundwater
species have ever been found, given that the water table lies much deeper than these caves.
Environmental features in Cueva del Viento and Cueva de Felipe Reventón are very similar
since they are in the same lava flow, roughly at the same altitude and at an identical stage of
maturity, and they share 32 of their troglobiotic species. There are two notable differences
between the two caves: (i) the greater depth of the lowest galleries in Cueva del Viento (e.g.,
Ingleses), with the consequent greater shortage of organic matter input and of troglobiont
individuals, and (ii) the greater accumulation of soil in some passages of Cueva de Felipe
Reventón, providing a different habitat for the occurrence of some species never found in
the rest of the cave system.
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7. Animal Ecology and Diversity

The ecological driver for the high diversity in Cueva del Viento System is evidently
the high-productivity due to abundant roots because of being very close to the surface [42].
As many as 79 different troglobionts are known so far from the island of Tenerife. In the
northeastern geologically old Anaga peninsula there are nine troglobionts, two occurring
in the only existing cave (a volcanic pit), and the rest in the mesocavernous shallow
substratum (MSS), a colluvial subterranean habitat from the mountains of old areas [1].
Eight of these species are exclusive to this particular area and vicariant with respect to
closely related ones from the rest of the island. This is probably due to an ancient ecological
isolation, given the high proportion of local Anaga endemics, both underground and
surface species [15,43,44]. Among the 72 troglobionts occurring in the rest of the island
(where the Cueva del Viento System is located) 14 are known only from the MSS and 58
can be found in MSS and/or in caves, 42 of which are present in Cueva de Felipe Reventón
and/or Cueva del Viento (38 and 36 respectively) (see Table 1). Thus, the fauna of these two
caves is an important reflection of the troglobiotic fauna of the island. Only 9 troglobionts
are exclusive to the Cueva del Viento System, the remaining 33 species being also found
in some or many other subterranean places in Tenerife, either caves or MSS. This reflects
the importance of MSS and other subsurface habitats of volcanic terrains as a means of
dispersal for troglobionts. Some of them can be found in rather distant caves that are
unconnected since they occur in lava flows geographically and chronologically separated.
Such distant populations of a single species usually show morphological, behavioral or
genetic differences that reflect the slow but finally successful dispersal of troglobionts
through underground spaces, even without proper caves in between.

Troglobiotic lifestyle does not always imply apparent morphological adaptations (eye
and pigment regression, lengthening of appendages). There are different life forms of
troglobionts: troglomorphic, with these characters highly accentuated and large body size;
euedaphomorphic, with eye and pigment regression but small body and short appendages;
and hypogeomorphic, with variable regressive characters but unchanged appendages and
body size compared to surface species [41]. Some eyeless and depigmented species with an
euedaphomorphic or hypogeomorphic rather than troglomorphic body pattern are more
frequent in Cueva de Felipe Reventón than in Cueva del Viento, especially small carabid
and histerid beetles [45,46].

Primary consumers are basically those feeding on roots. Two species feed on fresh root
tissues: the moth Schrankia costaestrigalis (Stephens) and the scarce weevil Oromia hephaestos
(Figure 11). The eutroglophile Schrankia costaestrigalis is very abundant, especially in Felipe
Reventón, where the caterpillars feed on tender roots and pupate in cocoons hanging
from the ceiling and covered with dry root pieces. The adult moths reproduce and live
permanently in the caves, but unlike S. howarthi Davis and Medeiros from Hawaiian
caves [47], the females have no troglomorphic adaptations and can fly perfectly. Oromia
hephaestos belongs to an eyeless endemic genus with species occurring either in caves or in
the MSS from the islands of La Gomera, Tenerife, and Gran Canaria, with a notable radiation
in the latter [48]. The only sapsucker species is the planthopper Tachycixius lavatubus, by far
the most abundant troglobiont in both caves. This highly troglomorphic species belongs
to a genus with other two hypogeomorphic species occurring in colluvial MSS, and a
scarce surface-dwelling species. As in other planthoppers, males emit a specific vibration
transmitted through the roots, and then answered by females [49]. Tachycixius lavatubus can
be found in almost any cave around the island, although several different allopatric species
probably exist, according to unpublished population genetic and bioacoustic studies [50].
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Table 1. Troglobiotic species present in Cueva de Felipe Reventón and Cueva del Viento. *: Canarian endemic genera. EUED:
euedaphomorphic; TROG: troglomorphic; HYPO: hypogeomorphic. +: presence; ++: species exclusive to these caves. After Oromí [15]
and unpublished own data.

Order Family Species Life Form Felipe Reventón Viento

Pseudoscorpiones

Syarinidae Microcreagrina subterranea Mahnert, 1993 EUED + +

Chthoniidae

Lagynochthonius curvidigitatus Mahnert, 1997 TROG ++

Occidenchthonius oromii Zaragoza, 2017 EUED ++

Paraliochthonius setiger (Mahnert, 1997) TROG + +

Paraliochthonius superstes (Mahnert, 1986) TROG + +

Araneae

Dysderidae

Dysdera ambulotenta Ribera, Ferr. and Blasco, 1985 TROG + +

Dysdera esquiveli Ribera and Blasco, 1986 TROG + +

Dysdera labradaensis Wunderlich, 1992 TROG + +

Dysdera sibyllina Arnedo, 2007 TROG ++ ++

Dysdera unguimmanis Ribera, Ferr. and Blasco, 1985 TROG + +

Pholcidae Spermophorides reventoni Wunderlich, 1992 HYPO ++ ++

Liocranidae Agraecina canariensis Wunderlich, 1992 TROG + +

Linyphiidae
Metopobactrus cavernicola Wunderlich, 1992 TROG ++ ++

Troglohyphantes oromii (Ribera and Blasco, 1986) TROG + +

Walckenaeria cavernicola Wunderlich, 1992 TROG +

Nesticidae * Canarionesticus quadridentatus Wunderlich, 1992 TROG + +

Glomerida Glomeridae Glomeris speobia Golovatch and Enghoff, 2003 TROG + +

Julida Julidae
Dolichoiulus labradae Enghoff, 1992 TROG + +

Dolichoiulus ypsilon Enghoff, 1992 TROG +

Scolopendromorpha Cryptopidae Cryptops vulcanicus Zapparoli, 1990 TROG +

Lithobiomorpha Lithobiidae Lithobius speleovulcanus Serra, 1984 TROG + +

Isopoda

Trichoniscidae Trichoniscus cf. bassoti Vandel, 1960 HYPO + +

Armadillidae Venezillo tenerifensis Dalens, 1984 TROG + +

Porcellionidae Porcellio martini Dalens, 1984 HYPO + +

Entomobryomorpha Paronellidae
Troglopedetes cf. cavernicolus Delamare, 1944 HYPO ++ ++

Troglopedetes cf. vandeli Cassagnau and Delamare, 1951 HYPO ++ ++

Blattodea Blattellidae
Loboptera subterranea Martín and Oromí, 1987 TROG + +

Loboptera troglobia Izquierdo and Martín, 1990 TROG + +

Hemiptera Cixiidae Tachycixius lavatubus Remane and Hoch, 1988 TROG + +

Coleoptera

Carabidae

* Gietopus martini (Machado, 1992) HYPO + +

Lymnastis subovatus Machado, 1992 EUED + +

Lymnastis thoracicus Machado, 1992 EUED + +

* Spelaeovulcania canariensis Machado, 1987 HYPO + +

* Wolltinerfia tenerifae (Machado, 1984) HYPO + +

Staphylinidae

Alevonota oromii Assing, 2002 EUED +

Alevonota outereloi Gamarra and Hdez., 1989 TROG +

Domene alticola Oromí and Hernández, 1986 TROG + +

Domene vulcanica Oromí and Hernández, 1986 TROG + +

Micranops bifossicapitatus (Outerelo and Oromí, 1987) EUED +

Micranops spelaeus Frisch and Oromí, 2006 TROG ++

Histeridae Aeletes oromii Yélamos, 1995 EUED +

Curculionidae * Oromia hephaestos A. Zarazaga, 1987 EUED ++ ++

Total species 42 38 36
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Figure 11. Oromia hephaestos is a scarce weevil known only from the Cueva del Viento System. © H. López.

Detritivores are more varied than root-feeding species, but due to the broad spectrum
of feeding behavior necessary to survive in the cave, it is often difficult to know the
preferences of each millipede, woodlouse, springtail or cockroach. The pill-millipede
Glomeris speobia and the woodlouse Venezillo tenerifensis are among the most widespread
troglobionts on the island and are regularly seen in both the Icod caves discussed here
(Figures 12 and 13). The millipede genus Dolichoiulus is a paradigm of island radiation
with 21 endemic species to Tenerife, three of them troglobionts [51] (Figure 14); Dolichoiulus
labradae and D. ypsilon are becoming rarer in these caves, probably due to the increasing
abundance of the alien, invasive troglophile Blaniulus guttulatus (F.). The woodlouse
Porcellio martini is also scarce, found here and there in other caves of the island. Another
woodlouse Trichoniscus bassoti and the springtails Troglopedetes vandeli and T. cavernicolus
may not be correctly identified [52,53], since the presence of non-endemic troglobionts on
an oceanic island is not conceivable due to their inability to disperse over distances across
the sea.

Cockroaches of the genus Loboptera are among the most characteristic components
of the troglobiotic fauna of the western Canary Islands, with eight species on Tenerife,
seven allopatric to each other but the eighth (L. troglobia) widely distributed and sympatric
to many others. They are among the biggest local troglobionts, eyeless, wingless, with
reduced number of ovarioles and living either in caves or in the MSS [54]. Two species
occur in both Cueva de Felipe Reventón and Cueva del Viento: the big and scarce L.
subterranea which is exclusive to the Icod area, and the smaller and more troglomorphic
and widespread L. troglobia (Figure 15).

Most predatory troglobionts have reduced populations, some with very few individ-
uals, and many species act also as scavengers. Five different pseudoscorpions are found
here, all endemic to the island except the eyeless Microcreagrina subterranea which also
occurs on other islands. The remaining species are Chthoniidae, two of them especially
troglomorphic: Paraliochthonius superstes and P. setiger; only Lagynochthonius curvidigitatus
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is exclusive to Cueva de Felipe Reventón [55]. The highly diversified spider genus Dys-
dera is represented by five species occurring in both caves, one of them (D. unguimmanis)
highly troglomorphic and probably parthenogenetic, since no males have ever been found
(Figure 16). Each one has a different epigean sister species, so they originated by five inde-
pendent colonization events of the underground environment [56]. Among troglobiotic
web spiders Troglohyphantes oromii is the most abundant (Figure 17), not only in these
two caves but in the rest of the island except in Anaga; a similar situation is that of the
widespread centipede Lithobius speleovulcanus.

Figure 12. The eyeless Glomeris speobia is the only troglobiotic millipede so far known in the Canary
Islands. © P. Oromí.

Figure 13. The woodlouse Venezillo tenerifensis is widespread in almost all suitable underground
environments on Tenerife. © P. Oromí.
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Figure 14. Dolichoiulus ypsilon, one of the two troglobiotic millipede species of the genus occurring in
the Icod caves. © P. Oromí.

Figure 15. Male of Loboptera troglobia, the most specialized cockroach occurring in many subterranean
environments on the island. © P. Oromí.

All troglobiont ground beetles are eyeless but otherwise not especially troglomorphic
(Figure 18); Pterostichinae are medium size beetles in two endemic genera (Wolltinerfia and
Gietopus), while Trechinae are smaller and are represented by the monospecific endemic
genus Spelaeovulcania canariensis and two euedaphomorphic species of Lymnastis (Figure 19).
The diversity of subterranean rove beetles is remarkable, both in the Canary Islands
(27 spp.) and in Icod caves (6 spp.) [57], and they are usually more troglomorphic than
ground beetles, as shown by the marked elongation of body and appendages in Domene
alticola and D. vulcanica (Figure 20).
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Figure 16. Female of Dysdera unguimmanis, one of the five different troglobiotic species of the genus
recorded in these caves. © P. Oromí.

Figure 17. Female of Troglohyphantes oromii, the most abundant spider in Cueva del Viento System.
© P. Oromí.

Besides the subterranean obligate fauna, the shallowness of these caves facilitates
the input of trogloxene and subtroglophile animals. Thus, the total number of arthropod
species found in them roughly doubles the number of troglobionts [58], but the trogloxenes
are almost absent in the deepest levels of Breveritas Superior and Sobrado galleries. Local
eutroglophiles are usually widespread species, some introduced like the millipedes Blani-
ulus guttulatus and Choneiulus subterraneus (Silvestri), and some probably native species
like the spider Meta bourneti, the psocid Psyllipsocus ramburii (Selys-Longchamps) and the
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moth Schrankia costaestrigalis. The abundant larvae of the subtroglophile winter crane fly
Trichocera maculipennis Meigen capture their preys in sticky silk threads, being important
predators in most of the cave communities of Tenerife.

Figure 18. The eyeless ground beetle Gietopus martini belongs to a monospecific genus endemic to
Tenerife. © P. Oromí.

Figure 19. The small ground beetle Spelaeovulcania canariensis has no other related species on the
Canary Islands. © H. López.
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Figure 20. The highly troglomorphic Domene vulcanica is one of the six cave-adapted rove beetles
known from these caves. © P. Oromí.

8. Paleontology of the Caves

Like in other volcanic archipelagos, Canary Islands lava tubes and pits are the best
paleontological sites, especially for quaternary subfossils of vertebrates. The accumulation
of bird bones is usually not far from cave entrances, which sometimes function as traps
that allow the birds to come in by accident, and get injured and lost, and soon die. Lizards
and small mammals can actively enter and explore the habitat, reaching longer and deeper
distances due to their higher resistance to starvation. Actually, in Cueva del Viento it is
rather frequent to see lost or recently dead lizards and young rabbits which penetrate
through narrow, small roof collapses existing all along the lava tube due to its shallowness.
The Cueva del Viento System is one of the most important paleontological sites in the
archipelago, where many remains of several already extinct vertebrates have been found.
Bones of the Tenerife Giant Lizard Gallotia goliath (Mertens), over one meter long, were
collected abundantly in Piquetes galleries in the lower part of Cueva del Viento [59], un-
derlying a surface habitat where these reptiles were probably common given the relatively
warm climate and the absence of forest. The Tenerife giant rat Canariomys bravoi Crusafont
and Petit was also present in this part of the cave, but particularly more abundant in
galleries at higher altitude, especially in Sobrado Inferior passages (Figure 21).

In 1994 an important paleontological site was discovered at the end of a 600 m long
Pájaros Gallery in Breveritas Superior (see Figure 2), with bone remains of more than 200
vertebrate individuals comprising 6% lizards, 46% mammals (mainly extinct giant rats and
recent rabbits and rats) and 48% birds, among which there were some extant species and
some others extinct on the island or completely extinct [60] (Table 2). Such accumulation
of bones away from accessible entrances is explained by the presence of an old collapse
that interrupts the gallery just before an entrance of the cave (Galería Belén, see Figure 2)
by which most of the animals could have entered before this erosional event. Two extinct
bird species were found at this spot: the Canary Quail (Coturnix gomerae Jaume, McMinn
and Alcover) and the Long-legged Bunting (Emberiza alcoveri Rando and López), the latter
being the only flightless bunting so far known [61].
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Figure 21. Skull and other subfossil remains of the Tenerife giant rat found in Sobrado Inferior. © P. Oromí.

Table 2. Bone remains found in Pájaros Gallery (Breveritas Superior). *: Extinct species. **: Extant
species no longer present in Tenerife [59–61].

Group Scientific Name Common Name

Reptiles
Gallotia goliath (Mertens) * Tenerife giant lizard

Gallotia galloti (Oudart) Tenerife common lizard

Birds

Coturnix gomerae Jaume et al. * Canary quail

Clamydotis undulata (Jacquin) ** Houbara

Pyrrhocorax pyrrhocorax (L.) ** Re-billed clough

Emberiza alcoveri Rando and López * Long-legged bunting

Columba sp. cf. Laurel pigeon

Turdus sp. cf. Blackbird

Mammals

Canariomys bravoi Crusafont and Petit * Tenerife giant rat

Rattus rattus (L.) Black rat

Oryctolagus cuniculus (L.) Rabbit

The Tenerife giant rat was probably the only one of the abovementioned vertebrates
that used the cave as part of its habitat, as the introduced Brown Rat does today [62]; the
other species would be inside just by accident. Bones of the giant rat have also been found
in Cueva de Felipe Reventón, though less abundantly. Some of these bones were dated with
C14 with ca. 25,000 BP, the minimum age applicable to the whole cave system [63]. Extinct
species disappeared soon after the arrival of the aboriginal people (ca. 2500 ybp) [64].

9. Conservation Status

The Cueva del Viento System is in an inhabited area, so it is threatened much depend-
ing on the caves and sectors. The main problem is that the whole municipality of Icod de
los Vinos lacks a sewage system, and the solution for each house is to have a cesspool or,
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alternatively and much worse, to drill a hole until reaching the highly porous rock which
very often is just a cave. The local people call this “to find the volcano”, quite easy given
the abundance of holes and caves in the underground of the area. Thus, the lower part
of Cueva del Viento (Piquetes) is polluted by raw sewage and dirty mud, and is almost
impassable; Breveritas Inferior is also contaminated with filtered dirty waters and even
bad smell, but the central part (Breveritas Superior) is reasonably well preserved though
continually endangered given the uncontrolled construction of houses; the relatively short
Galería Belén is just below a single house, enough to cause a sewer smell; the access to
Sobrado Inferior is through a controlled entrance to Sobrado show cave and the visitors
are not allowed, but some traces of pollutants were detected in past analyses [16]; the
upper part (Sobrado Superior) is in a mostly natural area under pine forest and is owned
by the local government, double-gated and in very good condition. The only solution
for this important contamination would be a sewage system in densely inhabited zones,
and individual treatment plants for isolated houses. Unfortunately, the municipality has
neither money nor special will to do it, and with time more and more illegal houses have
been built. All entrances are gated except Piquetes, Breveritas Inferior and Belén, which
are not visited due to unpleasant conditions.

A 150 m long stretch of Sobrado Superior is dedicated to public visits, but this does
not cause a noticeable impact to the environment because it is between two large entrances.
Ventilation is higher and humidity lower than in the rest of the cave, and 20 years ago,
before its adaptation for visits, it had been verified that it lacked troglobionts. The visitors
enter the cave in groups of maximum 10 people, each with a personal headlamp since
the tube has no electric lighting to prevent the growth of green algae and mosses. The
touristic use of a small portion devoid of adapted fauna compensates for the control which
is exercised over the adjacent richer parts of Sobrado.

Cueva de Felipe Reventón has a solid gate in the only entrance in public land and
only a few people can visit it. However, the upper part of the cave lies under private land
and a house is nearby, with danger of sewage filtering. There are no apparent signs of
contamination and the troglobiotic fauna is rich, but water analyses made in 2000 revealed
the presence of nitrates and nitrites (unpublished own data).

Cavers and conservationists have been for many years arguing for the protection of the
area, always without success. A LIFE-Nature project on the biodiversity and conservation
of caves in Tenerife, La Palma and El Hierro islands was carried out in 1999–2001 and
included a project for a sewage system in the Icod area, but the installation has never been
performed [15]. A project by the Cabildo de Tenerife to declare a protected area around
these caves is dragging on for many years without taking place, and it will be increasingly
difficult due to pressures by landowners who want to build.
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57. Hlaváč, P.; Oromí, P.; Bordoni, A. Catalogue of troglobitic Staphylinidae (Pselaphinae excluded) of the world. Subterr. Biol. 2006,
4, 19–28.

58. Mesa, F.M.; Pérez, A.J.; Oromí, P. La Cueva del Viento (Icod de los Vinos). Recopilatorio de su catálogo faunístico y subfósil. In El
Karst y el Hombre: Las Cuevas como Patrimonio Mundial; Andrea, B., Durán, J., Eds.; Asociación Cuevas Turísticas Españolas: Nerja,
Spain, 2016; pp. 35–48.

59. Marrero, A.; García Cruz, C.M. Nuevo yacimiento de restos subfósiles de dos vertebrados extintos de la isla de Tenerife (Canarias),
Lacerta maxima Bravo, 1953 y Canariomys bravoi Crusafont & Petit, 1964. Vieraea 1978, 7, 165–174.

60. Rando, J.C.; López, M. Un nuevo yacimiento de vertebrados fósiles en Tenerife (Islas Canarias). In Proceedings of the 7th International
Symposium on Vulcanospeleology, Santa Cruz de la Palma, Spain, 4–11 November 1994; Oromí, P., Ed.; Libros de la Frontera: Sant
Cugat Vallés, Spain, 1996; pp. 171–173.

61. Rando, J.C.; López, M. A new species of extinct flightless passerine (Emberizidae: Emberiza) from the Canary Islands. Condor
1999, 101, 1–13. [CrossRef]

80



Diversity 2021, 13, 226

62. Hutterer, R.; Oromí, P. La rata gigante de la Isla Santa Cruz, Galápagos: Algunos datos y problemas. Res. Cient. Proy. Galápagos
TFMC 1993, 4, 63–76.

63. Michaux, J.; López-Martínez, N.; Hernández-Pacheco, J.J. A 14C dating of Canariomys bravoi (Mammalia, Rodentia), the extinct
giant rat from Tenerife (Canary Islands, Spain), and the recent history of the endemic mammals in the archipelago. Vie Milieu
1996, 46, 261–266.

64. Rando, J.C.; Alcover, J.A.; Navarro, J.F.; Michaux, J.; Hutterer, R. Poniendo fechas a una catástrofe: 14C, cronologías y causas de la
extinción de vertebrados en Canarias. El Indiferente 2011, 21, 6–15.

81





diversity

Article

Stygobiont Diversity in the San Marcos Artesian Well and
Edwards Aquifer Groundwater Ecosystem, Texas, USA

Benjamin T. Hutchins 1,*, J. Randy Gibson 2, Peter H. Diaz 3 and Benjamin F. Schwartz 1,4

��������	
�������

Citation: Hutchins, B.T.; Gibson, J.R.;

Diaz, P.H.; Schwartz, B.F. Stygobiont

Diversity in the San Marcos Artesian

Well and Edwards Aquifer

Groundwater Ecosystem, Texas, USA.

Diversity 2021, 13, 234. https://

doi.org/10.3390/d13060234

Academic Editors: Michael Wink,

Tanja Pipan, David C. Culver and

Louis Deharveng

Received: 22 April 2021

Accepted: 20 May 2021

Published: 26 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Edwards Aquifer Research and Data Center, Texas State University, 601 University Dr.,
San Marcos, TX 78666, USA; bs37@txstate.edu

2 U.S. Fish and Wildlife Service, San Marcos Aquatic Resources Center, 500 E. McCarty Ln.,
San Marcos, TX 78666, USA; randy_gibson@fws.gov

3 U.S. Fish and Wildlife Service, Texas Fish and Wildlife Conservation Office, 500 E. McCarty Ln.,
San Marcos, TX 78666, USA; pete_diaz@fws.gov

4 Department of Biology, Texas State University, 601 University Dr., San Marcos, TX 78666, USA
* Correspondence: bh1333@txstate.edu

Abstract: The Edwards Aquifer and related Edwards-Trinity Aquifer of Central Texas, USA, is a
global hotspot of stygobiont biodiversity. We summarize 125 years of biological investigation at
the San Marcos Artesian Well (SMAW), the best studied and most biodiverse groundwater site
(55 stygobiont taxa: 39 described and 16 undescribed) within the Edwards Aquifer Groundwater
Ecosystem. Cluster analysis and redundancy analysis (RDA) incorporating temporally derived,
distance-based Moran’s Eigenvector Mapping (dbMem) illustrate temporal dynamics in community
composition in 85 high-frequency samples from the SMAW. Although hydraulic variability related to
precipitation and discharge partially explained changes in community composition at the SMAW,
a large amount of temporal autocorrelation between samples remains unexplained. We summarize
potential mechanisms by which hydraulic changes can affect community structure in deep, phreatic
karst aquifers. We also compile information on 12 other Edwards and Edwards-Trinity Aquifer
sites with 10 or more documented stygobionts and used distance-based RDA to assess the relative
influences of distance and site type on three measures of β-diversity. Distance between sites was
the most important predictor of total dissimilarity and replacement, although site type was also
important. Species richness difference was not predicted by either distance or site type.

Keywords: phreatic karst aquifer; stygobite; species richness; temporal dynamics; beta-diversity

1. Introduction

The karstic Edwards Aquifer of Central Texas (USA) supplies water for more than
2 million people [1] and is recognized for high stygobiont biodiversity [2]. The 10,500 km2

Edwards Aquifer occurs in a broad arc of Cretaceous limestones that stretch approximately
400 km across Central Texas, USA, and is hydrologically connected to the 91,744 km2

Edwards-Trinity Aquifer (Figure 1). Edwards-equivalent limestones also extend into north-
ern Coahuila, Mexico [3]. Late Cretaceous through early Miocene uplift of the Edwards
Plateau exposed Edwards limestones along the Balcones Fault Zone: a series of en-echelon,
high-angle faults downthrown to the southeast [4,5]. Increased permeability along faults in
exposed Edwards limestones allowed meteoric recharge and dissolution, forming complex
west–east and southwest–northeast flowpaths within hydrologically connected segments
of the aquifer [6]. Present-day flowpaths are overprinted on hypogenically-derived perme-
ability [7]. To the south and east, freshwater in the aquifer is confined below non-karstic
units and juxtaposed against a lower-permeability zone of sulfide-rich, saline water along a
steep freshwater–saline water interface (FWSWI) [8]. Shallower flowpaths and less faulting
dominate in the Edwards-Trinity system to the north and west of the Edwards Aquifer.
This region also contains many active stream caves.

Diversity 2021, 13, 234. https://doi.org/10.3390/d13060234 https://www.mdpi.com/journal/diversity

83



Diversity 2021, 13, 234

Figure 1. San Marcos Artesian Well and other diverse groundwater sites (>10 stygobionts) in the Edwards and Edwards-
Trinity Aquifers. Species richness in parentheses. Inset A: Overview map. Inset B: San Marcos Artesian Well. Two numbers
reported for the SMAW are published records (39) used in β-diversity analyses and published + unpublished, undetermined
taxa (55).

The San Marcos Artesian Well (SMAW, state well number 6701828), on the Texas State
University, San Marcos campus, is a flowing freshwater artesian well completed in late 1895
or early 1896 in the confined portion of the Edwards aquifer. The well intersects a 1.5 m
tall phreatic conduit at a depth of −59.5 m [9]. Nearby saline wells illustrate proximity
(i.e., <100 m) to the FWSWI. Dye tracing showed hydraulic connectivity between nearby
Ezell’s Cave (2.9 km to the southwest), the SMAW, and Deep Hole Spring (part of the San
Marcos Springs Complex, 500 m northeast) [10]. From 2015 to 2020, discharge from the well
averaged 16 L/s. During November 2013, 15-min continuous data documented average
water properties of: temperature 22.3 ◦C (± 0.007), dissolved oxygen 5.3 mg/L (±0.01),
and electrical conductivity 608 μS/cm (±0.5).

The SMAW and, to a lesser extent, springs, caves, and other wells in the Edwards
and Edwards-Trinity Aquifers have been the focus of numerous studies ranging from
taxonomic to ecological investigations. In the literature, the SMAW has been referred
to as SWTSU Well, Texas State Artesian Well, and artesian well at San Marcos, and it is
probably the source for most of the data for ‘San Marcos Springs’ in the first global list of
subterranean biodiversity hotspots [11]. San Marcos Springs are hydrologically connected
to the SMAW but inundated by a shallow reservoir, making them more difficult to sample.
Consequently, fewer stygobionts are documented from San Marcos Springs relative to
the SMAW.

The SMAW was the site of the first biospeleological investigations in Texas with the
descriptions of the salamander Eurycea rathbuni (Stejneger, 1896), the shrimp Palaemon
antrorum (Benedict, 1896), the isopod Cirolanides texensis (Benedict, 1896), and the amphi-
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pod Stygobromus flagellatus (Benedict, 1896). Soon after, Ulrich [12] described the isopod
Lirceolus smithii (Ulrich, 1902) and two species of cyclopoid copepods. After those initial
descriptions, taxonomic work in the Edwards Aquifer slowed until the late 1970s when
Glenn Longley began a second phase of investigation with systematic sampling of the
well via drift nets. Longley initiated important collaborations with taxonomists including
John Holsinger (Amphipoda) and Robert Hershler (Gastropoda) and supported graduate
students such as Henry Karnei that investigated Edwards Aquifer biodiversity. Through
his collaboration and directorship of the Edwards Aquifer Research and Data Center,
San Marcos, TX, USA (EARDC), created in 1979, the number of stygobionts recorded from
the SMAW increased from eight to 25 between 1976 and 2000. Holsinger and Longley [9]
and Longley [2] illustrated that the SMAW had a globally diverse stygobiont fauna, al-
though previous studies had illustrated that faunal composition at the well was apparently
distinct compared to other USA stygofauna sites [12–17]. Holsinger [15] and Holsinger
and Longley [9] emphasized the presence of both marine and freshwater derived species at
the site.

A third phase of biologic investigation began in the mid-2010s, when Benjamin
Schwartz became director of the EARDC upon Longley’s retirement. Schwartz also facil-
itated systematic sampling and taxonomic collaborations, most importantly with Okan
Külköylüoğlu (Ostracoda) [18–23]. He also initiated morphometric and molecular analy-
ses [23,24] to identify new records of previously described species. Since 2015, published
stygobiont richness at the SMAW has increased from 26 to 39 (Table 1).

Longley [2] hypothesized that the Edwards Aquifer foodweb is not supported by
allochthonous organic matter from the surface, but rather by ‘fossil’ organic matter originat-
ing at depth in the saline portion of the aquifer. Longley’s hypothesis foreshadowed later
studies that revealed the role of chemolithoautotrophy within the aquifer. Birdwell and En-
gel [25] characterized microbially derived dissolved organic matter along the FWSWI with
a chromophoric signature distinct from terriginous surface and soil porewaters. Gray and
Engel [26] identified microbial communities along the FWSWI with taxonomic composition
similar to other chemolithoautotrophic systems. Finally, Hutchins et al. [27] reported
isotopic signatures of carbon that indicated that chemolithoautotrophic production, in ad-
dition to photosynthetic organic matter, supports the metazoan community at the SMAW.
They also suggested that chemolithoautotrophy might facilitate reduced extinction rates
during climatically unfavorable periods. Hutchins et al. [28] suggested that, as a spatially
and temporally stable food source, chemolithoautotrophy might support high biological di-
versity by increasing resource exploitation and reducing competition. By combining stable
isotope and mouthpart morphologic data, the authors illustrated trophic niche partitioning
among amphipod species, making the SMAW one of a small but growing number of sites
with evidence of niche partitioning among stygobionts [29–31].

Given the hydraulic and geologic complexity of the Edwards Aquifer, the SMAW
likely integrates water and stygobionts from multiple flowpaths, discrete locations, and mi-
crohabitats within the aquifer. Because hydraulic conditions along any discrete flowpath
vary in response to precipitation and antecedent conditions, groundwater assemblage
composition at the well may vary temporally as well. Temporal dynamics in groundwa-
ter community structure have been investigated in alluvial aquifers [32], epikarst [33],
and karst aquifers [34–36], although to our knowledge, studies in the latter have been
limited to vadose and shallow saturated systems rather than deep, phreatic sites. In high
gradient, hydraulically ‘flashy’ karst aquifers, studies have emphasized the role of flood
pulses in the ‘spatial redistribution’ of species [34,35] and how species-specific responses
depend on hydraulic differences in microhabitats (e.g., transmissive conduits versus pe-
ripheral fracture networks). However, as Gibert et al. [34] noted, flow conditions may
be more stable in the phreatic zone. Therefore, it is unclear whether stygobionts in more
hydraulically stable, phreatic aquifers exhibit similar temporal variability. If so, then from
a species-accumulation perspective, sample events might capture different components of
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a dynamic groundwater meta-community and species richness more likely describes the
meta-community at a local, rather than site scale.

At a regional scale, the SMAW and surrounding groundwater environments are
part of the larger Edwards Aquifer Groundwater Ecosystem. We use the term ‘Edwards
Aquifer Groundwater Ecosystem’ to highlight the aquifer as a spatially extensive, discrete
ecosystem with unique hydrogeologic, biological, and socio-economic elements. In contrast,
conceptualizations of the aquifer have tended to emphasize isolated components of the
system (i.e., groundwater as a resource, single sites as critical habitat for subsets of species).
Although other sites in the aquifer have not been investigated as thoroughly as the SMAW,
previous work has illustrated that diverse assemblages of stygobionts occur throughout
the aquifer system [17,37]. Multiple diverse groundwater sites within a contiguous but
heterogeneous aquifer system afford opportunity to investigate patterns of beta-diversity
at the aquifer scale. Previous work has demonstrated that globally, most stygobionts are
small-range endemics [38], and that overall diversity from local to continental scales is
explained in part by the species-turnover component of beta (β)-diversity [39]. Although
distance between sites, coupled with small ranges and limited dispersal potential [40], is a
parsimonious explanation for species turnover, environmental differences among sites
have also been proposed to explain differences in species richness and composition in
epikarst copepod communities [41].

Here, we present a species list for the SMAW, using published and unpublished
data. We also investigate temporal dynamics in community composition at the site via
high-frequency sampling across 3 years and 85 samples. We hypothesized that samples
from the well do not suggest a temporally stable community, but rather, show temporal
variability, as in other groundwater systems. Specifically, we hypothesized that assemblage
structure at the SMAW would vary seasonally and in response to precipitation-driven
hydraulic changes. To our knowledge, this is the first assessment of temporal community
dynamics within a deep phreatic karst system. We also investigate species richness at
the SMAW within the context of the greater Edwards Aquifer Groundwater Ecosystem,
highlighting other diverse sites. We assess whether (1) regional-scale patterns of β-diversity
are explained by species turnover (replacement) or regional/ site-based differences in
species richness and (2) whether those dissimilarities are explained by distance or site-type
(i.e., springs versus wells and caves). We predicted that species turnover rather than
differences in species richness drive β-diversity patterns, and that species turnover would
be affected by distance rather than site type.

2. Materials and Methods

2.1. SMAW Diversity and Temporal Dynamics

We conducted a literature review to compile a stygobiont species list for the SMAW.
In a few instances, taxonomic experts were consulted to determine whether species should
be considered stygobionts (as defined by Trajano and de Carvalho [42]). Unpublished,
undescribed taxa were also included, based on communication with collaborators and
personal observations in the authors’ taxonomic area of expertise. For temporal analysis,
85 samples were collected via 60 μm drift nets attached to the outflow of the well for
between 24 and 72 h between 13 February 2013 and 20 November 2015 (Table S1). Samples
were preserved in 95% EtOH and sorted at 10× magnification. Species were identified to
the lowest taxonomic level by the authors or taxonomic experts (see acknowledgements)
although some undescribed taxa were lumped as a single taxon (e.g., Microcerberidae,
Trombidiformes). Voucher specimens for most taxa are retained in the Aquifer Biodiversity
Collection of the EARDC, Texas State University, San Marcos, TX, USA.

Statistical tools in R v4.0.3 were applied to explore stygobiont time-series data from
the SMAW. A Ward’s minimum variance dendrogram based on species abundances was
created using the vegan package following the method of Borcard et al. [43]. A graph
of silhouette widths was visually examined to estimate the optimal number of clusters,
which was statistically assessed via analysis of similarity using a Bray–Curtis similarity
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matrix and 9999 permutations. Species associated with each group at p < 0.05 were
identified using Indicator Species Analysis run with 999 permutations.

To disentangle the potential effects of discharge, season, and unexplained temporal
influences on community composition, redundancy analysis was performed using the
vegan package. Independent variables included season, discharge, and distance-based
Moran’s eigenvector maps (dbMEM) derived from time (day) since the first sampling
event (T0) (Table S1). Season was coded as a categorical variable according to Kollaus and
Bonner [44]: winter = December–February, spring = March–May, summer = June–August,
fall = September–November. Discharge data were derived from mean daily discharge
recorded by the U.S. Geological Survey at the San Marcos River gaging station USGS
08170500 [45], converted to liters per second. The gaging station is approximately 0.5 km
downstream from the San Marcos Springs, and discharge at the station is a surrogate
for local aquifer levels, which are correlated with average flow velocities in the Edwards
Aquifer [46]. Distance-based Moran’s eigenvector maps (dbMEMs) were created using the
method of Legendre and Gauthier [47] as implemented using the dbmem function in the
adespatial package. dbMEMs were derived from a distance matrix of the number of days
between sampling events and represent a spectral decomposition of the temporal relation-
ships among samples [47]. Significance of dbMEMs was assessed using the moran.randtest
function in the adespatial package, and only dbMEMs significant at p < 0.05 were used in
the RDA. Periodicity of significant dbMEMs was not calculated because of many missing
values over the sampling period. RDAs on discharge and season only, and on the dbMEMs
only, were performed prior to a global RDA with both sets of independent variables and
variance partitioning. The species data matrix was Hellinger transformed and singletons
and doubletons were removed, but data were not detrended prior to analysis. Significance
of RDAs, independent variables, and canonical axes was assessed using the anova.cca
function in vegan, with 1000 permutations. Variance explained by discharge and season
versus dbMEMs was assessed using the varpart function in vegan.

2.2. Edwards Aquifer Groundwater Ecosystem β-Diversity

To place the SMAW community within the broader context of the Edwards Aquifer
Groundwater Ecosystem, distance-based RDA (dbRDA) was performed to assess the
influence of distance, aquifer pool, and site type on β-diversity in R v.4.0.3. A literature
review identified additional Edwards Aquifer and Edwards-Trinity Aquifer sites with high
diversity (with an arbitrary cut-off of 10 or more stygobiont species). Primary and grey
literature resources and previously unreported records of described species represented
by specimens in the collections of the author and colleagues were included (Table S2).
Unpublished, undetermined taxa were not included. β-diversity (Jaccard index total
dissimilarity) was estimated and partitioned into two components (replacement, richness)
using the beta function in the package BAT [48]. Linear trends in β-diversity measures were
assessed using linear regression against log-transformed Euclidean geographic distance
between sites, with Bonferroni correction applied for multiple comparisons. Dissimilarity
matrices were used as the response variable in dbRDA. Predictor variables included site
type (spring or well/cave), aquifer pool, and a distance-based Moran’s eigenvector map
(dbMem) derived from site coordinates (UTM). Because of high multicolinearity (VIF > 10)
between aquifer pool and dbMem variables, aquifer pool was removed prior to analysis.
The single dbMem derived from the coordinates of the 13 assessed sites was calculated
using the dbmem function in the adespatial package. Because sites are unevenly spaced
and often widely distributed, the truncation threshold was set at 217039.8 m, limiting
assessment of spatial structure to broad spatial scales. dbRDAs were conducted using the
capscale function in the vegan package. Significance of the dbRDA and predictor terms
was assessed via the anova.cca function in vegan, with 1000 replications.
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3. Results

3.1. SMAW Diversity and Temporal Dynamics

Currently, 55 taxa have been documented from the SMAW, including 39 species
recorded in literature (Table 1), two of which remain undescribed (Parabogidiella sp. Holsin-
ger, 1980 and Erpobdella sp.). An additional 16 stygobiont taxa (2 described species and 14
undetermined taxa) are reported here for the first time (Table 1). Crustaceans dominate the
SMAW fauna, comprising 75% of documented species. These include the only thermosbae-
nacean in the United States [49] and a globally significant amphipod fauna [9] of 12 species
in five families. Additionally, 11 ostracod and nine isopod species occur at the site. Unique
soft-bodied taxa include the only North American stygobitic leech [50], two vertebrate
parasites (see below), and five species in the gastropod genus Phreatodrobia. The beetle,
Haideoporus texanus (Young and Longley, 1976) is one of five species of stygobitic dytiscid
beetles in the United States (four of which are associated with the Edward Aquifer [51]).
A single vertebrate, the Texas blind salamander, E. rathbuni, occurs at the well. The SMAW
is the type locality for 25 of the published taxa (64%), and eight of these (21%) are single-site
endemics (Table 1). New SMAW site records, (including species descriptions and new
records for described species) have accumulated unevenly over time (Figure 2).

Figure 2. Published species richness at the San Marcos Artesian Well over time. Undetermined, unpublished taxa excluded.
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ğl
u

pe
rs

.c
om

m
.

C
om

al
ca

nd
on

a
sp

.
O

ka
n

K
ül

kö
yl

üo
ğl
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The stygobiont community at the SMAW is characterized by some taxonomic and eco-
logical uncertainty. In addition to the two undescribed species already mentioned, the two
copepod species reported from the well are poorly described and have been designated as
nomen inquirendum or nomen dubium by some [61]. Two species, the nematode Amphibiocapil-
laria texensis Moravec and Huffman, 2000 and the acanthocephalan Dendronucleata americana
Moravec and Huffman, 2000 are parasites of the salamander E. rathbuni. Both parasites
complete their life cycles using stygobiont invertebrates and should be considered stygo-
bionts (David Huffman, pers. comm.). Neither parasite species have been conclusively
collected from the epigean salamander Eurycea nana Bishop, 1941, which occurs in the San
Marcos Springs and San Marcos River.

Eighty-five samples collected between 2013 and 2015 contained 42,814 individuals
with an average of 275 individuals and 15 taxa per 24 h period (Table S1). Incidental epigean
taxa were removed prior to temporal analysis (n = 61). Undetermined individuals (n = 87),
mostly ostracods, were also removed because they could not be confidently assigned a
taxonomic identity. An additional 415 juvenile and damaged individuals were assigned to
taxa present in the sample.

Log-transformed total abundances show a nearly normal distribution (Figure 3),
and only two species in the 85 samples (Lirceolus pilus (Steeves, 1968) and an unidentified
nematode) were found in only one or two samples, suggesting that rare species are mostly
accounted for by the sampling effort. Three species (Phreatodrobia micra (Pilsbry and Ferriss,
1906), Lirceolus hardeni Lewis and Bowman, 1996, and Stygobromus bifurcatus (Holsinger,
1967)) are known from the site by single specimens but were not present in any of the
85 analyzed samples. The two parasitic taxa present in the aquifer were not detected
in our sampling strategy, which did not involve dissection. Additionally, copepods and
mites were not identified to species, so all copepods and mites were each lumped into
a single category. A histogram of the number of samples in which taxa occur shows a
bimodal distribution, suggesting that most species are either common or rare (Figure 3).
The shrimp, P. antrorum, makes up 44% of individuals, and just four taxa: P. antrorum,
Copepoda, Cypria lacrima Külköylüoğlu, Akdemir, Yavuzatmaca, Schwartz and Hutchins,
2017, and Texiweckeliopsis insolita (Holsinger, 1980) make up over 90% of individuals. The
23 most infrequent taxa (61% of all taxa) collectively make up less than 1% of the total
number of individuals.

Figure 3. Histograms of (A) log-transformed species abundance and (B) frequency of species occur-
rences in high-frequency samples from the San Marcos Artesian Well.

Samples form significant clusters based on species abundances (Figure 4). Two clusters
produced an optimal silhouette width, but between two and five clusters had similarly
high silhouette widths. ANOSIM confirmed that groupings of samples into five and two
clusters were both significant (R: 0.45 and p < 0.001; R = 0.26 and p < 0.001, respectively).
Several taxa were significantly associated (p < 0.05) with one or two clusters although some
species were associated with two clusters that were not nearest neighbors (i.e., species
could be associated with two clusters that were otherwise compositionally dissimilar to
one another).
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Figure 4. Ward’s minimum variance dendrogram of high-frequency sample stygobiont community data from the San
Marcos Artesian Well, with corresponding discharge from the nearby San Marcos River. Sample numbers (dendrogram tips)
refer to sample order (e.g., 01 occurred at T0, followed by 02) but time between consecutive samples is variable. Significant
groupings are demarcated by shading, and significantly associated taxa are shown above. Discharge is not represented by a
hydrograph because samples are clustered by community similarity and are not shown in chronological order.

Although there was a significant temporal trend in the community data (p < 0.05),
only a small proportion of variance was constrained by sampling date alone. Separate
redundancy analyses (RDA) using only discharge plus season and only distance-based
Moran’s eigenvector maps (dbMEMs) were both significant (F = 8.589, p = 0.001; F = 3.930,
p = 0.001, respectively). A global RDA incorporating discharge, season, and dbMEMs was
also significant (F = 9.274, p = 0.001). Variance partitioning between discharge plus season
versus dbMEMs showed that shared explained variance was not significant. Discharge
and season explained 32% of variance in community structure, and both variables were
significant at p = 0.001 (F = 21.084 and 8.013, respectively). dbMEMs explained 18% of
variance in community structure, and three of four dbMEMs were significant at p = 0.001
(F = 6.635–10.878). The first three axes of the global RDA were significant at p = 0.001 and
cumulatively accounted for 45% of the total explained variance. The first axis illustrated
a gradient between low-flow samples (primarily during spring and summer) with larger
numbers of the shrimp P. antrorum and the amphipod T. insolita and high-flow samples
(primarily during fall and winter) with higher numbers of copepods, the snail Phreatodro-
bia plana Hershler and Longley, 1986, and the amphipod Texiweckelia texensis (Holsinger,
1980) (Figure 5). The second axis illustrated unexplained temporal gradients (dbMEM1
and dbMEM3) between samples (primarily in the summer) with higher numbers of the
ostracod C. lacrima and samples with higher numbers of the amphipods S. flagellatus and
Seborgia relicta Holsinger, 1980 (Figure 5). Clustering of sites in RDA space (influenced by
community composition and environmental variables) reflects clustering on the Ward’s
minimum variance dendrogram (based only on community composition, Figure 4).
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Figure 5. First two axes of global Redundancy Analysis for stygobionts from high-frequency sampling at the San Marcos
Artesian Well. Sample numbers refer to sample order (e.g., 01 occurred at T0, followed by 02) but time between consecutive
samples is variable. Sample colors refer to Ward’s minimum variance clustering (Figure 3): green = cluster 1, black = cluster
2, light blue = cluster 3, yellow = cluster 4, and purple = cluster 5. Faint lines connect consecutive samples. For clarity,
only taxa with the highest loadings on axes 1 and 2 are shown (red arrows): Cyp = Cypria lacrima, Phr = Phreatodrobia plana,
Tex = Texiweckelia texensis, Seb = Seborgia relicta, Sty = Stygobromus flagellatus, Ins = Texiweckeliopsis insolita, and Pal = Palaemon
antrorum. Blue arrows show biplot scores for constraining variables: Q = discharge, MEM1–MEM3 represent significant
Moran’s eigenvector maps describing temporal relationships among samples at different scales. Blue pluses are centroids
for categorical seasons: Sum = summer, Spr = spring, Win = winter, and Fal = fall.

3.2. Edwards Aquifer Groundwater Ecosystem β-Diversity

Thirteen sites with 10 or more stygobionts were identified across the Edwards and
Edwards-Trinity Aquifers (Figure 1, Table S2). Sites included three flowing artesian wells,
one cave, and nine springs varying from 1st magnitude springs (e.g., Comal Springs) to
a small, intermittent spring (Sessom Creek Spring). All sites are hydraulically connected
to the phreatic zone of the Edwards or Edwards-Trinity Aquifers. Total dissimilarity
and replacement increased with increasing distance (R2 = 0.57 and 0.32, respectively) at
p < 0.001. Differences in species richness did not exhibit a spatial trend. dbRDA revealed
significant site-type and distance-based effects on total dissimilarity (F = 2.49, p = 0.001,
R2 = 0.20) and replacement (F = 2.95, p = 0.001, R2 = 0.41), but not on differences in species
richness. Thirty-three percent of variance in total dissimilarity was constrained by the two
canonical axes (axis 1: 19%, axis 2: 14%), and both site type (F = 2.14, p = 0.008, loadings:
axis 1 = 0.15, axis 2 = −0.99) and dbMem (F = 2.84, p = 0.001, loadings: axis 1 = 0.89,
axis 2 = 0.46) were significant terms. Thirty-seven percent of variance in replacement
was constrained by the two canonical axes (axis 1: 22%, axis 2: 15%), and both site type
(F = 2.47, p = 0.003, loadings: axis 1 = 0.09, axis 2 = −1.00) and dbMem (F = 3.43, p = 0.001,
loadings: axis 1 = 0.91, axis 2 = 0.41) were significant terms. For each RDA, the first axis
describes differences in dissimilarity explained by distance between sites and the second
axis describes differences in dissimilarity explained by site type (Figure 6).
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Figure 6. First two axes (canonical principal coordinates) of distance-based Redundancy Analysis
of total dissimilarity (A) and species replacement (B) at diverse (> 10 stygobionts) Edwards and
Edward-Trinity Aquifer sites. Blue circles are centroids for site types. dbmem is a distance-based
Moran’s eigenvector map derived from latitude and longitude (UTM) of sites. Sal = Salado Springs,
Bar = Barton Springs, Sma = San Marcos Artesian Well, Mar = San Marcos Springs, Ses = Sessom
Creek Springs, Eze = Ezell’s Cave, Hue = Hueco Springs, Com = Comal Springs, Art = Artesia Pump
Station Well #4, Ver = Verstraeten Well #1, Fel = San Felipe Springs, Fin = Finegan–Blue Springs,
and Car = Caroline Springs. Insets are graphical representations of total dissimilarity and dissimilarity
due to replacement, where numbers represent species (modified from Carvalho et al. [62]).

4. Discussion

Despite over one century of intensive sampling and study, knowledge of diversity
at the SMAW remains incomplete. ‘Orphan’ taxa (e.g., Cyclopoida and Harpacticoida)
are completely or largely unassessed. Even in better-studied groups (e.g., Isopoda), unde-
scribed taxa have been identified. We conclude that reported species richness is underesti-
mated. The continuing increase in species recorded at the site over time (Figure 2) and the
near absence of taxa that are important elements of many groundwater communities (e.g.,
Copepoda) supports this assertion. The semi-normal distribution of species abundances in
high-frequency samples (Figure 3A) and species accumulation curves (data not shown) sug-
gest that sampling has been adequate for known species. Additional species discovery at
the well will mostly likely result from additional taxonomic assessment of the orphan taxa
discussed above, and cryptic species [23,24]. Nevertheless, with 55 groundwater-obligate
taxa (Table 1), the SMAW is the most diverse groundwater site in North America and
among the most diverse sites globally [63]. Proposed explanations for high-biodiversity
within the Edwards Aquifer Groundwater Ecosystem include the role of marine embay-
ments producing relic taxa (i.e., a richer colonist pool sensu Cardinale et al. [64]) [9] and high
rates of primary productivity [27] supported, in part, by chemolithoautotrophy. Long-term
productive energy, which is linked to climate and climatic-variability, has emerged as an
important driver of groundwater diversity patterns in Europe and North America [65,66].
South of Pleistocene ice sheets and permafrost, Central Texas climate was cooler and wetter
during glacial periods [67], potentially having a positive effect on productivity in the
region. The region has become warmer and dryer since the last glacial maximum and
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although pronounced aridity during the mid-Holocene Altithermal Period would have
reduced surface productivity, Hutchins et al. [27] hypothesized that chemolithoautotrophic
production may have mitigated effects of aridity-related changes in surface productivity on
stygobionts. In Europe, habitat heterogeneity is also an important predictor of stygobiont
richness at mid and southern latitudes [65] and may be important in the hydrogeologically
complex Edwards Aquifer.

To our knowledge, our analysis of a high-frequency dataset spanning multiple seasons
and flow regimes provides the first illustration of temporal variability in a deep phreatic
aquifer community. Community composition-based clustering of samples suggests that
some species abundances vary in synchrony over time, which would not be expected in
random samples from a temporally stable community. The bimodal distribution of taxa
frequencies in repeated samples (Figure 3B) is interesting and may reflect the presence of
two or more metacommunities: one comprised of species that are ubiquitous in flowpaths
intersected by the well (e.g., Lacrimacandona wisei Külköylüoğlu, Yavuzatmaca, Akdemir,
Schwartz and Hutchins, 2017, P. antrorum, S. flagellatus, T. insolita), and one or more com-
munities comprised of species in more remote habitats that are only infrequently washed
out, typically during high flows. Alternatively, the distribution may not reflect spatial or
temporal heterogeneity in community structure, but rather, biological differences (e.g., ben-
thic versus pelagic habitat, or swimming ability) in species’ propensity to be expelled from
the well, which would also produce a relationship between flow and sample composition.

Redundancy analysis illustrates that, like other groundwater systems, hydrologic
regime plays an important role in structuring the SMAW stygobiont assemblage over
time. Discharge was the most important predictor in the global RDA. The influence of
discharge is also apparent when viewed alongside the community-based dendrogram
(Figure 4), although several low-flow samples fall within otherwise high-flow clusters
and vice versa. Samples 71 and 72 were high-flow samples collected immediately after
an extended period of low-flow, and so may represent a ‘piston-effect’ in which rapid
recharge by meteoric water pushes resident groundwater (and associated fauna) through
the system [38]. Conversely, the low-flow samples 38, 40, and 83 all contained uncommon
species. Since species richness at the SMAW is positively correlated with discharge (data
not shown), uncommon species more strongly effect overall community composition
in otherwise less-diverse, low-flow samples, and probably drive the clustering of these
samples with more-diverse, high-flow samples. Sample 84, a high-flow sample clustering
with low-flow samples, had a near absence of copepods, potentially reflecting an undetected
sample processing error.

Why certain species appear to be associated with low or high flows is unclear. Gib-
ert et al. [34] suggested that stygobionts are heterogeneously distributed across distinct
microhabitats in aquifers, and flood pulses initiate transport of organisms in transmissive
zones through the karst system. However, other direct and indirect mechanisms may
also facilitate assemblage structure changes through demographic shifts or passive or
active movement of species (Table 2). Analysis of hydrographs, geochemical dynamics,
morphologic/ trophic patterns, and population dynamics within groups of concordant
taxa may provide additional insight into causal relationship between hydrologic variability
and stygobiont community dynamics.
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Table 2. Potential mechanisms by which hydraulic changes affect stygobiont assemblage composition in deep
phreatic aquifers.

Positive Association Negative Association

Hydraulic/
environmental effect → Community response Hydraulic/

environmental effect → Community response

In
cr

e
a
se

d
fl

o
w

Activates intermittent/
alternative flowpaths

and hydraulic
connections

→

Animals transported
from typically

less-connected aquifer
areas to sampling

location Increased flow within
conduit

→ Animals within conduit
seek refuge in adjacent

fracture networkIncreased hydraulic
gradient from fracture

network to conduit
network

→
Animals transported to
sampling location from

adjacent fracture
network

Increased sediment
transport and conduit
boundary velocities

→
Dislodges benthic/

interstitial organisms
already within sampling

area
Changes in nutrient

availability, community
composition,

and geochemistry

→

Direct and indirect
demographic (e.g.,

reproduction) or species
interaction (e.g., ecologic

release) effects

Changes in nutrient
availability, community

composition,
and geochemistry

→

Direct and indirect
demographic (e.g.,

reproduction) or species
interaction (e.g., ecologic

release) effects

D
e
cr

e
a
se

d
fl

o
w

Decreased flow within
conduit →

Animals within fracture
network move into

conduit Changes in nutrient
availability, community

composition,
and geochemistry

→

Direct and indirect
demographic (e.g.,

reproduction) or species
interaction (e.g., ecologic

release) effects

Changes in nutrient
availability, community
composition,
and geochemistry

→

Direct and indirect
demographic (e.g.,

reproduction) or species
interaction (e.g., ecologic

release) effects

As Gibert et al. [34] also acknowledged, groundwater flow alone does not explain
temporal dynamics of groundwater communities. The significant contribution of tempo-
ral dbMEMs in our RDA demonstrates unexplained temporal dynamics in community
composition at multiple scales. We did not attempt to correlate dbMEMs with potential
explanatory phenomenon because we did not have a priori predictions about potential
mechanisms, and because our dataset did not span multi-year cyclical weather oscillations
like the Atlantic Multi-decadal Oscillation or El Niño–Southern Oscillation.

The 55 taxa from the SMAW represent about half of the approximately 102 stygobionts
recorded from the Edwards Aquifer, and most occur at other sites. Within an extensive
aquifer, assessment of biodiversity at local to regional scales, rather than at single sites,
makes more sense ecologically and for aquifer management. Cardoso et al. [48] discuss
issues with analyses of β-diversity based on incomplete/uneven sampling, including
underestimation of similarity. However, assessment of randomized accumulation curves to
control for sample effort (sensu Cardoso et al. [68]) was not possible in this study because
species lists for sites other than the SMAW were based on literature and not samples.
Consequently, β-diversity data are interpreted with the acknowledgement that uneven
sampling effort across sites (and across taxa) obscures patterns. Given that caveat, we did
observe increasing dissimilarity and replacement with increasing distance between sites,
as predicted, and total dissimilarity and replacement was greater between springs and
wells/caves than within site types (although the number of diverse wells and caves was
limited in number and spatial extent compared to springs). However, biplot scores showed
that for both total dissimilarity and replacement, distance between sites was more impor-
tant than site type. Dissimilarity among habitat types was also a relatively unimportant
component of β-diversity in European stygobionts [69]. Importantly, the species richness
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difference component of dissimilarity did not vary by distance or site type, suggesting the
lack of ‘hotspot’ regions within the Edwards Aquifer with respect to location or site type,
despite uneven sampling effort across regions. Because of uneven site distribution across
the aquifer, however, fine-scale patterns may be obscured. For example, Hutchins et al. [27]
detected a positive relationship between species richness and proximity to the FWSWI,
although biodiverse sites far from the FWSWI (e.g., Caroline and Finegan-Blue Springs)
raise questions about the importance of that relationship. Certainly, species richness at fine
scales varies in response to hydraulic and geochemical properties, as evidenced by low-
and high-diversity sites in close proximity to one another (pers. obs.).

Relative to other groundwater habitats, knowledge of stygobiont diversity in deep
phreatic karst aquifers is lacking. The SMAW and the Edwards Aquifer Groundwater
Ecosystem illustrates that springs and wells can be particularly productive sites for sam-
pling these habitats, and we suspect that biodiversity within the aquifer is not anomalous
relative to other deep phreatic karst aquifers on a global scale. Although spatial biodiversity
patterns have received a good deal of attention from groundwater ecologists, increasingly
sophisticated analytical methods [70] afford more opportunity to assess spatial and tempo-
ral patterns in community structure. In the face of global climate change and increasing
anthropogenic pressures on groundwater ecosystems [71], analysis of spatial and temporal
trends in groundwater communities will be increasingly important.
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Abstract: The Postojna-Planina Cave System (PPCS) in central Slovenia is a globally exceptional
site of subterranean biodiversity, comprised of many interconnected caves with cumulative passage
length exceeding 34 km. Two rivers sink into the caves of the PPCS, called the Pivka and Rak, and
join underground into Unica River, which emerges to the surface. The studies of fauna of PPCS began
in the 19th century with the first scientific descriptions of specialized cave animals in the world,
making it “the cradle of speleobiology”. Currently, the species list of PPCS contains 116 troglobiotic
animal species belonging to eight phyla, confirming its status as the richest in the world. Of these, 47
species have been scientifically described from the PPCS, and more than 10 await formal taxonomic
descriptions. We expect that further sampling, detailed analyses of less studied taxa, and the use of
molecular methods may reveal more species. To keep the cave animals’ checklist in PPCS up-to-date,
we have supplemented the printed checklist with an online interface. As the revised checklist is
a necessary first step for further activities, we discuss the importance of PPCS in terms of future
research and conservation.

Keywords: hotspot; speleobiology; subterranean biodiversity; troglobionts; Postojna-Planina Cave
System; Slovenia

1. Introduction

Sampling subterranean fauna is a challenging task, considering that humans have lim-
ited access to the subterranean environment. Caves are access points to reach subterranean
species that can inhabit very narrow spaces in fractured rock. Inventories of subterranean
biodiversity are time consuming and require technically demanding fieldwork and broad
taxonomic engagement [1]. The highest conservation priority is usually given to sites with
high species richness, so completing species inventories of such hotspots should be highly
prioritized [2].

The Dinaric Karst in the Western Balkans in Europe is one of the global hotspots
of subterranean biodiversity [3–5]. Species richness within this region is not evenly dis-
tributed [6,7]. Many caves are consistently listed among the species richest on a global
scale [8]. The species richest among them is Postojna-Planina Cave System (in Slovenian:
Postojnsko planinski jamski sistem; hereafter referred to as PPCS) in Slovenia (Figure 1),
outstanding not only because of its biological, but also historical, touristic, and conservation
importance.

The PPCS is a complex system of many caves connected by dry or flooded channels.
The inner parts of the Postojnska jama (“jama” means cave in Slovenian) at the southern-
most end of the PPCS were discovered in 1818 and revealed the extraordinary richness and
beauty of speleothems (Figure 2). The attractive ornamentation initiated guided tours of
the cave and triggered a worldwide beginning of cave tourism. The construction of the first

Diversity 2021, 13, 271. https://doi.org/10.3390/d13060271 https://www.mdpi.com/journal/diversity
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underground railway (Figure 3) and electric lighting in 1872 and 1884, respectively, pro-
moted tourist visits to Postojnska jama. Along with tourism, scientific research developed,
which laid the foundation for speleology and karstology as sciences. Biological studies of
the subterranean world began with the discovery of Luka Čeč, a cave guide and assistant
lamplighter, who found an unusual beetle in Postojnska jama in 1831. He gave the beetle
to Count Franz Joseph Hochenwart, the curator of the Provincial Museum of Carniola
in Ljubljana, who recognized the value of the find. The specimen was examined by the
renowned entomologist Ferdinand Josef Schmidt, who in 1832 produced the scientific
description of Leptodirus hochenwartii [9]. In this work he declared the animal to be a cave-
adapted beetle, which was the first scientific recognition of specialized subterranean animal
in the world. News of the discovery spread and in the next years, many eminent naturalists
came to study the fauna of Postojnska jama, describing cave species of other animal taxa.
The snowball effect triggered by the description of L. hochenwartii is considered the starter
of speleobiology and PPCS the “cradle of speleobiology” [10].

Figure 1. Location of the Postojna-Planina Cave System in central Slovenia. Top left: position of
Slovenia within Europe; top right: position of PPCS within Slovenia; middle: red lines depict the
planar views of all caves of the system; red dots: entrances to caves; blue arrows: parts of the system
connected via subterranean rivers, but not yet passed by man.

The pace of new discoveries by numerous scientists in caves of the PPCS (see detailed
review of the beginnings in [10]) produced the first checklists of the PPCS already in
the 19th century. An important milestone in cataloguing was made by Benno Wolf, who
collected all data on animals in caves of the world, and compiled them in Animalium
Cavernarum Catalogus, issued between 1934 and 1938 [11]. However, he listed all taxa
from published sources without critically evaluating their taxonomic validity, and did not
distinguish the troglobiotic from non-troglobitic species. His list included 134 species for
PPCS, of which about 50 could be considered troglobiotic. It was not until 30 years later,
that Egon Pretner produced the next list of cave animals for PPCS, taking into account
caves excluding Planinska jama in the northern part of the system [12]. Pretner listed
131 species, including about 50 troglobiotic ones. The comprehensive list of aquatic taxa
from the entire PPCS, which considered the ecological status of the species, was prepared
by Boris Sket in 1979 [13]. Among more than 190 species, he listed 34 aquatic troglobionts.
The total number of troglobionts for PPCS, 84, was given in a comparative study of the
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richest subterranean sites in the world [8], but the actual species list was not included. We
fill this gap with this paper, in which we have carefully evaluated and updated the list
of troglobionts and discussed its importance within a broad socio-scientific-conservation
context.

Figure 2. Postojnska jama is a tourist cave, but there are still many beautifully ornamented passages,
where only cavers can enter—as the example of “Pisani rov”. Photo: Peter Gedei.

Figure 3. As a unique tourist attraction, Postojnska jama takes tourists to deep parts of the cave with
the underground railway. Photo: Slavko Polak.

Description of the PPCS

The PPCS is located in central Slovenia (Figure 1). It is the main cave system in the
densely forested and uninhabited karst area between the town of Postojna in Postojnska
kotlina, the town of Planina on Planinsko polje, and the town of Cerknica on Cerkniško
polje (Figure 1) [14]. In the area above the PPCS, there are 16 large collapsed dolinas
interrupting some of these underground passages. The cave system developed in an
about 800-m-thick layer of Cretaceous limestones and dolomites, between two NW-SE
oriented faults, namely the northern Idrija fault and the southern Predjama fault [15]. The
thickness of the bedrock above the cave ranged from 60 to 120 m. The PPCS is typically
defined as a system of six caves with large separate entrances with individual cadastre
numbers in Slovenian Cadastre of Caves, namely Postojnska jama (No. 747), Otoška jama
(No. 779), Pivka jama (No. 472), Črna jama (No. 471), Magdalena jama (No. 820), and
Planinska jama (No. 748). Two other caves that should be considered part of the PPCS,
connected via impassable flooded channels, are Lekinka (No. 1867) and Tkalca jama (No.
857) [16] (Figure 4), both of which are often excluded from biological observations of the
system [12,13]. The entire cave system reaches depths of up to 115 m and includes at
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least 34 km of channel length (24 km of caves from Postojnska jama to Pivka jama, and
approximately 10 km sum of the length of Lekinka, Planinska jama, and Tkalca jama).

Figure 4. The plan of the Postojna-Planina Cave System, with labelled entrances to individual caves.
Subterranean connections, which have not yet been explored by man, are marked with dashed blue
arrow lines, while full blue arrow lines and blue names indicate surface rivers entering/leaving the
system. We modified the base line outline of the caves, originally provided by the Karst Research
Institute in Postojna, Slovenia.

The PPCS is located in the Black Sea drainage basin, but at least some species in
the PPCS also occur in Adriatic drainage basin, indicating a complex history of drainage
connectivity (Delić et al., in rev.). The PPCS contains two subterranean rivers that enter the
system in the South (Pivka River) and East (Rak River). The Pivka River sinks in Postojnska
jama and is directly accessible in caves up to the syphon in Pivka jama (Figure 4). It receives
inflows from Lekinka and deep groundwater from the east. In 2015, parts after the siphon
in Pivka jama were dived through and the length of the cave increased by about 3.5 km,
leaving a section of about 800 m straight line between Pivka jama and Planinska jama
unexplored [17]. The Pivka River reappears in Planinska jama, the last and northernmost
cave of the PPCS. In this cave, the river flows within the Pivka channel for about 2 km,
until it joins Rak River. Rak River sinks from the surface into the Tkalca jama in the east,
whose channels are about 3 km long. Also in the Tkalca jama, one of the siphons of Rak
River has stopped divers, leaving about 1 km of straight line distance to Planinska jama
unexplored [18] (Figure 4). After the syphon, Rak River reappears in Planinska jama and
flows for about 2 km through the Rak channel, and joins Pivka River. The new river, called
Unica, is formed about 500 m away from the cave entrance, where it springs to Planinsko
polje (Figures 1 and 4). The channels of the system along the Pivka River are vertically
on two levels. The upper ones are older and dry, with many beautiful formations and
speleothems (Figure 2), while the younger and lower ones called “Rov podzemne Pivke”
(the channels of the subterranean Pivka River), were formed after the deepening of the
riverbed.

Temperatures within the PPCS vary depending on the location of cave entrances
and the distance from rivers sinks into the system. The temperature in the inner, isolated
parts of Postojnska jama is about 8.5 ◦C, while in the parts closer to the entrances it
varies mainly between 3 and 13 ◦C [19]. The temperature of Pivka River varies daily and
seasonally, with the amplitude of fluctuations decreasing with distance from its sink [20].
Oxygen concentration in Pivka River varies similarly to surface conditions near the sink
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to Postojnska jama, while with distance from the sink the water becomes aerated and
saturated with oxygen [20].

There are two main sources of organic material for subterranean communities. One is
via the sinking rivers, which transport substantial amounts of particulate organic matter
and, in the near-surface areas, also abundant plant and animal material that can become
food sources. The transport capacity is strongly influenced by precipitation and is enhanced
during high water levels [19]. The second source of organic matter is epikarst water, which
drips from the ceiling and brings mainly diluted organic matter [21,22]. Another food
source, albeit spatially limited, is bat guano and the remains of terrestrial accidentals
coming into the PPCS. In general, the amount of organic matter in Pivka River decreases in
the direction from Postojnska jama to Planinska jama [21].

2. Compiling the Data

We compiled the data of all troglobionts or troglobiotic populations found in PPCS
(sensu Sket [23]). The latter are populations of surface species that form morphologically
and ecologically distinct specialized cave populations in PPCS [24]. Non-troglobiotic
species found in PPCS and dubious records were omitted from the checklist. The main
source of information was published sources as well as material kept in Zoological collec-
tion of Department of Biology, Biotechnical Faculty, University of Ljubljana and Notranjska
Museum Postojna. The information was collected in SubBioDB, the database on biodiver-
sity of subterranean habitats managed in the SubBioLab at the University of Ljubljana. The
data were revised and supplemented with unpublished records, either from reports or
from personal communication with taxonomic authorities.

The list contains the species or the lowest taxonomic rank that could be identified. If
the subspecies level was determined, we list it. We did not distinguish the level of sub-
genera. In some cases, taxonomic authorities specifically indicated that some individuals
belonged to new species awaiting formal description. These records were added to the
checklist as “Genus sp. n.”.

We marked whether the PPCS presents a type locality for the taxon. Whenever data
were available, we added information about the specific cave of the PPCS where the taxon
was recorded.

We used the most current taxonomic nomenclature available for specific taxonomic
groups. To list only valid species names, we consulted taxonomists or online databases
maintained by specialists, namely World Register of Marine Species [25], Millibase [26],
A World Catalogue of Centipedes (Chilopoda) [27], Pseudoscorpiones of the World [28],
World Spider Catalogue [29], and Checklist of the Collembola [30]. To keep track of species
names listed in previous checklists, we have retained the original species name in the list.

Because checklists may be outdated at the time they are published, we developed
an online checklist of PPCS species (www.subbio.net/PPCS-checklist (accessed on 8 June
2021) that is fed from the SubBioDB database.

3. The Checklist of Taxa in PPCS

The checklist contains 116 species, of which 71 are aquatic and 45 terrestrial. They
belong to eight phyla: 85 species of arthropods (45 crustaceans, 18 hexapods, 13 arachnids,
and 9 myriapods), 12 molluscs, 11 annelids, 4 turbellarians, 1 sponge, 1 cnidarian, 1
vertebrate, and 1 protist (Table 1). Three species were found as parasitic on cave shrimp, the
protist, and both thamnocephalids (Table 1). Nearly half, 47 species, have been scientifically
described from PPCS (Table 1). In addition, two species remain to be identified at species
level, while 12 are awaiting taxonomic description. Some of the most notable species are
presented in Figure 5.
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če
r,

19
32

)
[N

eo
ho

ra
tia

su
bp

is
ci

na
lis

]
A

X
[1

2,
13

,4
0]

Ig
lic

a
lu

xu
ri

an
s

(K
uš

če
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Č

J
P

IJ
P

L
J

T
K

J
R

e
fe

re
n

ce
s

M
ar

ae
no

bi
ot

us
cf

.b
ru

ce
i(

R
ic

ha
rd

,1
89

8)
A

X
[8

3]
M

or
ar

ia
n.

sp
.

A
X

[8
3]

M
or

ar
io

ps
is

sc
ot

en
op

hi
la

(K
ie

fe
r,

19
30

)
A

X
X

[8
3,

84
,8

7]
Pi

lo
ca

m
pt

us
pi

lo
su

s
(D

ou
w

e,
19

10
)

[E
ch

in
oc

am
pt

us
ge

or
ge

vi
tc

hi
E.

pi
lo

su
s,

E.
un

ic
us

]
A

X
X

X
X

[1
2,

13
,8

4,
87

]

St
yg

ep
ac

to
ph

an
es

sp
.n

.
A

X
[8

3]
Pa

ra
st

en
oc

ar
id

id
ae

H
or

st
ku

rt
ca

ri
s

no
lli

al
pi

na
(K

ie
fe

r,
19

60
)

[P
ar

as
te

no
ca

ri
s

no
lli

]
A

X
X

[8
3]

Pa
ra

st
en

oc
ar

is
sp

.n
.1

A
X

[8
3]

Pa
ra

st
en

oc
ar

is
sp

.n
.2

A
X

X
X

[8
3]

O
st

ra
co

da
-

Po
do

co
pi

da
C

an
do

ni
da

e
1

Ty
ph

lo
cy

pr
is

tr
ig

on
el

la
(K

lie
,1

93
1)

[C
an

do
na

tr
ig

on
el

la
]

A
X

[1
1–

13
,9

0,
91

]

Ty
ph

lo
cy

pr
is

sc
hm

ei
li

no
m

en
nu

du
m

A
X

[1
1–

13
,9

2]

D
ec

ap
od

a
A

ty
id

ae
1

Tr
og

lo
ca

ri
s

pl
an

in
en

si
s

Bi
rs

te
in

,1
94

8
[T

ro
gl

oc
ar

is
an

op
ht

ha
lm

us
]

A
X

X
X

X
X

[1
2,

18
,3

4,
93

–9
5]

A
m

ph
ip

od
a

C
ra

ng
on

yc
ti

da
e

*
Sy

nu
re

lla
am

bu
la

ns
M

ue
lle

r,
18

46
[S

yn
ur

el
la

ju
go

sl
av

ic
a]

A
X

[1
3,

34
]

N
ip

ha
rg

id
ae

N
ip

ha
rg

us
do

ba
ti

Sk
et

19
99

[N
ip

ha
rg

us
aq

ui
le

x]
A

X
[9

6,
97

]
N

ip
ha

rg
us

or
ci

nu
s

Jo
se

ph
,1

86
9

A
[1

3,
97

]
1

N
ip

ha
rg

us
or

op
ho

ba
ta

(S
ke

t,
19

81
)

[N
ip

ha
rg

ob
at

es
or

op
ho

ba
ta

]
A

X
[9

7,
98

]
1

N
ip

ha
rg

us
sp

oe
ck

er
iS

ch
el

le
nb

er
g,

19
33

A
X

X
X

[1
2,

13
,3

4,
62

,9
7]

1
N

ip
ha

rg
us

st
yg

iu
s

(S
ch

io
ed

te
,1

84
7)

A
X

X
X

[1
2,

13
,3

4,
57

,9
7]

N
ip

ha
rg

us
sp

.s
ty

gi
us

-c
om

pl
ex

(S
ch

io
ed

te
,

18
47

)
A

X
X

X
[1

2,
34

,5
7,

97
]

1
N

ip
ha

rg
us

w
ol

fi
Sc

he
lle

nb
er

g,
19

33
A

X
X

[1
2,

13
,3

4,
97

]
Is

op
od

a
A

se
lli

da
e

*
A

se
llu

s
aq

ua
tic

us
aq

ua
tic

us
(L

in
ne

,1
76

1)
A

X
X

X
X

[1
1–

13
,9

9–
10

3]
1,

*
A

se
llu

s
aq

ua
tic

us
ca

ve
rn

ic
ol

us
R

ac
ov

it
za

,
19

25
A

X
X

X
X

[1
1–

13
,1

01
,1

02
,

10
4,

10
5]

Pr
oa

se
llu

s
is

tr
ia

nu
s

(S
ta

m
m

er
,1

93
2)

A
X

[1
2,

13
]

Sp
ha

er
om

at
id

ae
M

on
ol

is
tr

a
ra

co
vi

tz
ai

ra
co

vi
tz

ai
St

ro
uh

al
,

19
28

A
X

X
[1

06
,1

07
]

Tr
ic

ho
ni

sc
id

ae
A

nd
ro

ni
sc

us
st

yg
iu

s
(N

em
ec

,1
89

7)
[A

nd
ro

ni
cu

s
ca

ve
rn

ar
um

ts
ch

am
m

er
i]

T
X

X
X

X
[1

2,
10

8–
11

1]

1
Ti

ta
ne

th
es

al
bu

s
(K

oc
h

C
.,

18
41

)
T

X
X

X
X

X
X

[1
2,

13
,4

2,
10

8,
11

0]

109



D
iv

er
si

ty
2

0
2

1
,1

3,
27

1

T
a
b

le
1
.

C
on

t.

T
a
x
o

n
o

m
ic

G
ro

u
p

F
a
m

il
y

S
p

e
ci

e
s

[O
ri

g
in

a
l

M
e
n

ti
o

n
in

g
]

A
/T

P
O

J
O

J
M

J
Č
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Figure 5. The famous eight: (a) proteus or the olm Proteus anguinus Laurenti, 1768; (b) slenderneck
beetle Leptodirus hochenwartii hochenwartii Schmidt, 1832; (c) giant cave pseudoscorpion Neobisium
spelaeum spelaeum (Schiødte, 1848); (d) Postojna cave herald snail Zospeum spelaeum spelaeum (Ross-
maessler, 1839); (e) symphylan Scutigerella hauserae Scheller, 1990; (f) cave hydrozoan Velkovrhia
enigmatica Matjašič & Sket, 1971; (g) giant cave amphipod Niphargus orcinus Joseph, 1869; (h) Planina
cave shrimp Troglocaris planinensis Birstein, 1948. Photo credits: (a–e)—Slavko Polak, (f)—Rodrigo
Lopes Ferreira, (g)—Teo Delić, (h)—Rollin Verlinde.

Not all species were reported from all caves of the PPCS. The highest number was
reported from Planinska jama (66 species) and Postojnska jama (64 species). From Črna
jama, Pivka jama, Otoška jama Magdalena jama, and Tkalca jama, 35, 26, 11, 7, and 2
species were reported, respectively.

4. Importance of Updated Checklist

4.1. General Comments

The revised checklist revealed the presence of at least 116 troglobiotic species in
PPCS, increasing the number by nearly 40 species since the last publication [8]. Not all
species were reported from all caves of the PPCS. Due to the connectivity between the
different parts of the system, the current differences in the number of species mainly
reflect the differences in sampling, but also their positions in relation to the river sinks
and surface influences. Although PPCS has the longest history of biological exploration,
and the highest troglobiotic species richness in the world, new species are still expected.
This is no surprise considering that PPCS is located in the heart of a region that has been
consistently recognized as a global hotspot of subterranean biodiversity, where sampling is
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still not complete [125]. This supports the view that further studies in the system should
be encouraged as they may reveal additional species for a variety of reasons: sampling of
new microhabitats or more thorough sampling of less studied cave channels, use of new
sampling techniques, study of currently less studied taxa [126], identification changes due
to continued taxonomic activity, or introduction of molecular methods to identify cryptic
species and their co-occurrence [127–129].

4.2. PPCS as a Model System for Key Biological Questions

PPCS retains its appeal for biological research, with organisms that have the potential
to answer key questions in speleobiology [130]. One research direction could address
cave colonization in the context of adaptation and speciation processes from surface
ancestor to subterranean descendant [131]. In the PPCS, there are at least four species
with extant surface ancestral populations, which provide an exceptional model system for
studying these ecological and evolutionary processes during the transition from surface to
subterranean environments [131–133].

The next potential of PPCS is to study the dynamics of community structure and
interspecific interactions [97,134], including distances to the entrances and/or the surface.
Since the main parts of PPCS are organized along the Pivka River, this gives the opportunity
to observe gradual changes in surface influences downstream. An open question is how
surface and subterranean species exchange and interact along this gradient, and whether
the aquatic community follows this gradient. Although it has been shown that the dynamics
of the relationship between surface and subterranean taxa changes from the sink of Pivka
River to the deeper parts of the cave [20], their interactions are still poorly understood.
Sket [20] suggested that the degree of eutrophication affects the interactions between
subterranean species and accidentals and that eutrophication may favor the competitive
strength of surface invaders, a hypothesis indirectly supported in other studies [135,136].

The third attractive direction is ecosystem-level oriented research on nutrient cycling,
energy budget, and its top-down effects on interspecific interactions and community struc-
ture. Early studies suggest a complex pattern of organic input, likely due to the multiple
windows through which PPCS communicates with the surface [21,22]. Such additional
inputs in the system can affect the gradual changes of organic matter downstream. Even
though more complicated, these inputs may present replicas of starting points of organic
matter input and possibilities for repeated studies of changes downstream from the sources,
which present an attractive venue for research.

4.3. Challenges in Cave Management and Conservation

PPCS is the system with one of the longest tourist uses in the world. Management of
the PPCS must balance protection of high species richness with potential tourism pressure
and other surface threats. Sustainable management is a serious challenge in show caves
with such high visitor numbers as the PPCS, where Postojnska jama alone receives up
to 500,000 visitors per year. Direct consequences are microclimatic changes, and also the
introduction of artificial light, which promotes the growth of the so-called “lampenflora” as
well as airborne bacteria of anthropogenic origin [137] with unknown effects on biotas. The
negative impact of tourist use on the spatial arrangement of animals has been demonstrated,
as they move to more remote dark/less disturbed passages [12,42].

A greater and less controlled threat to the PPCS comes from the surface, through
agriculture and overuse of fertilizers and pesticides, and pollution from industry [138].
The Pivka River transports pollutants deep into the cave system, which is especially critical
during high flow that tends to homogenize chemical and bacterial parameters throughout
the river system [139]. Their impact on troglobiotic fauna is not studied and monitored,
not even for the most charismatic species, the olm (Proteus anguinus).

In order to detect any changes in the PPCS, regular monitoring of abiotic parameters
and its inhabitants should be carried out. Chemical and physical parameters of percolating
water and allogenic enrichment have been monitored for decades by experts from the
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Institute for Karst Research in Postojna [140]. Permanent monitoring of cave air temper-
ature, humidity, wind flow, and CO2 to determine human impact on the natural cave
environment started in 2007. So far, only terrestrial fauna in the tourist part of Postojnska
jama has been monitored since 2009. Monitoring should be extended to the entire PPCS
and include aquatic fauna as well. This is especially important, considering that both
L. hochenwartii and the olm are listed in the European Habitat’s directive as species of
special conservation concern, whose habitat must be protected and whose populations
must be adequately monitored [141]. New methods, such as the use of DNA barcoding
system for species identification [142], or protocols for metabarcoding [143] and e-DNA
technologies [144,145], offer new opportunities for monitoring.

4.4. PPCS Outreach and Public Awareness

Public opinion can strengthen the long-term protection of a cave or, more generally, of
subterranean habitats and their biotas. For the vast majority, tourist caves such as Postojn-
ska jama are the only unique opportunity to personally experience the underground world.
Such visits, associated with emotion, are an exceptional, albeit somewhat controversial,
opportunity to engage visitors and inform them about the fragility and importance of sub-
terranean habitats and their inhabitants, as well as about conservation issues. By restricting
tourist use to a limited part of the PPCS, the rest of the system can be safeguarded from
such visits, while benefitting from the personal experience gained by the visitors. This is
an important prerequisite to affect their attitude toward conservation and positive view on
the protection of the whole PPCS and subterranean biodiversity in general.

The fact that the PPCS is a global hotspot of subterranean biodiversity is an important
opportunity to promote and present the uniqueness of subterranean environments. Steps
in this direction have been made by establishing a vivarium near the entrance of Postojnska
jama, an internal aquarium with olms inside the cave and two permanent exhibitions: the
interactive exhibition Expo at Postojnska jama and a special speleobiological exhibition
Karst Museum at Notranjska Museum Postojna.
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71. Matić, Z.; Darabantu, C. Contributions a la connaissance des Chilopodes de Yougoslavie. Razprave-Dissertationes 1968, 9, 199–227.
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Abstract: The lava tubes at Undara became internationally recognised in the late 1980s, when
24 species of terrestrial cave-adapted invertebrates (troglobionts) were recorded from Bayliss Cave,
making it one of the 20 richest known cave communities in the world at the time. Over the last
decades, several of the Undara species have been taxonomically described and a great deal of research
has been undertaken in other parts of Australia, which has revealed additional subterranean hotspots.
It is therefore timely to update the list of Undara cave fauna, and to evaluate the Undara cave system in
relation to other subterranean hotspots in Australia. The updated species list was compiled from the
published literature and museum databases. Minimally, 78 species of arthropods have been recorded
from 17 lava tube caves in the Undara Basalt. Sixteen species have been taxonomically described;
30 identified to genus and/or morpho-species; and 32 remain unidentified to species or genus level.
Thirty troglobionts and one stygobiont species were recorded. Seven caves harboured obligate
subterranean species; Bayliss Cave harboured the most obligate subterranean species: 23 troglobionts
and one stygobiont. All these caves contained deep zone environments with high humidity, of
which three also contained ‘bad air’ (CO2). The unique combination of geomorphic structure and
environmental parameters (high humidity) and multiple energy sources (tree roots, bats and guano,
organic material wash-in) are the main factors responsible for Bayliss Cave’s extraordinary local
richness. Further research is needed to investigate CO2 as a factor influencing troglobiont richness
and distribution in ‘bad air’ caves. Undara remains the richest subterranean hotspot in humid
tropical Australia; however, significantly richer subterranean assemblages are found in arid and
semi-arid calcrete aquifers, karst and iron-ore terrains, mostly in Western Australia.

Keywords: basaltic lava flow; cave ecology; arthropods; tropical cave fauna; Bayliss Cave; Psilotum

1. Introduction

The lava tubes at Undara became internationally recognised when, in the late 1980s,
24 species of terrestrial cave-adapted invertebrates (troglobionts) were recorded from
Bayliss Cave [1,2], making it one of the 20 richest known cave communities in the world
at the time [3]. Since then, the troglobionts at Undara have been the subject of landmark
studies on reductive evolutionary trends and acoustic communication in cixiid planthop-
pers [4,5], adaptive shift and non-relictual tropical cave-adapted animals [1], and carbon
dioxide and implications for the evolution of cave-adapted animals [2,6].

The research at Undara thrust these caves into the limelight of biospeleology in
Australia on four counts. Firstly, it broke the existing paradigm that mainland Australia
was poor in cave-adapted animals [7]. That view was further invalidated by additional
discoveries in Western Australia [8,9]. Secondly, it upended the global paradigm that
cave-adapted animals were rare in tropical caves [10]. The third important aspect was that
lava tubes were also considered to be devoid of cave-adapted animals [11]; and fourth,
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some of these tropical cave-adapted animals were non-relictual, in the sense that some cave
species had closely related congeners living in surface habitats nearby.

The latter finding held important implications for understanding the evolutionary
processes leading to speciation and adaptation to subterranean habitats, i.e., the adaptive
shift hypothesis [12]. The situation with Undara and some other tropical cave faunas
contrasts with many temperate zone cave faunas, where the surface lineages that gave
rise to cave forms had long since disappeared or migrated elsewhere due to changing
conditions on the surface particularly during Pleistocene glacial periods, i.e., the climatic
relict hypothesis [11].

These global paradigms were also challenged after troglobionts were discovered in
tropical and subtropical limestone caves and lava tubes in the Galapagos [13], Hawaii [14],
Canary Islands [15,16], Jamaica [17], Congo, Thailand, Indonesia, and Central and South
America [18,19]. On the other hand, recent molecular and morphological studies ap-
pear to support the climate relict hypothesis even for tropical cave animals, e.g., Soulier-
Perkins [20] study of Chillagoe and Undara cixiid planthoppers and Slaney and Blair [21]
study of Chillagoe and Undara ectobiid cockroaches. However, the question of which came
first, isolation or cave adaptation, cannot be answered with current methods. Nonetheless,
clear examples of adaptive shifts are known [22] suggesting that cave adaptation comes
first at least in some cases [23].

As demonstrated in the young lava tubes on Hawaii [6,24] the primary habitat for
troglobionts and cave-adapted aquatic species (stygobionts) in basaltic terrains is within
intermediate sized voids (=mesocaverns). Mesocaverns (5–500 mm diameter) are distin-
guished from large-sized caves generally enterable by humans (>500 mm) and fine-grained
interstitial habitats in porous sediments (<5 mm) [25]. Troglobionts occupy accessible
cave-sized passages when environmental conditions are suitable [26]. These animals can
disperse entirely underground throughout basalt flows, and they can potentially disperse
into adjoining flows if there are suitable connecting voids. Since these caves comprise
an interconnected lava tube system without barriers to underground dispersal, the five
tube systems in the Undara Basalt are treated as one integrated cave ecosystem. Since the
pool of potential colonizers is similar throughout the basalt flow, comparisons between
community composition and the physical environment can provide useful insights into
cave ecology.

Since publication of the first hotspot list in 2000, knowledge of global cave biodiversity
has grown substantially, and the number of hotspot caves has more than doubled. However
tropical hotspot caves remain in the minority with only five tropical caves harbouring 20 or
more specialized cave species recognised in the last update [27]. The small representation
of tropical hotspot caves may be partly because many tropical cave regions have not been
adequately investigated and because many species remain undescribed. Additionally,
tropical caves often contain specialized guano fauna (guanobionts) that are only weakly
troglomorphic but still not known outside caves [19,28].

With publication of this special issue featuring world hotspots of subterranean biodi-
versity, it is thus timely to update and review the species list for Bayliss Cave and include
the fauna of other cave segments in the Undara lava flow. Several of the cavernicolous
species have been described in the years since the last updates by Stone [29] and Clarke [30].
The current state of knowledge on the geology, ecology, physical environment, and natural
history of the subterranean animals in the Undara caves is the focus of this review. We
briefly mention other biodiversity hotspots in Australia to place Undara in context and
discuss the challenge of classifying cavernicoles in the face of limited taxonomic and eco-
logical knowledge. We hope this paper stimulates renewed field sampling and taxonomic
interest in Undara’s remarkable tropical lava tube system.

2. Materials and Methods

The taxonomic impediment is a global problem exacerbated by reduced funding for
systematic research, the ‘orphaning’ of taxa by retirement and passing of experts, and
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the increasing complexity of the discipline as new species must be compared with an
increasing number of related taxa. Fontaine et al. [31] determined that the average delay
between collection and description of a new species was over two decades, and that the
time was further increased when the new species occurred in species-rich areas, and for
poorly known taxa lacking a recent revision. These universal limitations mean that many
Undara cave species have not been identified to species level and numerous putative new
species await formal description.

The updated species list was compiled from the published literature and registered
specimen databases of the Queensland Museum (QM) and Australian Museum (AM).
In some cases, undescribed taxa reported in earlier collection lists could not be located
in museum databases, probably because a substantial portion of cave collections made
from Undara caves remain unsorted and unregistered. Portions of the (registered) Undara
cave collections remain on loan to the BP Bishop Museum (BPBM), Hawaii, or have been
loaned to taxonomists pending description. Taxa collected by Clarke [30] are deposited
at various institutions including QM, AM, Australian National Insect Collection (ANIC),
Tasmanian Museum and Art Gallery (TMAG) and the Northern Territory Museum and Art
Gallery (NTMAG). Taxonomists holding material were contacted for information about the
taxonomic and ecological status of taxa. Data on other subterranean hotspots in Australia
were sourced from the published literature, unpublished consultancy reports and collection
records (SE). Other collectors [32–35] list additional unidentified taxa in groups represented
in our lists. Without inspecting voucher specimens, it is not possible to determine whether
the taxon is already listed; therefore, the conservative option is to exclude these records
from the list.

Determining whether a species is a troglobiont, exclusively restricted to caves and as-
sociated mesocaverns, rather than a soil or surface inhabitant is often problematic especially
in poorly known groups and in groups that possess troglomorphic characters but are not
confined to caves. To help discriminate true troglobionts from troglomorphic troglophiles
and edaphophiles we also relied on field observations of behavior as well as morphol-
ogy [36]. That is, in addition to reduced pigment, eyes and wings, elongated appendages,
and sometimes a larger size compared to their soil or surface relatives, troglobionts gener-
ally exhibit no response to light and move comparatively slowly even when disturbed. For
example, all polydesmid millipedes lack eyes, and many species occur in both caves and
cryptic surface habitats. Surface dwelling polydesmids that have been studied can detect
light and respond by moving into dark refuges when exposed to light [37]. Although not
studied experimentally, cave-restricted polydesmids, including the pale-coloured species
we observed at Undara, usually do not respond to light and move slowly.

Oxygen and carbon dioxide concentrations (as volume percentage) were measured
15 cm above the cave floor using a Draeger Multi Gas Detector with oxygen (5%/B) and
carbon dioxide (0.1%/a) tubes, respectively. A few additional readings using appropriate
Draeger tubes were made to test for the presence of carbon monoxide, ammonia and
methane; the results were negative. Generally, two readings for carbon dioxide were taken
at selected locations within each zone and corrected for barometric pressure (96.4–96.5 kPa)
measured with a Thommen no. 2000 (5000 m) altimeter. Temperature and relative humidity
were measured 15 cm and 2 m above the cave floor as noted using a battery-powered
Bendix aspirating psychrometer. The psychrometer was accurate up to 95% RH, and the
presence and thickness of fog was used to indicate higher humidity levels.

3. Geology, Geomorphology, Hydrology

‘Undara’ is an Aboriginal word meaning ‘long way’. The extensive lava tube system
that developed in the Undara Basalt flow is one of several basalt flows making up the
McBride Volcanic Province. The province is situated on the Atherton Tableland approxi-
mately 200 km southwest of Cairns in tropical northeast Queensland. It comprises a broad
topographic dome roughly 100 km in diameter, which reaches an elevation of around
1020 m descending to its margins at approximately 400 m above sea level. The dome
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is believed to have been built over a period of 10 million years by multiple lava flows
from more than 160 vents [38] (Figure 1). Much of the basalt dome is devoid of surface
watercourses. The high porosity of basalt facilitates rapid infiltration of surface water to
groundwater drainages that largely correspond to now buried drainages incised in the
underlying granites prior to volcanism [35]. Swampy resurgences occur at the margins
where the original watercourses have been filled with basalt. Some lava tubes contain
temporary or permanent perched lakes which are fed by diffuse infiltration and local
surface runoff into entrances during the wet season.

Figure 1. McBride Volcanic Province showing recent (<1 my) lava flows. Map adapted from Pear-
son [35] with permission from Chillagoe Caving Club. Geology boundaries from Queensland
Government 1:250,000 Geological Series.

The Undara Basalt is the third youngest flow (~190,000 years, ka) [39,40], covering
1374 km2. It is the most extensive of the recent (<1 million years, ma) basalt flows in
the province. Lava flowed radially outwards from the Undara Volcano. The lava was
distributed down slope by three major, and two minor, lava tube systems. The largest
system is the north-western flow, which extends 176 km from the crater [35,41].

Sixty-seven arches and caves with a combined mapped length of 6.38 km are recorded,
with the majority (70%) found in the north-western (NW) tube system, all of which occur
within 32 km of the crater (Figure 2). The caves and arches are humanly accessible segments
of the subsurface tube system, created where the roof of the tube collapsed to form an
entrance. Additional caves certainly exist but are difficult to locate over the rough untracked
terrain. Most of the known caves are relatively short segments of breached lava tube less
than 100 m long, and the longest segment is Bayliss Cave at 1300 m. The original lava floor
is rarely visible, only occurring as small patches in a few caves.

Other lava tube caves are developed in adjacent Murronga, Kinrara and Silent Hill
Basalts (Figure 1), however only cave segments in Murronga and Silent Hill lava flows
have been sampled for cave fauna (Table 1). These neighbouring lava flows and lava tube
cave systems are important for understanding relationships between taxa and tube systems.
Sampling in Murronga and Silent Hill systems has identified locally endemic troglobiont
species, as well as troglobionts whose distribution range encompasses caves in the Undara
Basalt tube system. As envisioned for Hawaiian cave animals [25], the cave-adapted fauna
in Undara caves, may have colonised mesovoids and caves within the Undara flow from
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neighbouring older flows. Thus, the age of the Undara lava tube system may not indicate a
maximum age of cave adaptation [42].

 
Figure 2. Lava tube systems and caves in the Undara Basalt flow. Bayliss Cave and other major cave
segments are labelled. Map adapted from Pearson [35] with permission from Chillagoe Caving Club.
Geology boundaries from Queensland Government 1:250,000 Geological Series.

Lava tubes at Undara and other McBride flows formed in pāhoehoe basalt [43].
Pāhoehoe lava has a relatively low viscosity and flows like a river. These lava rivers
crust over insulating the interior and transporting the fluid lava many kilometres downs-
lope. These flows respond to changes in the eruption rate, composition of lava, slope, and
condition of the land surface; therefore, cave formation is dynamic [44]. Overflows, from
breaks in the forming roof, release lava over the cooling lava; thus, strengthening the roof
downslope. These overflows build flow on flow, layer on layer [45]. These layers poorly
fuse to the cooled, older surfaces so that there are numerous gaps preserved between each
flow unit. Escaping gas can inflate voids within the flow and additional voids and cave-like
spaces within the lava can be created by tree moulds, earthquakes, and cooling cracks.
Furthermore, sections of older lava tubes are buried as the eruption continues. In this way,
basaltic lava flows can cover large areas and create extensive and abundant underground
habitats throughout young pāhoehoe flows [6].

Subterranean habitats in basalt are potentially as deep as the thickness of the basalt
flow. Tube-fed lava flows are thicker near the vent and thin as they flow downslope. For the
Undara lava flow, the minimum thickness of the habitat is indicated by the exposed lava
at the base of Undara Crater, which is 50 to 60 m deep [46]. However, the actual depth of
the basalt at the crater rim is likely to be much deeper. The rim of Undara Crater is 1020 m
above sea level, and, at a 40-km long lava ridge (‘The Wall’) beginning 60 km downslope
from the vent, the elevation is approximately 600 m suggesting that the basalt thickness
near the rim might be 400 m. Geological drilling at “The Wall” found the thickness of basalt
to be about 40 m [47]. However, the thickness at the crater may be less than 400 m since
uplift of the underlying granitic inlier could affect the height of the basalt dome [46,48].
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Table 1. McBride Province basalt flows (youngest to oldest) and a synopsis of their recorded lava tube systems and caves
(where known) including caves which have been sampled for fauna. Geological information from [35,38,40] and 40Ar/39Ar
ages (ka/ma) from [39]; biological information compiled from [1,29,30,32–34].

Basalt Flows (40Ar/39Ar Age,
ka/ma)

Lava Tube Systems
(Length)/Number of

Known Caves

Sampled Caves by Tube System
from Crater

Remarks

Kinrara (40Ar/39Ar
Age 7 ± 2 ka, 2σ) 2 tube systems, 11 caves/arches none

Approximately 25 km SE Undara
crater, potentially important

for biology.

Murronga (40Ar/39Ar
Age 153 ± 5 ka, 2σ)

2 tubes, 12 caves with combined
survey length of 1.2 km

Collins No. 1, Collins No. 2, Two
Ten, Long Shot

Approximately 15 km S of Undara
Crater, potentially important for

biology. Major caves with
significant fauna.

Undara (40Ar/39Ar
Age 189 ± 4 ka, 2σ)

5 tube systems,
~67 caves/arches with

combined survey length of
6.38 km

N-NE system: Hot Hole,
Wishing Well.

N system: Stephens
NW system: 10 caves.

W system: none
E system: none

Other: Secret No. 1 and 2

Fauna collection records obtained
from 17 caves, all except

3 sampled caves occur in NW
system. 70% of known caves
occur in the NW tube system.

Racecourse
~0.20 ma 1 tube, 4 caves None sampled Caves reported in Pearson [35],

not sampled.

Boomerang
~0.23 ma None recorded - -

Razorback
<0.27 ma None recorded - -

Silent Hill
~0.37 ma 1 tube system, 1 cave Kenny Cave SH-1

Located within 3 km of Undara
NW tube system, potentially

important for biology.

Mount Joy < 0.40 ma None recorded - -

Middle Mountain
~0.89 ma None recorded - -

Older basalt
< 3.00 ma None recorded - -

4. Environment

4.1. Surface

The climate is monsoonal, characterised by hot humid summers and warm dry winters.
Mean annual maximum temperature (at Mount Surprise) is 31.1 ◦C and mean annual
minimum 16.1 ◦C. Mean annual rainfall is 793 mm, which falls mostly during the hotter
months from November to March [49]. Rainfall sinks rapidly underground through cracks
in the porous basalt. The soil layer is thin since developing soil is washed or subsides
underground with rain and gravity, where it forms thick deposits on the floor of the caves.
Leaflitter is rare in most Undara lava tubes, except in a few twilight zones of caves with
large, exposed entrances such as Road Cave and Barkers Cave.

The surface vegetation is a dry savannah woodland, with widely spaced Eucalytpus
trees and grassland understory (Figure 3). In stark contrast to the savannah are conspicuous
patches of dark-green vine-thicket growing in larger depressions and collapsed caves
(Figure 3). The vine-thicket is thought to be a remnant of a once more widespread vegetation
type with strong Gondwana affinities. These botanical ‘islands’ generally mark the course
of the major lava tubes that fed the advancing lava; some are drained lava lakes.

4.2. Underground

Globally, terrestrial cave habitats are zonal with three main zones defined by the
amount of light: entrance zone, twilight zone, and dark zone. The dark zone can be
further divided into two or three subzones: transition zone where diurnal and weather
events on the surface affect the moisture, temperature, and airflow and deep zone where
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the environment is buffered from events on the surface and characterized by calm and
water-saturated atmosphere. A few researchers recognize a stagnant air zone in which
the environment is even more stable than in the deep zone [6,26]. The extent of each zone
depends on the length and shape of the entrance(s) and passage configurations.

At Undara, CO2 accumulates in deeper portions of most sampled caves, usually at
low (<2%) but detectable levels. However, in both Bayliss Cave and Nasty Cave, CO2
concentration approaches 6% by volume. The troglobiont species are characteristically
found only in the deep and stagnant air zones. The Undara caves vary in size and shape
as well as in the amount of moisture, carbon dioxide, and type and quality of nutrients
present. Thus, each cave comprises a different mix of environmental variables which in
turn favour differing communities of cavernicoles.

 
Figure 3. Oblique view looking East showing Undara Crater in the upper right corner and the
entrance to Taylor Cave about one kilometre downslope (arrowed). Contrasting with the surrounding
dry savanna woodland, the conspicuous ribbon of dark-green ‘islands’ are remnant vine-thicket
vegetation growing in depressions and collapsed caves and revealing the course of the lava tube
system. Picture from Google Earth. Scale not shown in this oblique view since apparent distances
will vary depending on position.

5. Results

5.1. Overview of Invertebrate Sampling in the Undara Basalt Lava Tube Systems

1. Records were found for biological inventories in 17 cave segments: 14 in the northwest
tube system and three in the northern and north-northeast tube systems (Table 2).
Biological surveys have been conducted in a few additional caves [29,30], but the
results are unpublished.

2. Minimally 78 species of arthropods have been recorded from Undara Basalt lava
tubes, along with a cavernicolous fern (Psilotum sp.) and four bat genera (Hipposideros,
Miniopterus, Rhinolophus, Vespadelus).

3. Of the arthropods: 16 (21%) have been taxonomically described; 30 (39%) identified
to genus and/or morpho-species; and 32 (40%) remain unidentified to species or
genus level.

4. Seven caves harboured obligate subterranean species; all these caves contained deep
zone environments with high humidity, of which three also contained bad air (CO2).

5. Overall, 30 troglobionts and one stygobiont species were recorded in the Undara
Basalt Flow (Table 3). Bayliss Cave harboured the most obligate subterranean species:
23 troglobionts and one stygobiont.
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6. Twenty-two species of arthropods and one plant are classified as troglophiles, being
native cavernicoles capable of living their entire life cycle underground but popula-
tions of the same species may also be found in surface habitats
(Table S1) [2,21,30,32,50–54]. Some of these may prove to be troglobionts once more
is known of their biology.

7. Twenty-five species of arthropods are classified as ‘visitors’ (Table S2) [2,30,35,55,56].
Some habitually use caves for shelter or to find food (=trogloxenes). Others oc-
casionally enter caves for shelter, and some wander or fall into caves accidentally
(=‘incidental’ or ‘accidental’ cavernicoles). In addition, unidentified mites (Arachnida:
Acari) have been reported from most surveyed caves. Many are associated with
guano, and a few are parasites of other cavernicoles including bats; however, because
both the identity and ecological status of the mites recorded from Undara caves are
unknown, they are not enumerated further in Table S2.

8. Besides Bayliss, the other caves with a high diversity of troglobionts are Nasty Cave
(eight species) and Barkers Cave (seven species), which are located, respectively, 3 km
and 3.7 km downflow of Bayliss (Figure 4).

Table 2. Named lava tube segments within the Undara Lava Flow from which cavernicoles have been reported, arranged
by tube system, from upslope to downslope. * Indicates cave identification number, Australian Speleological Federation.
See also Figure 2.

Tube System
Cave Name

(No. *)
Length Elevation Environment Fauna

Northwest Michael’s (no #) 15 m 975 m All twilight Twilight zone fauna

Northwest Taylor (U-4) 108 m 950 m Deep Zone A few troglobionts, bats

Northwest Pinwell (U-17) 150 m 850 m Deep Zone A few troglobionts, bats

Northwest Wind tunnel (U-42) 293 m 800 m Two entrances,
limited deep zone

A few possible
troglobionts, bats

Northwest Lost World (U-37) 74 m 775 m
Two entrances,
well-ventilated,
transition zone

Blattodea: Macropanesthia
rhinoceros, bats

Northwest Picnic (U-24; U-25) ~450 m 740 m
Permanent pool,

sump, humid,
deep zone

Unidentified moths,
isopods, beetles, crickets,

spiders, bats

Northwest Daves (upflow)
(U-26)) 50 m 730 m Limited dark zone

Lepidoptera: Euploia sp.
aff. core; unid. spider,

phalangid, moths, beetles,
bugs, cockroaches, ants,

wasps, bats

Northwest Daves II (U-27) 27 m 730 m Limited dark zone

Lepidoptera: Euploia sp.
aff. core; unid. spider,

phalangid, moths, beetles,
bugs, cockroaches, ants,

wasps, bats

Northwest Road (U-28) 220 m 700 m Mostly twilight,
intermittent stream

Stygobiont Amphipoda:
Chillagoe sp.; many surface

arthropods in leaflitter

Northwest Bayliss (U-30) 1300 m 700 m Hot humid bad air 23 troglobionts, one
stygobiont, bats

Northwest Nasty (U-46) 127 m 670 m Hot, humid,
bad air 8 troglobionts, bats

Northwest Darcy (U-31) 99 m 670 m Limited deep,
elevated CO2

trogloxenes and
accidentals, bats

Northwest Barkers (U-34) 560+ m 625 m Deep zone,
Lake at end 7 troglobionts, bats
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Table 2. Cont.

Tube System
Cave Name

(No. *)
Length Elevation Environment Fauna

Tributary of
Northwest

Secret Cave No. 1
(U-67) 150 m ~825 m Deep zone Blind cockroaches

North-NE
Stephens

(=Stevens) Cave
(U-16)

70 m 880 m Mostly transition
zone

Troglophilic cockroach,
bats

Northern Hot Hole (U-51) 172 m ~760 m Warm, bad air,
deep guano

Unid. spider, troglophilic
cockroach, bats

Northern Wishing Well
(U-52) 104 m ~750 m Humid, bad air Unid. spider, troglophilic

cockroach, slater, bats

Table 3. List of obligate cave species recorded from the Undara lava tube system. Troglobionts (TB), stygobionts (SB). *
Indicates cave identification number, Australian Speleological Federation (ASF). Refer to Supplementary Materials for a list
of troglophiles (Table S1) and trogloxenes, accidentals (Table S2).

# SB/TB Species Taxonomic Classification Caves * References

1 SB Chillagoe n. sp. Crustacea: Amphipoda:
Chillagoeidae U-28; U-30 [57]

2 TB Unidentified genus and species 1 Crustacea: Isopoda:
Porcellionidae U-30; U-17 [2]

3 TB Unidentified genus and species 2 Crustacea: Isopoda:
Porcellionidae U-30; U-17 [2]

4 TB Unidentified genus and
species 3 (eyeless) Crustacea: Isopoda: Oniscoidea U-34 [30]

5 TB Unidentified genus and
species 1, juvenile

Arachnida: Schizomida:
Hubbardiidae U-34 [58]

6 TB Protochelifer sp. nr.
cavernarum Beier

Arachnida: Pseudoscorpionida:
Cheliferidae U-42; U-17 [30,59]

7 TB Amauropelma undara Raven et al. Arachnida: Araneae: Ctenidae U-30; U-46 [60]

8 TB Unidentified genus and species 1 Arachnida: Araneae: Linyphiidae U-30 [2]

9 TB Nesticella sp. 1 Arachnida: Araneae: Nesticidae U-30 [61]

10 TB Unidentified genus and species Arachnida: Araneae: Oonopidae U-30 [1]

11 TB Spermophora sp. 1 Arachnida: Araneae: Pholcidae U-30 [62] (p. 239); [2]

12 TB Spermophora sp. 2 Arachnida: Araneae: Pholcidae U-34 [30,63]

13 TB Dolomedes sp. 1 Arachnida: Araneae: Pisauridae U-34 [30]

14 TB Nosterella cavicola Baehr
and Jocqué. Arachnida: Araneae: Zodariidae U-30; U-46 [64]

15 TB New genus and species Chilopoda: Scutigeromorpha:
Scutigeridae U-30; U-34; U-46 [2]

16 TB Unidentified genus and species Diplopoda: Spirostreptida U-30; U-46; U-34 [2]

17 TB Unidentified genus and species 1 Diplopoda: Polydesmida U-30 [2]

18 TB Unidentified genus and species 2 Diplopoda: Polydesmida U-30 [2]

19 TB Unidentified genus and species 1 Diplopoda: Polyxenida U-30; U-46 [2]

20 TB Pseudosinella sp. 1 Collembola: Entomobryidae U-30; U-34 [2]
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Table 3. Cont.

# SB/TB Species Taxonomic Classification Caves * References

21 TB Unidentified genus and species Collembola: U-30; U-46 [2]

22 TB Neotemnopteryx baylissensis Slaney Insecta: Blattodea: Ectobiidae U-30; SH-1 [65]

23 TB Nocticola sp. 1 Insecta: Blattodea: Nocticolidae U-30; U-46; U-17 [66]

24 TB New genus and species 1
Insecta: Coleoptera:

Curculionidae:
Entiminae

U-30 [67]

25 TB New genus and species 2
Insecta: Coleoptera:

Curculionidae:
Entiminae

U-4 [67]

26 TB Unidentified genus and species Insecta: Coleoptera: Pselaphinae U-30 [2]

27 TB Unidentified genus and species Insecta: Coleoptera:
Staphylinidae U-30; U-34 [2]

28 TB Unidentified genus and species Insecta: Diplura U-30 [2]

29 TB Solonaima baylissa Hoch
and Howarth

Insecta: Auchenorrhyncha:
Cixiidae U-30; U-46 [68]

30 TB Micropolytoxus cavicolus Malipatil
and Howarth Insecta: Heteroptera: Reduviidae U-30; U-34 [42]

31 TB Peirates sp. 1 Insecta: Heteroptera: Reduviidae U-30 [2]

Figure 4. Aerial photograph showing cave entrances and major cave outlines in the north-western
tube system at 23.5 to 31.5 km from Undara Crater. This 8 km section contains the two longest
mapped tube segments in the Undara Flow, Bayliss Cave and Barkers Cave, and other biologically
important segments including Nasty Cave and Road Cave (refer Table 2).
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5.2. Bayliss Cave Environment

Bayliss Cave is by far the most biodiverse lava tube segment in the Undara lava
flow. Therefore, we describe the cave and its environment to help understand the factors
contributing to its richness. With a length of 1300 m Bayliss Cave is the longest mapped
lava tube in Australia. It is entered through a narrow entrance crawlway about eight metres
long and less than one metre in diameter, which opens into the main lava tube at the top of a
10 m high talus slope. From the base of the talus slope the tube descends gently downslope
for 950 m to a low crawlway, only accessible when the CO2 concentration is low, that
extends the cave 350 m to a mud blockage. The average tube width and height is 8 × 5 m
(maximum 25 × 11.5 m) [2,35]. The single small entrance limits air circulation and helps to
maintain the high internal humidity which is sustained by condensation, infiltrating drip
water, and small vadose seepages. Cave environment zones are well distinguished. The
entrance zone is reduced owing to the small dimensions of the opening, and the twilight
zone is limited to the eight-metre crawlway and top of the talus slope. The transition zone
extends from the talus slope to the “Duck-Under”, a low passage one to two metres high
about 350 m into the cave; the deep and stagnant air zones are beyond the Duck-Under.
The transition zone experiences the tropical winter effect, which is caused by cool, dry
air entering the cave at night [69], and except for scattered ceiling drips, the floor in the
transition zone is usually dry clay with a thin caliche crust. Beyond the Duck-Under, the
floor is covered with moist to wet clayey soil and thin accumulations of bat guano. Thick
‘curtains’ of tree roots penetrate the ceiling to the floor especially beyond the Duck-Under
(Figure 5).

 

Figure 5. Root ‘curtains’ of Eucalyptus penetrate from ceiling to floor in the deep zone about 100 m
beyond the Duck-Under. Photograph by F.G. Howarth.

Savannah woodland overlies almost all the mapped cave passage, except the entrance
depression and a 200 m section near the end, where the tube skirts the margin of a surface
depression with vine thicket (Figure 4). The seasonally xeric environment and thin, poor
soils force Eucalyptus woodland trees to send massive roots deep underground to obtain
sufficient moisture and nutrients. The wide spacing (~9 m apart) of trees in the savannah
suggests that all the root masses visible in Figure 5 connect to only one or perhaps up to
three trees. Elsewhere in Australia, Eucalyptus spp. are renowned for their deeply penetrat-
ing root systems which may penetrate up to 70 m below the surface to tap groundwater in
caves [70,71].
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Between 14–15 June 1985, environmental parameters (temperature, relative humidity,
carbon dioxide, oxygen), were measured at five stations located progressively deeper
inside Bayliss Cave (Figure 6a,b). The atmosphere beyond the Duck-Under was foggy
with water vapor condensing on surfaces; RH ranged from 98% to >100% (Figure 6a).
The downward sloping tunnel accumulates carbon dioxide, which is denser than air. The
concentration of CO2 increased from about 1% at the Duck-Under to 6% by volume below
The Wall > 650 m from the entrance (Figure 6b). Concomitantly oxygen concentrations
decreased, indicating a biogenic origin of CO2. Potential sources of CO2 include respiration
of tree roots, bats, invertebrates, and microorganisms. Oxygen concentration increased
unexpectedly at 450 m from the entrance before decreasing again at 650 m, in parallel with
increasing CO2. The cause of the anomalous oxygen level is unknown, but this area had
the highest concentration of root curtains.

The amount of moisture and CO2 in Bayliss Cave and other Undara caves varies with
the seasons and major climatic events as evidenced by the data in Table S3. Although the
environmental zones in Bayliss Cave are well constrained by passage shape and length,
severe floods and prolonged droughts occasionally destabilize the zones in the cave. For
example, on 31 May 1986, high water marks were noted at 2 and 2.4 m above the floor
in the transition zone, which indicated that at least part of the cave occasionally floods.
Additionally, the caliche surface crusts characteristically form where the soil is alternately
wetted then dried such as in desert regions.

In other less extensive caves with more open entrances, e.g., Barkers and Pinwill, the
zones are more seasonally dynamic, with the boundary of the deep zone moving closer
to the entrance during the warmer wet periods and retreating during cold spells. The
dynamic nature of the cave environment was observed in Nasty Cave between 29 and
30 May 1986. The entrance to Nasty is a narrow vertical crevice about 0.75 m wide, 3 m
long and 3–4 m deep. A horizontal crawlway less than one metre high at the bottom of
the crevice leads into the cave. A large boulder lies across the top of the crevice and blocks
access. On 29 May, one edge of the rock was raised and tied in place to gain access and
conduct an environmental survey. On 29 May, the cave was mostly in the deep-stagnant
air zone, and the arthropod fauna was relatively diverse and abundant. During the repeat
survey conducted one day later, far fewer animals were observed, and the troglobiontic
Nocticola and polyxenid millipedes had disappeared. The cave air had become fresher from
a change in weather and increased ventilation after enlarging of the entrance. The night of
28–29 May was cloudy and relatively warm; whereas the next was clear and cold, which
resulted in a significant ‘winter’ effect; CO2 levels near the inner end of the cave dropped
from 5.1% to 3.4% (Table S3). The boulder was replaced across the entrance at the end of
the survey.

5.3. Bayliss Cave Invertebrate Fauna Distribution

A survey of arthropod diversity was undertaken at the same time and stations as the
environmental parameters in June 1985. The survey documented 46 species of arthropods
and inferred their ecological status [1,2] (Figure 6c above). Combined with subsequent
sampling, 50 arthropod species and one plant are currently recorded from Bayliss Cave,
including 24 troglobionts and one stygobiont (Table 3); 16 inferred troglophiles (Table S1),
some of which may be troglobionts when more is known of their biology; and ten cave
visitors including trogloxenes, accidentals (Table S2).

In the 1985 survey, all species of terrestrial troglobionts were found beyond the Duck-
Under in conditions of >98% RH and elevated CO2, and only a few individuals of eight
of these species were also found in moist areas and drip holes in the transition zone
(Figure 6c) [2]. The stygobiontic amphipod was found among tree root mats growing in
the intermittent stream near the bottom of the entrance slope. A total of 24 arthropod
species were recorded from the talus slope to the Duck-Under, of which about 33% were
troglobionts; 50% were troglophiles; and 17% were trogloxenes. Thirty species were
found from the Duck-Under to The Wall, of which about 67% were troglobionts; 23%
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were troglophiles; and 10% were trogloxenes. From The Wall to the crawlway, there were
28 species, of which about 68% were troglobionts; 18% were troglophiles; and 14% were
trogloxenes (Figure 6c). Since some species were found in more than one station, the
number of observations exceeded the number of species (i.e., 82 observations of 46 species).

Figure 6. Environment and arthropod distribution in Bayliss Cave plots measured 14–15 June 1985 at
progressively greater distances from the entrance: (a) temperature and relative humidity; (b) oxygen
and carbon dioxide; (c) abundance of trogloxenes, troglophiles, partially troglomorphic and highly
troglomorphic at the numbered positions in (d) map profile view with sampling stations numbered:
1—near entrance, 2—before the Duck-Under, 3—beyond the Duck-Under, 4—The Wall, 5—beyond
The Wall. After [2], reproduced with author permission.
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In addition to the animals (Figure 7), a primitive plant grows in the high CO2 portion
of Bayliss Cave (Figure 7). The plant is a whisk fern (Psilotales: Psilotum species) [72]. It is
a saprophyte obtaining nutrients from the substrate. Whisk ferns are widespread in the
tropics but rarely reported from caves. A different species of Psilotum also occurs in lava
tubes on Maui and Hawaii islands.

  
(a) (b) 

  
(c) (d) 

 
(e) (f) 

  
(g) (h) 

Figure 7. Cont.

132



Diversity 2021, 13, 326

 
(i) (j) 

  
(k) (l) 

Figure 7. Bayliss Cave troglobionts and subterranean plant: (a) scutigeromorph centipede, photo F.G.
Howarth; (b) Millipedes on bait, photo F.G. Howarth; (c) ectobiid cockroach Neotemnopteryx baylis-
sensis Slaney, 2000, photo G. Thompson, Queensland Museum; (d) nocticolid cockroach Nocticola sp.
1, photo G. Smith; (e) cixiid planthopper Solonaima baylissa Hoch and Howarth, 1989, photo H. Reimer;
(f) whisk fern, Psilotum sp. photo F.G. Howarth. (g) reduviid Peirates sp. preying on cockroach,
N. baylissensis, photo F.G. Howarth; (h) atelurine silverfish, Pseudogastrotheus undarae Smith, 2016,
photo G. Smith; (i) Bayliss Cave isopod, cf. Porcellionidae, photo J. Sydney; (j) Pinwill Cave isopod,
photo J. Sydney; (k) pseudoscorpion, Protochelifer sp. nr. cavernarum Beier, 1967, photo A. Clarke;
(l) Erebid moth, cf. Schrankia sp. adult with cocoon on tree root, photo G. Smith.

5.4. Notable Cave Species
5.4.1. Aquatic Fauna

Only one species of stygobiont is known from Undara: a blind amphipod (cf. Chillagoe sp.)
from Road and Bayliss Caves. The nominate species, Chillagoe thea Barnard and Williams,
1995 was described from Chillagoe caves located 110 km north from Undara. An additional
undescribed amphipod in the same genus is recorded from Camooweal caves, 600 km to the
west [70].

5.4.2. Terrestrial Fauna

Spiders are well represented with at least six troglobiontic species known and several
others that remain unidentified. A large eyeless ctenid, Amauropelma undara Raven and
Gray 2001 and a tiny eyeless unidentified oonopid do not build webs but are a ‘sit and wait’
ambush predators. The blind zodariid spider, Nosterella cavicola, is also an ambush predator
but females hunt from holes with raised turrets constructed in mud. An unidentified
linyphiid builds intricate horizontal sheet webs across cracks and drip holes and hangs
under the sheet and safely captures prey falling or landing on the sheet. A scaffold web
spider, Nesticella species, builds tangled webs over drip holes, and prey become tangled in
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the loose strands of silk. Two species of long-legged spiders, Spermophora species 1 and
2, build loose webs on walls and in drip holes. Their webs act as tripwires and when
alerted, the spider throws additional silk to envelope prey. Pisaurids are hunting spiders
that prey on aquatic animals. Little has been reported on the status of the Dolomedes species
1 found near the lake in Barkers Cave. One potential troglobiont arachnid in Barkers Cave,
a schizomid, was not detected in Bayliss.

One of the most remarkable troglobionts is the large scutigerid centipede. Troglophilic
and epigean species of these long-legged centipedes escape threats and overtake prey by
running extremely fast; whereas the Undara cave species (Figure 7) walks slowly (several
seconds to move one body length) even when disturbed. With a body length of around
seven centimetres, it is one of the largest terrestrial troglobionts known.

Two blind cockroaches live within Undara lava: the ectobiid, Neotemnopteryx baylissensis
Slaney, 2000 and the nocticolid, Nocticola sp. 1 (Figure 7). Other species of Neotemnopteryx
and Nocticola are recorded from other caves and tube systems in the McBride Volcanics,
namely Neotemnopteryx undarensis Slaney, 2000 from the Hot Hole and Wishing Well in the
northern tube system, and Nocticola sp. 2 from the Murronga flow. Two other ectobiid
cockroaches are classified as troglophiles, Paratemnopteryx stonei Roth, 1990 in Bayliss and
Barkers Caves, and Paratemnopteryx howarthi Roth, 1990 in Nasty Cave (Table S1).

At least four species of cave-adapted beetles are known. At time of writing the
staphylinid and pselaphine have not been described; and descriptions of the two wee-
vils, Curculionidae, are in preparation [67]. These unusual, long-legged and eyeless
weevils are the first cave-adapted weevils to be described in Australia, while other unde-
scribed subterranean Curculionidae and Pselaphinae are known from iron-ore terrains in
Western Australia.

The most studied cave invertebrates at Undara (and Chillagoe) are multiple species
of planthopper bugs in the family Cixiidae. Six species in the genus Solonaima exhibit
varying degrees of cave adaptation, from epigean to troglophilic and fully troglobiontic
species. At Chillagoe, two troglophilic species were generally found in the most open
caves, the two moderately troglomorphic species were found in deeper caves, and the
most highly modified—completely eyeless, colourless and nearly completely wingless—
species, Solonaima baylissa Hoch and Howarth, 1989 (Figure 7) is restricted to humid cave
passages with high CO2 levels in Bayliss and Nasty caves. A second cixiid species, Undarana
rosella Hoch and Howarth, 1989, is found closer towards the entrance in Bayliss Cave and is
considered troglophilic. Nymphs of cixiids drill into tree roots and suck xylem sap, which is
a dilute, nutrient-poor food, unlike phloem sap. Two other hemipteran bugs are predatory
assassin bugs (Reduviidae); the smaller species is Micropolytoxus cavicolus Malipatil and
Howarth, 1990, and the larger one is an undescribed species of Peirates (Figure 7). Both
reduviid species have reduced eyes and do not respond to light; they also have reduced
hemelytra, lack hind wings, and like other troglobionts, they move slowly.

Moths are often missed in biological surveys of caves, partly because it is difficult to
collect specimens suitable for identification and because cave biologists often assume that
lepidopterans use caves only for temporary refuge. However, at least two species of moths
have troglomorphic populations that are restricted to caves: a tineid in the Philippines
and an erebid, Schrankia, in Hawaii [73], while the tineid Monopis is a common guanophile
in many Australian caves. Erebid larvae, pupae and adults found living on tree roots in
Undara caves were tentatively identified as a species of Schrankia (Figure 7). We encourage
biologists to include moths and similarly overlooked ‘orphan’ taxa in surveys. Additional
cavernicolous moths are predicted to occur in tropical caves.

In the Murronga Basalt flow, situated about 15 km south of Undara crater, Long Shot
Cave is the most diverse with at least four, possibly six, troglobionts. It is worth noting that
the Murronga caves harbour troglobionts and undescribed potential troglobionts that are:
(1) the same morphological species is found in both Murronga and Undara caves, namely
Solonaima baylissa; (2) distinct congeneric species are found in the Murronga and Undara
flows, namely the cockroach, Nocticola species; and (3) belong to taxa not detected in Undara
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caves, namely phalangid harvestman, Zalmoxis lavacavernae Hunt, 1993; the emesine bugs,
Ploiaria spp. The range of the troglobiontic cockroach Neotemnopteryx baylissensis spans the
Undara and Silent Hill Basalt flows.

6. Discussion

6.1. The Challenge of Classifying Cavernicoles

As Pipan et al. [28] summarised, considerable confusion exists in the literature about
the terms troglobiont and stygobiont—which should be used only for species unable to
survive in surface habitats, irrespective of their morphology—and troglomorph, species
with reduced eyes and pigment and elongated appendages. The latter are not necessarily
restricted to caves, while some species without conspicuous troglomorphic features are
only found in caves and other subterranean habitats [27].

In many cases, the assignment of ecological category, especially between troglobiont
versus non-troglobiont, is fraught with uncertainty because the ecology of many species
is so poorly known. The dilemma is especially acute among groups displaying slight
troglomorphy or belonging to groups that are primitively troglomorphic, such as silverfish.
Two species of nicoletiid silverfish that are recorded from Undara caves illustrate this
difficulty. Metrinura subtropica Smith, 2006 was initially classified as a troglobiont by
Howarth and Stone [2] based on its apparent troglomorphy, behavior, and its collection deep
inside Bayliss Cave. When subsequently describing this species, and another congeneric
species collected on the surface at Undara, Smith [52] noted that appendage lengths and
sensory appendages of M. subtropica were within the normal range for the genus, and
therefore, he considered that this species may be a troglophile. In contrast, members of
the subfamily Atelurinae are generally found living as specialised inquilines of ants or
termites, and Howarth and Stone [2] considered Bayliss specimens as a trogloxene since
individuals appeared to be associated with the common ant Paratrechina sp. However,
Smith [53] later found dense populations (about 30 individuals/m2) of Pseudogastrotheus
undarae (Figure 7) deep inside Barkers Cave, in a zone with elevated carbon dioxide and
without any obvious ant or other host present. Other species of Atelurinae have been
collected without any obvious host, in soil and deep drill holes in iron-ore terrains in the
Pilbara and Kimberley [74,75]. The presence of P. undarae deep inside the Undara caves
and without hosts raises the question: Is the species troglobiontic?

While the Schiner–Racovitza system and its various derivative classification schemes
are both useful, and sometimes confusing, the traditional focus of many biospeleologists
on troglobionts and stygobionts, means that much cave biodiversity, biomass, and eco-
logical function, is at risk of being under-recognised, and under-protected. In many cave
ecosystems, most of the biomass and significant species richness, consists of trogloxenes,
troglophiles and guanophiles. For these reasons we have chosen to list all species recorded
from Undara lava caves and infer their ecological status based on expression of troglomor-
phy and behavior, as well as on their distribution in cave and surface collection records.
However, taxonomic knowledge and field survey data in many cases is limited. With this
proviso we caution that future field and taxonomic studies may determine that some taxa
inferred to be troglobionts are in fact not, and vice versa.

Another dilemma facing biologists studying biodiversity is the question: What is a
species? Several examples of the problem occur in this compilation of the Undara cave
fauna. Isolated populations of morphologically similar individuals are often considered
a single widespread species. However, more detailed study including behavior and
molecular data can alter that view. For example, the pseudoscorpion previously known
as Protochelifer cavernarum Beier, 1967 occurs in caves from southwest Australia to north
Queensland, often associated with bat guano. It is recorded from the Undara and Murronga
Basalts, as well as the Chillagoe karst. Subsequently, Moulds et al. [59] studied variation
in DNA sequences of geographically dispersed Australian populations of P. cavernarum
and found significant differences among the populations studied. They concluded that
P. cavernarum was a complex of related locally endemic cave species.
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Similarly, the cockroach, Paratemnopteryx stonei, is reported from Chillagoe and Undara.
In describing the species, Roth [51] noted geographic variation calling the differences
geographical races. Subsequently additional populations were collected from Broken
River and Fanning River Caves. Slaney and Blair [21] analysed morphology and DNA,
which confirmed the geographical differences. Later, Slaney [76] described the Fanning
River population as a distinct species but left the other populations as races pending more
detailed study. Other cavernicoles with geographically isolated populations may also
prove to be complexes of locally endemic species.

6.2. Why Is Bayliss Cave So Rich in Troglobionts?

In terms of its species richness, Bayliss Cave stands out from all other caves in the
Undara Basalt flow, and other flows in the McBride Province. There are two main reasons
for the exceptional local richness in Bayliss Cave. First is size of the deep zone habitat.
Its >550 m of highly suitable habitat is more than three times the size of the deep zone in
the other known caves within the system. Second is the relative abundance and diversity
of energy sources in the deep zone. The principal nutrients are numerous large tree root
curtains, bat guano, and organic material. The latter filters in along roots, through cracks,
or wanders into the cave. There is no leaflitter in Bayliss Cave as the constricted horizontal
entrance limits inputs by gravity or air currents. These two factors, size and energy, allow
colonization by greater numbers and diversity of cave-adapted animals from the pool of
animals living in voids within the lava. The correlation between diversity and available
energy agrees with the conclusions made by Brad et al. [77] in Movile Cave.

Two species of bats, Rhinolophus megaphyllus Gray, 1834 and Miniopterus species,
also roost in the cave. Bats are also commonly found in most other McBride Province
caves, including for example Barkers Cave, which contains many thousands of bats and a
permanent lake to supply humidity. The bats and decomposing bat guano generate CO2.
However, Barkers Cave does not contain the same diversity as Bayliss Cave. This may be
because of its large open entrance and shorter length (560+ m) so that most of the cave is
in the transition zone, and experiences greater fluctuations in temperature and humidity
that are less optimum for troglobionts. Additionally, Barkers Cave does not have such
extensive tree root curtains, the food source for troglobiontic planthoppers, weevils and
possibly other invertebrates.

Based on the discoveries at Undara, Howarth and Stone [2] proposed that passages
with elevated levels of carbon dioxide and high humidity would be found, generally, to
harbour unique communities of obligate cave species, and that these bad air zones may be
the typical habitat present in mesocavernous cracks and voids. Two other lava tubes in the
McBride Province corroborate this thesis. In both Nasty Cave in Undara flows and the Two
Ten/Long Shot cave system in the Murronga Lava Flow, the distribution of troglobionts is
correlated with CO2 concentration [1].

The high-stress environment thesis has been sustained in the literature [19,78,79]
and challenged by Humphreys [80] but never formally tested or refuted. In the years
since the first observations that sparked this thesis were made in Bayliss Cave, several
other karst areas in Australia with high carbon dioxide caves have been searched for
troglobiont communities specifically associated with bad air zones, including: Camooweal
(Queensland), Wellington and Bungonia (New South Wales), Cape Range, Roe Plains,
Nullarbor Plain and Margaret River (Western Australia). Generally, bad air zones were
observed to harbour troglobiont communities that were not noticeably richer or different
to other deep zone habitats without bad air (S. Eberhard unpublished observations). On
the Roe Plains and Nullarbor Plain, the bad air zones coincided exactly with deep zone
humidity thus precluding disentanglement of these two variables by field observation.
Additional research is required to resolve these conflicting observations on the role of
carbon dioxide and other stressors on the biodiversity of caves.
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6.3. Comparison with Other Subterranean Hotspots in Australia

Since the initial exciting discoveries made in Bayliss Cave more than 35 years ago, a
great deal of research has been undertaken in other parts of Australia, especially in Western
Australia where remarkably diverse stygobiont and troglobiont faunas have been revealed
in arid and semi-arid zone limestone caves [81–83], calcrete and alluvial aquifers [84–86],
and iron ore terrains [87,88]. Western Australia is now recognised as a globally significant
hotspot for subterranean biodiversity [9]. It is therefore timely and appropriate to place the
Undara cave system in context with other subterranean hotspots in Australia (Table 4).

In Australia, the terms ‘troglofauna’ and ‘stygofauna’ are commonly used, particularly
in environmental impact assessments (EIA), to refer to all species collected from terrestrial
and aquatic subterranean habitats, respectively. These terms do not distinguish ecological
categories although they are sometimes misunderstood by non-specialists as equivalent
in meaning to ‘troglobiont’ and ‘stygobiont’. Irrespective of terminological ambiguity,
accurate determination of a species ecological status is not crucial in most Australian EIA
contexts, where the focus is on species conservation and extinction risk. The latter is usually
assessed based on the sampled and/or interpreted distribution range of species in relation
to the proposed mining footprint or other potential impact area.

Many species of troglofauna collected from calcrete and iron-ore terrains in Western
Australia have typically small ranges [87]. A high proportion of these are likely to be true
troglobionts, based on their troglomorphy, and/or short-range distribution and apparent
absence from surface collections; a few may be soil fauna [88] and a few may be typical sur-
face species lacking troglomorphies but occupying subterranean environments as refugia
from arid surface conditions, without being present in the surrounding surface environ-
ment [8,88]. Nonetheless many of these species remain undescribed and their ecology
poorly known, thus distinguishing between edaphophiles, troglophiles and troglobionts in
weakly troglomorphic, or non-troglomorphic, taxa is difficult.

In compiling a preliminary list of Australia’s subterranean hotspots (Table 4), we have
therefore counted all recorded species, and specified the overall number of troglo/stygobionts
if known. In selecting aquifer and cave/mesocavern systems to include, the geological
continuity, hydrological connectivity, and overall areal extent have been taken into con-
sideration. Some systems such as calcrete aquifers are compact and hydrogeologically
well defined, whereas others such as Pilbara iron-ore formations and the Nullarbor karst
(200,000 km2) are geologically continuous over many thousands of square kilometres, yet
with few if any identifiable barriers to subterranean dispersal. These large regional-scale
subterranean systems are excluded as beta-diversity will be dominating alpha diversity
and obscuring localised hotspots. Table 4 is not intended to be comprehensive or definitive,
rather its purpose is to establish a context and framework for recognising and compar-
ing significant hotspots and regionally significant warm spots. Patterns and highlights
emerging from Table 4 include:

1. Undara remains the richest subterranean hotspot in humid tropical Australia, which
far exceeds the richness of troglobionts recorded in other humid tropical Australian
karsts such as Judburra-Gregory [89].

2. In the arid Yilgarn and semi-arid Pilbara regions of Western Australia significantly
richer subterranean assemblages have been documented in recent decades.

3. The richest Western Australian hotspots are karstified calcrete aquifers [90–95], al-
though mineralized iron-ore terrains [88,96,97] and ’hard-rock’ limestone
karsts [81–83,98,99] also harbour very-rich assemblages.

4. Most Western Australian hotspots in calcretes and iron-ore terrains do not contain
enterable caves, and fauna can only be collected by sampling mesocaverns and
microcaverns via constructed wells and drill holes.

5. The Yeelirrie calcrete aquifer stands out as exceptionally rich with 70 stygofauna
and 45 troglofauna species, the majority being short range endemics and almost
certainly obligate subterranean species based on current knowledge of the groups
represented [90–92].
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6. In Eastern Australia, the Jenolan karst in New South Wales recorded the high-
est species richness (136 taxa) however the majority of these are accidentals and
troglophiles, and only 8 taxa are obligate cavernicoles [100].

7. Overall species richness in warm temperate (New South Wales) [101–103] and cool
temperate (Tasmania) [104] karst areas is comparable (median 54 taxa), and these
karsts harbour a much lower proportion of obligate subterranean species compared
with arid and semi-arid regions, although Tasmania stands out in terms of troglobiont
richness in temperate latitudes (maximum 25 species at Precipitous Bluff, Tasma-
nia) [104–108].

8. The Peel Valley alluvial aquifer in New South Wales harbours the richest known
stygofauna assemblage in eastern Australia; 54 species including 33 stygobionts [109].

9. In terms of obligate species, the richest Australian localities are in arid and semi-
arid climate regions, where most of the troglobionts and stygobionts are relictual
with no close surface relatives. Molecular phylogenetic studies have shown that
Quaternary aridification is the likely driving mechanism for troglo/stygogenesis in
these regions [110].

Table 4. Preliminary list of Australian hotspots (>30 obligate spp.) and regionally significant warm spots, grouped by
geographic/climate region. Each locality is considered to represent a single subterranean ecosystem, characterised by
geological and hydrological connectivity (excluding large-scale subterranean systems such as Nullarbor karst and Pilbara
iron-ore ranges). Total species richness is the number of stygofauna and troglofauna (ecological categories combined) and
the number in brackets (n) is the number of stygobionts (Sb) and troglobionts (Tb) where known. * For most localities in
Western Australia (WA) the ecological status of many species remains unspecified however the majority are short-range
endemics and almost certainly obligate subterranean species based on the groups represented.

Geographic/Climate
Region

Locality Name;
Geology,

Hydrology Type

Total spp.
Richness

(No. Sb/Tb) *

Stygofauna spp.
(Sb) *

Troglofauna spp.
(Tb) *

Sources

Queensland,
humid tropical Undara Basalt lava tubes 77 (31) 1 (1) 76 (30) [2], and text

Northern Territory,
humid tropical Judbarra-Gregory karst 56 (7) 3 (2) 53 (5) [89]

Yilgarn, WA, arid Yeelirrie calcrete aquifer 115 (*) 70 (*) 45 (*)

Yilgarn, WA, arid Uramurdah calcrete 45 (*) 36 (*) 9 (*) [90–92]

Yilgarn, WA, arid Hinkler Well calcrete 41 (*) 32 (*) 9 (*) [95]

Yilgarn, WA, arid Lake Violet calcrete 39 (*) 35 (*) 4 (*) [95]

Yilgarn, WA, arid Barwidgee calcrete 37 (*) 28 (*) 9 (*) [95]

Pilbara, WA,
arid/semi-arid

Ethel Gorge
calcrete aquifer 84 (45) 84 (45) 0 [95]

Pilbara, WA,
arid/semi-arid Cape Range karst 83 (*) 42 (*) 41 (*)

Pilbara, WA,
arid/semi-arid Barrow Island karst 74 (*) 56 (*) 18 (*) [94]

Pilbara, WA,
arid/semi-arid

Well PSS016, Robe River
calcrete aquifer 54 (*) 54 (*) 0 [82,98]

Pilbara, WA,
arid/semi-arid

Mesa A iron pisolite,
Robe Valley 24 (*) 0 24 (*) [83,99]

New South Wales,
warm temperate Jenolan karst 136 (8) 10 (2) 126 (6) [85,97]

New South Wales,
warm temperate Wombeyan karst 55 (7) 5 (2) 50 (5) [96]
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Table 4. Cont.

Geographic/Climate
Region

Locality Name;
Geology,

Hydrology Type

Total spp.
Richness

(No. Sb/Tb) *

Stygofauna spp.
(Sb) *

Troglofauna spp.
(Tb) *

Sources

New South Wales,
warm temperate Wee Jasper karst 53 (7) 5 (3) 48 (4)

New South Wales,
warm temperate

Peel Valley
alluvial aquifer 54 (33) 54 (33) 0 [100]

Tasmania, cool
temperate Ida Bay karst 65 (18) 17 (6) 48 (12) [101–103]

Tasmania, cool
temperate Junee Florentine karst 60 (20) 17 (8) 43 (12) [101–103]

Tasmania, cool
temperate Precipitous Bluff karst 37 (25) 11 (11) 26 (14) [109]
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Cham, Switzerland, 2018; pp. 23–37.
27. Culver, D.; Pipan, T. The Biology of Caves and Other Subterranean Habitats, 2nd ed.; Oxford University Press: Oxford, UK, 2019; p. 301.
28. Pipan, T.; Deharveng, L.; Culver, D.C. Hotspots of Subterranean Biodiversity. Diversity 2020, 12, 209. [CrossRef]
29. Stone, F.D. Bayliss Lava Tube and the Discovery of a Rich Cave Fauna in Tropical Australia. In Proceedings of the 14th International

Symposium on Vulcanospeleology, Undara National Park, Mount Surprise, QLD, Australia, 12–17 August 2010; pp. 47–58.
30. Clarke, A. An Overview of Invertebrate Fauna Collections from the Undara Lava Tube System. In Proceedings of the 14th International

Symposium on Vulcanospeleology, Undara National Park, Mount Surprise, QLD, Australia, 12–17 August 2010; pp. 59–76.
31. Fontaine, B.; Perrad, A.; Bouchet, P.V.N.P. 21 years of shelf life between discovery and description of new species. Curr. Biol. 2012,

22, 943–944. [CrossRef]
32. Bannink, P. List of invertebrates collected from the McBride Volcanic Province lava tubes and associated rainforest depressions.

Unpublished Report. 1–12.
33. Godwin, M.D. Undara and Associated Lava Fields of McBride Plateau, a Speleological Field Guide; Chillagoe Caving Club, Inc.: Cairns,

Australia, 1993.
34. Godwin, M.D.; Pearson, L.M. The Murronga lava flow. In Proceedings of the Cave Leeuwin Conference, Margaret River, WA,

Australia, 30 December 1990–5 January 1991; pp. 34–54.
35. Pearson, L.M. Field Guide to the Lava Tubes on the McBride Volcanic Province in North Queensland; Chillagoe Caving Club, Inc.:

Cairns, Australia, 2010.
36. Howarth, F.G.; Moldovan, O.T. The ecological classification of cave animals and their adaptations. In Cave Ecology; Moldovan,

O.T., Kovác, L., Halse, S., Eds.; Ecological Studies; Springer: Cham, Switzerland, 2018; pp. 41–67.
37. Cloudsley-Thompson, J.L. On the responses to environmental stimuli, and the sensory physiology of Millipedes (Diplopoda).

Proc. Zool. Soc. Lond. 1951, 121, 253–277. [CrossRef]
38. Griffin, T.J. The Geology, Mineralogy and Geochemistry of the McBride Basaltic Province, Northern Queensland. Ph.D. Thesis,

James Cook University, Douglas, QLD, Australia, 1977.

140



Diversity 2021, 13, 326

39. Cohen, B.E.; Mark, D.F.; Fallon, S.J.; Stephenson, P.J. Holocene-Neogene volcanism in northeastern Australia: Chronology and
eruption history. Quat. Geochronol. 2017, 39, 79–91. [CrossRef]

40. Griffin, T.G.; McDougall, I. Geochronology of the Cainozoic McBride Volcanic Province Northern Queensland. J. Geol. Soc. Aust.
1975, 22, 387–396. [CrossRef]

41. Atkinson, A. The Undara lava tube system and its caves. Helictite 1990, 28, 3–14.
42. Malipatil, M.B.; Howarth, F.G. Two new species of Micropolytaxus Elkins from Northern Australia (Hemiptera: Reduviidae:

Saicinae). J. Aust. Entomol. Soc. 1990, 29, 37–40. [CrossRef]
43. Atkinson, A.; Atkinson, V. Undara Volcano and Its Lava Tubes: A Geological Wonder of Australia in Undara Volcanic National Park,

North Queensland; Atkinson, Anne & Vernon: Brisbane, Australia, 1995; pp. 1–96.
44. Rein, T.; Kempe, S.; Dufresne, A. The “Cueva del Viento” on the Canaries, Spain. In Proceedings of the 17th International

Vulcanspeleology Symposium Ocean View, Hawaii, HI, USA, 6–12 February 2016; pp. 1–8.
45. Peterson, D.W.; Holcomb, R.T.; Tilling, R.I.; Christiansen, R.L. Development of lava tubes in the light of observations at Mauna

Ulu, Kilauea Volcano, Hawaii. Bull. Volcanol. 1994, 56, 343–360. [CrossRef]
46. Whitehead, P.W. The Regional Context of the McBride Basalt Province and the Formation of the Undara Lava Flows, Tubes, Rises

and Depressions. In Proceedings of the 14th International Symposium on Vulcanospeleology, Undara National Park, Mount
Surprise, QLD, Australia, 12–17 August 2010; pp. 9–18.

47. Atkinson, A.; Griffin, T.J.; Stevenson, P.J. A major lava tube system, North Queensland. Bull. Volcanol. 1975, 39, 1–28. [CrossRef]
48. Stephenson, P.J.; Griffin, T.J.; Sutherland, F.L.I.E.P. Cainozoic volcanism in north-eastern Australia. In Geology and Geophysics

of North-Eastern Australia; Henderson, R.A., Stephenson, P.J., Eds.; Geological Association of Australia, Queensland Division:
Douglas, QLD, Australia, 1980; pp. 349–374.

49. Bureau of Meteorology. Climate Statistics for Australian Locations. Available online: http://www.bom.gov.au/climate/averages/
tables/cw_030036.shtml (accessed on 25 April 2021).

50. Bland, R.G.; Weinstein, P.; Slaney, D.P. Mouthpart sensilla of cave species of Australian Paratemnopteryx cockroaches (Blattaria:
Blattellidae). Int. J. Insect Morphol. Embryol. 1998, 16, 291–300. [CrossRef]

51. Roth, L.M. A revision of the Australian Parcoblattini (Blattaria: Blattellidae: Blattellinae). Mem. Qld. Mus. Nat. 1990, 28, 531–596.
52. Smith, G.B. New species of Metrinura Mendes (Zygentoma: Nicoletiidae) from Queensland, Australia. Aust. J. Entomol. 2006, 45,

163–167. [CrossRef]
53. Smith, G.B. New Atelurinae (Zygentoma: Nicoletiidae) from Northern Australia. Gen. Appl. Entomol. 2016, 44, 21–58.
54. Stone, F.D.; (University of Hawaii). Personal Communication, 1985.
55. Davies, V.T. The huntsman spiders Heteropoda Latreille and Yiinthi gen. nov. (Araneae: Heteropodidae) in Australia. Mem. Qld.

Mus. 1994, 35, 75–122.
56. Dyce, A.L.; Wellings, G. Phlebotomine sandflies (Diptera: Psychodidae) from caves in Australia. Parasitologia 1991, 33, 193–198.
57. Bradbury, J.H.; (University of Adelaide). Personal Communication, 2000.
58. Harvey, M.S. New cave-dwelling schizomids (Schizomida: Hubbardiidae) from Australia. Rec. West. Aust. Mus. Suppl. 2001, 64,

171–185. [CrossRef]
59. Moulds, T.A.; Murphy, N.; Adams, M.; Reardon, T.B.; Harvey, M.S.; Jennings, J.; Austin, A.D. Phylogeography of cave pseu-

doscorpions in southern Australia. J. Biogeogr. 2007, 34, 951–962. [CrossRef]
60. Raven, R.J.; Stumkat, K.; Gray, M.R. Revisions of Australian ground-hunting spiders: I. Amauropelma gen. nov. (Araneomorphae:

Ctenidae). Rec. West. Aust. Mus. Suppl. 2001, 64, 187–227. [CrossRef]
61. Gray, M.R. Cavernicolous spiders (Araneae) from Undara, Queensland and Cape Range, Western Australia. Helictite 1989, 27, 87–89.
62. Main, B.Y. Spiders; Collins: Sydney, Australia, 1984.
63. Gray, M.R. Survey of the spider fauna of Australian caves. Helictite 1973, 11, 46–75.
64. Baehr, B.C.; Jocqué, R. The new endemic Australian genus Nosterella and a review of Nostera (Araneae: Zodariidae), including

eight new species. Mem. Qld. Mus. Nat. 2017, 60, 53–76.
65. Slaney, D.P. New species of cave dwelling cockroaches in the genus Neotemnopteryx Princis (Blattaria: Blattellidae: Blattellinae).

Mem. Qld. Mus. Nat. 2000, 46, 331–336.
66. Stone, F.D. The cockroaches of North Queensland caves and the evolution of tropical troglobites. In Proceedings of the Tropicon

1988, 17th Biennial Australian Speleological Conference, Tinaroo, QLD, Australia, 27–31 December 1988; pp. 88–93.
67. Escalona, H.; Oberprieler, R. Australian National Insect Collection; CSIRO: Canberra, Australia, 2021.
68. Hoch, H.; Howarth, F.G. Six new cavernicolous cixiid planthoppers in the genus Solonaima from Australia (Homoptera:

Fulgoroidea). Syst. Entomol. 1989, 14, 377–402. [CrossRef]
69. Howarth, F.G. Bioclimatic and geologic factors governing the evolution and distribution of Hawaiian cave insects. Entomol. Gen.

1983, 8, 17–26. [CrossRef]
70. Eberhard, S.M. Nowranie Caves and the Camooweal karst area, Queensland: Hydrology, geomorphology and speleogenesis,

with notes on aquatic biota. Helictite 2003, 38, 27–38.
71. Eberhard, S.M. Ecology and Hydrology of a Threatened Groundwater-Dependent Ecosystem: The Jewel Cave Karst System in

Western Australia. Ph.D. Thesis, School of Environmental Science, Murdoch University, Perth, Australia, 2004.
72. Wagner, W.H. (University of Michigan, Ann Arbor, MI, USA). Personal Communication, 1988.

141



Diversity 2021, 13, 326

73. Howarth, F.G.; Medeiros, M.J.; Stone, F.D. Hawaiian lava tube cave associated Lepidoptera from the collections of Francis G
Howarth and Fred D Stone. Bish. Mus. Occas. Pap. 2020, 129, 37–54.

74. Smith, G.B.; McRae, J.M. New species of subterranean silverfish (Zygentoma: Nicoletiidae: Atelurinae) from Western Australia’s
semi-arid Pilbara region. Rec. West. Aust. Mus. 2014, 29, 105–127. [CrossRef]

75. Smith, G.B.; McRae, J.M. Further short range endemic troglobitic silverfish (Zygentoma: Nicoletiidae; Subnicoletiinae and
Coletiniinae) from north-western Australia. Rec. West. Aust. Mus. 2016, 31, 41–55. [CrossRef]

76. Slaney, D.P. New species of Australian cockroaches in the genus Paratemnopteryx Saussure (Blattaria, Blattellidae, Blattellinae),
and a discussion of some behavioural observations with respect to the evolution and ecology of cave life. J. Nat. Hist. 2001, 35,
1001–1012. [CrossRef]

77. Brad, T.; Lepure, S.; Sarbu, S.M. The Chemoautotrophically Based Movile Cave Groundwater Ecosystem, a Hotspot of Subter-
ranean Biodiversity. Diversity 2021, 13, 128. [CrossRef]

78. Deharveng, L.; Bedos, A. Gaz carbonique. In Thai-Maros 85, Rapport Speleologique et Scientifique to Thailand and Sulawesi; Association
Pyreneenne de Speleologie: Toulouse, France, 1986; pp. 144–152.

79. Stone, F.D.; Howarth, F.G.; Hoch, H.; Asche, M. Root communities in lava tubes. In Encyclopedia of Caves, 2nd ed.; White, W.B.,
Culver, D.C., Eds.; Academic Press: Burlington, MA, USA, 2012; pp. 658–664.

80. Humphreys, W.F. Where angels fear to tread: Developments in cave ecology. In Cave Ecology; Moldovan, O.T., Kovác, L., Halse, S.,
Eds.; Ecological Studies; Springer: Cham, Switzerland, 2018; pp. 497–532.

81. Humphreys, W.F. (Ed.) The Biogeography of Cape Range, Western Australia; Records of the Western Australian Museum Supplement;
Western Australian Museum: Perth, Australia, 1993; Volume 45, pp. 1–248.

82. Poore, G.C.B.; Humphreys, W.F. Bunderanthura bundera gen. et sp. nov. from Western Australia, first anchialine Leptanthuridae
(Isopoda) from the Southern Hemisphere. Rec. West. Aust. Mus. 2013, 28, 21–29. [CrossRef]

83. Humphreys, G.; Alexander, J.; Harvey, M.; Humphreys, W.F. The subterranean fauna of Barrow Island, northwestern Australia.
Rec. West. Aust. Mus. Suppl. 2013, 83, 145–158. [CrossRef]

84. Eberhard, S.M.; Halse, S.A.; Humphreys, W.F. Stygofauna in the Pilbara region, north-west Western Australia: A review. J. R. Soc.
West. Aust. 2005, 88, 167–176.

85. Eberhard, S.M.; Halse, S.A.; Williams, M.; Scanlon, M.D.; Cocking, J.S.; Barron, H.J. Exploring the relationship between sampling
efficiency and short range endemism for groundwater fauna in the Pilbara region, Western Australia. Freshw. Biol. 2009, 54,
885–901. [CrossRef]

86. Humphreys, W.F. Groundwater calcrete aquifers in the Australian arid zone: The context to an unfolding plethora of stygal
diversity. Rec. West. Aust. Mus. Suppl. 2001, 64, 233–234. [CrossRef]

87. Halse, S.A. Research in calcretes and other deep subterranean habitats outside caves. In Cave Ecology; Moldovan, O.T., Kovác, L.,
Halse, S.A., Eds.; Ecological Studies; Springer: Cham, Switzerland, 2018; pp. 415–434.

88. Halse, S.A.; Pearson, G.B. Troglofauna in the vadose zone: Comparison of scraping an dtrapping results and sampling adequacy.
Subterr. Biol. 2014, 13, 17–34. [CrossRef]

89. Moulds, T.; Bannink, P. Preliminary notes on the cavernicolous arthropod fauna of Judburra/Gregory karst area, northern
Australia. Helictite 2012, 41, 75–85.

90. Bennelongia Pty Ltd. Yeelirrie Subterranean Fauna Assessment; Report Prepared for Cameco Australia Pty Ltd.; 2015/236b;
Bennelongia Pty Ltd.: Perth, Australia, 2015.

91. Eberhard, S.M.; Watts, C.H.S.; Callan, S.K.; Leijs, R. Three new subterranean diving beetles (Coleoptera: Dytiscidae) from the
Yeelirrie groundwater calcretes, Western Australia, and their distribution between several calcrete deposits including a potential
mine site. Rec. West. Aust. Mus. 2016, 31, 27–40. [CrossRef]

92. Subterranean Ecology Pty Ltd. Yeelirrie Subterranean Fauna Survey; Report Prepared for BHP Billiton Yeelirrie Development
Company Pty Ltd.; 2010/14; Subterranean Ecology Pty Ltd.: Perth, Australia, 2011; p. 269.

93. Subterranean Ecology Pty Ltd. Ethel Gorge Aquifer Threatened Ecological Community—Consolidated Taxonomy; Unpublished Report
Prepared for BHP Billiton Iron Ore; Subterranean Ecology Pty Ltd.: Perth, Australia, 2013; p. 96.

94. Tang, D.; Eberhard, S.M. Two new species of Nitocrella (Crustacea, Copepoda, Harpacticoida) from groundwaters of northwestern
Australia expand the geographic range of the genus in a global hotspot of subterranean biodiversity. Subterr. Biol. 2016, 20, 51–76. [CrossRef]

95. Toro Energy Limited. Extension to the Wiluna Uranium Project: Environmental Management Plan: Subterranean Fauna Management
Plan; Toro Energy Limited: Perth, Australia, 2012.

96. Biota Environmental Services Pty Ltd. Rio Tinto Regional Troglobitic Fauna Study; Unpublished Report Prepared for Rio Tinto Iron
Ore; Biota Environmental Services Pty Ltd.: Perth, Australia, 2013.

97. Halse, S.A.; Scanlon, M.D.; Cocking, J.S.; Barron, H.J.; Richardson, J.B.; Eberhard, S.M. Pilbara stygofauna: Deep groundwater of
an arid landscape contains globally significant radiation of biodiversity. Rec. West. Aust. Mus. Suppl. 2014, 78, 443–483. [CrossRef]

98. Bennelongia Pty Ltd. Stygofauna Survey—Exmouth Cape Aquifer: Scoping Document Describing Work Required to Determine Ecological Water
Requirements for the Exmouth Cape Aquifer; Prepared for Department of Water; Bennelongia Pty Ltd.: Perth, Australia, 2008; p. 39.

99. King, R.A.; Fagan-Jeffries, E.; Bradford, T.M.; Stringer, D.N.; Finston, T.; Halse, S.A.; Eberhard, S.M.; Humphreys, G.; Humphreys,
W.F.; Austin, A.D.; et al. Cryptic Diversity down under: Defining species in the subterranean amphipod genus Nedsia Barnard
and Williams (Hadzioidea: Eriopisidae) from the Pilbara, Western Australia. Invertebr. Syst. 2021. in review.

100. Eberhard, S.; Smith, G.; Gibian, M.; Smith, H.; Gray, M. Invertebrate Cave Fauna of Jenolan. Proc. Linn. Soc. N. S. W. 2014, 136, 35–67.

142



Diversity 2021, 13, 326

101. Eberhard, S.M.; Spate, A. Cave Invertebrate Survey: Toward an Atlas of NSW Cave Fauna; Report Prepared under the NSW Heritage
Assistance Program NEP 94 765; NSW Heritage Assistance Program: Canberra, Australia, 1995; pp. 1–112.

102. Thurgate, M.E.; Gough, J.S.; Clarke, A.; Serov, P.; Spate, A. Stygofauna diversity and distribution in Eastern Australian cave and
karst areas. Rec. West. Aust. Mus. 2001, 64, 49–62. [CrossRef]

103. Thurgate, M.E.; Gough, J.S.; Spate, A.; Eberhard, S.M. Subterranean biodiversity in New South Wales: From rags to riches. Rec.
West. Aust. Mus. Suppl. 2001, 64, 37–47. [CrossRef]

104. Eberhard, S.M.; Richardson, A.M.M.; Swain, R. The Invertebrate Cave Fauna of Tasmania; Report to the National Estate Office,
Canberra; Zoology Department, University of Tasmania: Hobart, Australia, 1991; p. 174.

105. Ahyong, S.T. The Tasmanian Mountain Shrimps, Anaspides Thomson, 1894 (Crustacea, Syncarida, Anaspididae). Rec. Aust. Mus.
2016, 68, 313–364. [CrossRef]

106. Eberhard, S.M.; Giachino, P.M. Tasmanian Trechinae and psydrinae (Coleoptera, Carabidae): A taxonomic and biogeographic
synthesis, with description of new species and evaluation of the impact of Quaternary climate changes on evolution of the
subterranean fauna. Subterr. Biol. 2011, 9, 1–72.

107. Karanovic, I.; Eberhard, M.S.; Perina, G. Austromesocypris bluffensis sp. n. (Crustacea, Ostracoda, Cypridoidea, Scottiinae) from
subterranean aquatic habitats in Tasmania, with a key to world species of the subfamily. ZooKeys 2012. [CrossRef] [PubMed]

108. Ponder, W.F.; Clark, S.A.; Eberhard, S.M.; Studdert, J.B. A radiation of hydrobiid snails in the caves and streams at Precipitous Bluff,
southwest Tasmania, Australia (Mollusca: Caenogastropoda: Rissooidea: Hydrobiidae s.l.). Zootaxa 2005, 1074, 1–66. [CrossRef]

109. Tomlinson, M. A Framework for Determining Environmental Water Requirements for Alluvial Aquifer Ecosystems. Ph.D. Thesis,
University of New England, Armidale, Australia, 2008.

110. Humphreys, W.F. Australasian subterranean biogeography. In Handbook of Australasian Biogeography; Ebach, M.C., Ed.; CRC Press:
Boca Raton, FL, USA, 2017; pp. 269–293.

143





diversity

Article

Bermuda’s Walsingham Caves: A Global Hotspot for
Anchialine Stygobionts

Thomas M. Iliffe * and Fernando Calderón-Gutiérrez

��������	
�������

Citation: Iliffe, T.M.;

Calderón-Gutiérrez, F. Bermuda’s

Walsingham Caves: A Global Hotspot

for Anchialine Stygobionts. Diversity

2021, 13, 352. https://doi.org/10.

3390/d13080352

Academic Editors: Tanja Pipan,

David C. Culver and

Louis Deharveng

Received: 10 June 2021

Accepted: 9 July 2021

Published: 30 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Marine Biology, Texas A&M University at Galveston, Galveston, TX 77553-1675, USA;
fercg12@tamu.edu
* Correspondence: iliffet@tamug.edu

Abstract: Bermuda is an Eocene age volcanic island in the western North Atlantic, entirely capped
by Pleistocene eolian limestone. The oldest and most highly karstified limestone is a 2 km2 outcrop
of the Walsingham Formation containing most of the island’s 150+ caves. Extensive networks of
submerged cave passageways, flooded by saltwater, extend under the island. In the early 1980s,
cave divers initially discovered an exceptionally rich and diverse anchialine community inhabiting
deeper sections of the caves. The fauna inhabiting caves in the Walsingham Tract consists of 78 de-
scribed species of cave-dwelling invertebrates, including 63 stygobionts and 15 stygophiles. Thus,
it represents one of the world’s top hotspots of subterranean biodiversity. Of the anchialine fauna,
65 of the 78 species are endemic to Bermuda, while 66 of the 78 are crustaceans. The majority of
the cave species are limited in their distribution to just one or only a few adjacent caves. Due to
Bermuda’s high population density, water pollution, construction, limestone quarries, and trash
dumping produce severe pressures on cave fauna and groundwater health. Consequently, the IUCN
Red List includes 25 of Bermuda’s stygobiont species as critically endangered.

Keywords: biodiversity; fauna; conservation; seamount; ecology

1. Introduction

Bermuda is a small, mid-Atlantic island located 1050 km off the east coast of the
United States in the Sargasso Sea, at 32◦20′ N, 64◦45′ W. It lies approximately equidistant
by air from Boston, New York, and Atlanta, making Bermuda only a short flight away for
all of the U.S. east coast. Due to its warm climate, clear tropical waters, coral reefs, pink
sand beaches, and ease of access, Bermuda is a popular tourist destination.

Although the Spanish explorer Juan de Bermudez discovered these isolated islands
in 1505, he did not try to land. Ten years later, he returned to Bermuda, leaving behind
a dozen pigs and sows for any castaways who might become stranded there. In 1609,
the English sailing ship Sea Venture, on its way to resupply the Jamestown Colony, was
caught in a strong storm and wrecked on Bermuda’s reefs. The survivors of the shipwreck
were stranded on the previously uninhabited island for nine months until two new ships
could be constructed from local timber. The settlement of Bermuda did not occur until
1612, when the town of St. George officially became Bermuda’s first capital and the oldest
continually inhabited English town in the New World [1].

Bermuda’s caves have been long recognized and prominently mentioned in early
written works on the island [2]. Shakespeare’s play, The Tempest, was likely inspired by the
Bermuda shipwreck and takes place in and around a cave. The first published reference
to Bermuda caves was in 1623, when Captain John Smith (of Pocahontas fame) described,
“in some places varye strange, darke, and cumbersome Caues.” John Hardy’s 1671 poetic
description of Bermuda caves states [3]:

Diversity 2021, 13, 352. https://doi.org/10.3390/d13080352 https://www.mdpi.com/journal/diversity
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“The water flowing to them [Harrington Sound] underground,
Being most salt, and all along the shore
There are dark caves, of a miles length or more
Extending under ground, in which there be
Deep holes with water, though no one can see
A passage for it in . . . ”

The 1872–1876 round-the-world voyage of H.M.S. Challenger, which marked the
beginning of modern oceanography, included a stopover in Bermuda. The expedition’s
commander, Captain George Nares, took the opportunity to explore Paynter’s Vale (a.k.a.
Church) Cave, accompanied by the British Governor of Bermuda, Sir John Henry Lefroy.
Nares rowed the governor across a lake at the bottom of the cave, remarking on “a slight
change of level with the tide, sufficient to keep the water perfectly pure” [4].

2. Anchialine

Since Bermuda is a relatively small island with no place very far from, or very high
above the sea, caves that descend deep enough, end at very clear, exceptionally blue sea-
water pools. However, until the beginning of cave diving in the early 1980s, Bermuda’s
underwater caves were unexplored and unknown, as were the animals living in them.
When cave divers discovered an amazing variety of new species, new genera, and even
several new orders, Bermuda’s saltwater caves clearly merited status as a unique ecosys-
tem [5].

After examining an assortment of highly unusual caridean shrimps from tropical
land-locked saltwater pools on the several Indo-West Pacific islands and from the Sinai
Peninsula, Dutch carcinologist, L.B. Holthuis, recognized the significance of this habitat.
He created the term “anchialine” to describe “pools with no surface connection to the
sea, containing salt or brackish water, which fluctuates with the tides” [6]. At the 1984
International Symposium on the Biology of Marine Cave held in Bermuda, Holthuis’s
original definition was expanded and modified to include tidal, saltwater pools inside
caves: “Anchialine habitats consist of bodies of haline water, usually with a restricted
exposure to open air, always with more or less extensive subterranean connections to
the sea, and showing noticeable marine as well as terrestrial influences” [7]. During the
2012 Second International Symposium on Anchialine Ecosystems in Croatia, the term
anchialine was more broadly defined as “a tidally-influenced subterranean estuary located
within crevicular and cavernous karst and volcanic terrains that extends inland to the limit
of seawater penetration” [8]. The “anchialine habitat continuum”, as described by van
Hengstum et al. (2019), extends uninterrupted from as far inland as saline groundwater
penetrates, to the offshore edge of the platform shelf. In the Pleistocene, sea level changes
alternately exposed and flooded the caves, such that anchialine groundwater alternately
regressed or flooded bedrock voids [9].

3. Bermuda Geography and Geology

The islands of Bermuda lie atop the Bermuda Seamount, a volcanic peak rising from a
seafloor depth of more than 4000 m. A ring of coral reefs surround a central lagoon on the
flattened summit of this long extinct volcano. The islands of Bermuda, on the southeast
edge of the platform, enclose several harbors and small bays. Eolian limestone completely
caps the Bermuda Seamount to form the island mass. Limestone stratigraphy shows
numerous cycles of subaerial eolianite and shallow marine carbonate deposition during
interglacial high sea stands alternating with red clay soil horizons, marking glacial episodes
of lowered sea level. Eolianites represented as lithified sand dune ridges, constitute more
than 90% of the limestone volume. The main eolianite units are separated by fossils soils
and, listed in order of increasing age, are the Southampton, Rocky Bay, Belmont, Lower
Town Hill, Upper Town Hill, and Walsingham Formations. The Walsingham Formation,
made up of highly altered and very dense eolianite, was deposited ≥700,000 years ago [10].

146



Diversity 2021, 13, 352

4. Bermuda Caves

Bermuda caves are believed to have formed syngenetically by a phreatic solution of
limestone during glacial low stands of sea level. When the Ice Age sea level was down, the
top of the seamount was emergent, and the islands’ total land mass was about 13 times as
large as it is today. As a result, the sizable body of fresh groundwater necessary for cave
formation was present. As post-glacial sea levels rose, large portions of the caves were
drowned by the encroaching seawater as it displaced the freshwater. Continuing collapse
of overlying rock into the large voids created the irregular chambers and fissure entrances
characteristic of Bermuda’s caves [11].

Most of Bermuda’s 150+ known caves are located in the Walsingham Tract, a 4 km
long by 0.5 km wide surface outcropping of the Walsingham Formation, situated between
Harrington Sound and Castle Harbour (Figure 1A,B). The Walsingham Tract contains the
island’s longest dry caves, most notably Church, Wonderland, Admiral’s, Sibley’s, and
Jane’s Caves. Crystal, Wonderland, Walsingham, Palm Caves, and others, are isolated cave
entrances, interconnected as segments of a large hydrologically linked cave system. The
underwater portions of caves in the Walsingham Tract reach water depths of 24 m, but
still closely resemble their dry upper levels, even to the variety of large, subaerial-formed
speleothems found above and below water. Caves in the Shelly Bay area, on the opposite
side of Harrington Sound, are exclusively underwater with practically no dry portions.
These caves have long, nearly level, anastomosing underwater passages at 18 m depth, with
entrances on Harrington Sound and passageway extending under the island. Bermuda’s
longest cave, the 2 km long Green Bay Cave System, is located here [9,12].

Harrington Sound is an almost totally enclosed body of saltwater, with its only
connection to the sea being a narrow channel at Flatt’s Inlet (Figure 1B). Due to its restricted
access to the ocean, tides in Harrington Sound have only 25% the range of ocean tides
and occur 3 h later. When the volume of water tidally exchanging through Flatt’s Inlet is
compared with the total tidal volume of Harrington Sound (area X tidal range), only about
half of the tidal volume passes out through the inlet, while the remainder moves through
submerged caves [13]. Tidal exchange primarily occurs in caves around the periphery of
Harrington Sound where the land is the narrowest. On the east side of the Sound, exchange
occurs through caves from the Walsingham Tract (Walsingham and Palm Cave Systems)
to Castle Harbor, on the west side through Shelly Bay (Green Bay and Red Bay Caves) to
the North Shore, and on the south side (Devil’s Hole Caves) to Bermuda’s South Shore.
Cave pools in the Walsingham and Palm cave systems have tide ranges that decrease,
while residence times increase with their relative distance away from Castle Harbour
and approaching Harrington Sound. The Crystal and Wonderland Cave sections of the
Walsingham System (Figure 1C) are off the main flow channels where circulation patterns
are restricted. Their residence times are much longer, with the phreatic zone consisting
of very clear, slowly moving or stagnant waters with a lower surface salinity [14]. Caves
with greater water transport, e.g., Palm Cave System (Figure 1D), have surface waters
only slightly diluted and reach normal marine salinity (35–36 ppt) below 1 m depths. The
food input into caves is primarily plankton and organic matter derived from the sea itself,
although primary production in open anchialine pools may provide an additional source
of food in the submerged caves (Figure 2A) [15].
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Figure 1. (A) Map of Bermuda in the North Atlantic Ocean, (B) Cave regions surrounding Harrington Sound, a large inland
body of water mostly encircled by land. The arrow indicates the only opening to the sea at Flatt’s Inlet, rectangles show
regions of cave and karst development in (1) the Walsingham Tract (with the letters C and D indicating the location of
the two main caves), (2) Devil’s Hole, (3) Shelly Bay, (C) Walsingham Cave System with cave entrances: (1) Wonderland,
(2) Crystal, (3) Walsingham, (4) Deep Blue, (5) Vine, (6) Old Horse, (7) Fern Sink (modified from map by Robert Power),
(D) Palm Cave System with cave entrances: (1) Palm Slit, (2) Palm, (3) Strawmarket, (4) Sailor’s Choice, (5) Myrtle Bank,
(6) Cripple Gate (modified from map by Jason Richards).
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Figure 2. Caves of the Walsingham Tract. (A) Deep Blue Cave entrance pool, (B) Cave diver between underwater stalagmites
near the Crystal Cave, (C) Fragile saucer coral (Agarcia fragilis Dana, 1848) in the cavern pool of Deep Blue, (D) Coraline
algae in the cavern ceiling of Deep Blue, (E) Submerged plastic garbage floating on the ceiling in the Palm Cave System, and
(F) Rusting and disintegrating bitumen barrels in Bitumen Cave (in the Walsingham Tract). Photo credits: Tamara Thomsen
(A); Jill Heinerth (B,E).
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5. Cave Biology

Open water marine habitats in Bermuda have been well investigated, including
numerous studies focusing on lightless environments in the deep sea and interstitial. The
Bermuda Biological Station for Research (now the Bermuda Institute of Ocean Sciences) has
continuously conducted marine biological research since 1903. The Bermuda Aquarium,
Museum and Zoo, founded in 1926, focuses on oceanic island species and the conservation,
education, and research related to them. In contrast, serious biological investigations of the
underwater caves did not begin until the advent of cave diving [16].

Since Bermuda’s terrestrial caves contain little organic matter, there are no known
endemic terrestrial species and, in general, the fauna is sparse. Cave-dwelling bats, or
other animals that bring organic material into the caves, are lacking in Bermuda. However,
a rich and diverse marine biota inhabits the submarine passageways and anchialine pools
of Bermuda’s caves. Although many marine species are accidental or occur only at coastal
cave entrances, a variety of stygobiont (i.e., aquatic cave-adapted) taxa are present, with
the Walsingham Cave System—containing the greatest number of Bermuda stygobionts—
included as one of the original subterranean biodiversity hotspots [17].

Anchialine cave fauna have the same adaptations to caves as freshwater and terrestrial
cave organisms, i.e., reduction or loss of eyes and pigmentation, elongation of appendages,
and increase in nonvisual sensory receptors [18]. Recent cave colonists tend to have
pigmented body and eyes, while ancient settlers of caves have lost their eyes and pigment.
The eyes of Bermuda’s anchialine fauna show varying degrees of adaptations to the cave
environment, ranging from the depigmented and eyeless Mictocaris halope, intermediate
Typhlatya iliffei with small eyes and little pigment, to Parhippolyte sterreri having large eyes
and bright red pigmentation (Figure 3) [19–21].

Seventy-eight cave-adapted species have been recorded in caves from the Walsingham
Tract, Bermuda. The great majority of these species are crustaceans, making up 85% of
the fauna: 20 copepods, 19 species of ostracods, 7 amphipods, 5 cumaceans and shrimps,
4 isopods, 2 mysids and tanaidaceans, and 1 mictacean and ingolfiellid. Non-crustacean
species include five mites, three polychaetes, and two ciliates and mollusks. The poor
representation of taxa other than crustaceans could be due to an effort or specialist bias [22].
Ten of the recorded species are the only representative of their genus, while Mictocaris halope
is the only known species of its order. Twenty species belong to exclusively stygobiont
taxa, while eighteen species have close relatives inhabiting the deep-sea (Table 1, Figure 3).
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Figure 3. Examples of stygobiont species from the Walsingham cave system. (A) Leptonerilla prospera, (B) Pseudoniphargus
grandimanus, (C) Bermudamysis speluncola, (D) Mictocaris halope, (E) Arubolana aruboides, (F) Barbouria cubensis, (G) Typhlatya
iliffei, (H) Procaris chacei, and (I) Parhippolyte sterreri. Photo credits: (A) from Katrine Worsaae.
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Sixty-three species are stygobionts, and fifteen stygophiles (i.e., aquatic animals living
in and outside caves). Most of Bermuda’s endemic cave species have an extremely restricted
distribution, with 26 species known only from a single cave, 14 more species limited to just
two caves, and 52 species in total occurring in five or fewer caves. The ostracod Iliffeoecia
iliffei also occurs in caves from the Galápagos Islands, while the barbouriid shrimp Barbouria
cubensis inhabits caves from Bahamas, Caicos Islands, Cayman Islands, Cuba, Jamaica, and
Mexico’s Yucatan Peninsula, and Parhippolyte sterreri is found from caves in the Bahamas and
the Yucatan Peninsula, in addition to Bermuda [67,68]. The stygophile ostracods Havanardia
keiji, Neonesidea omnivaga, Paranesidea sterreri, Cytherella bermudensis, and Paracypris crispa were
described from sample specimens collected in caves but have been also found in the island’s
open water environments, and are endemic to Bermuda [44]. The copepods Epacteriscus rapax,
Exumella polyarthra, Halicyclops ytororoma, and Ridgewayia marki, the ostracod Parasterope muelleri,
the cumaceans Schizotrema agglutinanta and S. wittmanni, the amphipods Hourstonius petulans
and Idunella sketi, and the tanaidacean Paradoxapseudes bermudeus are also found from open
water or interstitial environments outside Bermuda [32–34,39,65,68–71].

Considering Bermuda’s isolated mid-ocean location, biogeographical affinities of the
cave species may provide significant clues as to their origins. While the Gulf Stream may
have transported some species to the island, others may have survived on submerged
or emergent seamounts near the Mid-Atlantic Ridge, originated from Tethyan relicts, or
are derived from deep-sea taxa [5]. Here are a few examples: The misophrioid copepod
Speleophria bivexilla has congeners inhabiting caves from the Balearic Islands, Croatia,
northwestern and southern Australia, and the Yucatan Peninsula, suggesting possible
dispersal by plate tectonic processes [72]. The atyid shrimp Typhlatya iliffei belongs to an
exclusively cave-adapted genus with species spread around the Caribbean and Western
Mediterranean, as well as the Galapagos Islands, Ascension Island, and Madagascar. Their
ancestors likely inhabited the ancient Tethys Sea with both vicariance (the opening of
the Atlantic) and dispersal leading to their isolation and divergence [73]. The stygobiont
amphipod Pseudoniphargus includes species from North Africa, the Mediterranean region
and its islands, the Iberian Peninsula, the Canary Islands, Madeira, and the Azores, in
addition to two species in Bermuda, on the west side of the mid-Atlantic rift, but is absent
from the American continent or from the Caribbean. Based on phylogenetic analyses, the
estimated age of the Pseudoniphargus lineage on Bermuda is relatively young, only 5 Ma [74].
The ostracod Spelaeoecia bermudensis belongs to a stygobiont genus with seven species from
the Bahamas, two from Cuba, and one each from Jamaica, the Yucatan Peninsula, and
Bermuda. The cluster of this ostracod in the Bahamas suggests possible ocean dispersal via
the Gulf Stream rafting adults or larvae to Bermuda [75].

While numerous cave taxa in Bermuda are significant in their presence, the absence
of several globally prominent stygobiont taxa is also remarkable. The crustacean class
Remipedia inhabits anchialine caves in the Bahamas (21 spp.), Yucatan Peninsula (3 spp.),
the Dominican Republic (1 sp.), Cuba (1 sp.), and Belize (1 sp.), plus the Canary Islands
(2 spp.) and Australia (1 sp.) but, despite many hundreds of cave dives, has never been
observed in Bermuda [76,77]. The ostracod stygobiont genus Humphreysella has a similar
distribution and ecology to Remipedia, while being absent from Bermuda. Humphreysella
occurs in caves in the Bahamas (3 spp.), Yucatan Peninsula (1 sp.), Cuba (1 sp.), Jamaica
(1 sp.), Galápagos Islands (1 sp.), and Canary Islands (1 sp.), as well as having a closely
related monotypic genus in Western Australia and Christmas Island (Indian Ocean) [24,78].

Important questions arise as to the age and origins of Bermuda’s endemic cave fauna.
The Bermuda seamount formed from volcanic eruptions occurring approximately 35 mil-
lion years ago. Due to its attachment to the North American Plate, the seamount remained
at a constant distance from the North American coast, but an ever-increasing distance
from Europe as the Atlantic Ocean expanded. Limestone bedrock containing all known
caves is only 1–2 million years in age. The limestone capping the summit of the Bermuda
seamount extends down to about 30 m below present sea level, such that during Pleistocene
regressions to 130 m, all of the island’s limestone and, thus, its caves, were exposed above
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the ocean and were dry. The exceptionally large stalactites and stalagmites in the now
underwater caves, and the level of the Pleistocene ocean, corroborate that caves must
have been continuously dry for many tens thousands of years at a time (Figure 2B). It
was not until about 7000 years ago that the sea level rise from the last glacial maximum
(~20,000 years ago) caused Bermuda’s caves to become flooded [9].

Considering the high diversity, unique ecological and taxonomic nature of the cave
fauna, a relatively modern origin by cave colonization from the open ocean is highly
unlikely and can be ruled out. Instead, the cave species currently found in Bermuda
must have been dark-adapted organisms that moved into caves from suitable crevice or
crevicular habitats in the volcanic bedrock or sides of the Bermuda seamount occurring at
depths greater than where sea level was during the last glacial maximum. The presence
of a highly diverse and endemic stygobiont fauna in a young (~21,000 years old) volcanic
cave in the Canary Islands presents a comparable case. La Corona lava tube on Lanzarote
formed during the last ice age as a dry cave that was flooded by rising sea level to a
maximum water depth of 64 m [79].

6. Threats to Bermuda’s Cave Fauna

Bermuda represents an extreme case of threats to marine cave fauna and a microcosm
of issues facing caves around the world. The primary threats to Bermuda caves and their
fauna include: (i) filling and quarrying activities, (ii) water pollution, (iii) dumping and
littering, (iv) vandalism [80], and (v) climate change [81]. Since most of Bermuda’s endemic
stygiobionts inhabit only a single cave or cave system, pollution of these habitats can
threaten entire species with extinction.

Population growth and land development have adversely affected Bermuda’s caves
and cave fauna. The islands have a total land area of 53.3 km2, of which 20% (or 10
km2) is forest and woodland [77]. As of May 2021, Bermuda’s population was estimated
to be 62,069, down from a high of 66,257 in 2005 [82], yielding an average population
density of 1164 persons per km2. In such a small, densely populated island, consider-
able human pressures have been brought to bear on the relatively unknown and poorly
appreciated caves.

Intentional dumping of large quantities of refuse, raw sewage, and waste fuel oil
into anchialine cave pools in Bermuda resulted in the depletion of dissolved oxygen and
production of hydrogen sulfide in deep lakes from Government Quarry and Bassett’s
Caves [83]. The resulting anoxic conditions not only eliminated all typical cave inverte-
brates, but also formed black metal sulfide precipitates that substantially reduced water
clarity. Such polluted waters can move for considerable distances underground and appear
years later in distant cave pools. In addition, broken or missing speleothems, graffiti,
names on cave walls, and litter are common sights in many dry caves in Bermuda, while
sinkholes and cave entrances were long used for trash disposal [80] (Figure 2F). Tidal
currents suck floating plastic bottles and bags into coastal caves (Figure 2E). Such negative
impacts to caves reduce their esthetic value and, therefore, make it more difficult to justify
protective measures.

Climate change is a medium-term to long-term threat, since warming climate causes
an increased frequency and strength of hurricanes and sea level rise, which will directly
affect the habitat availability. Furthermore, cave organisms are especially vulnerable to
rapid environmental changes [81,84].

In an effort to protect caves, Bermuda’s planning laws now afford caves the highest
level of protection [85]. The Fourth Schedule of the Planning Act 1974 states: “The protec-
tion of caves shall take precedence over all other planning considerations and the Board
shall refuse any development application or planning of subdivision if, in the opinion of the
Board, the proposal will have detrimental impact on a cave entrance or underlying cave.”
The Protected Species Act 2003 and Protected Species Order 2012 list 22 cave-dwelling
species for legal protection, while the 2014 “Management Plan for Bermuda’s Critically
Endangered Cave Fauna” seeks adequate protection for the entire cave habitat. The Man-
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agement Plan is designed to protect caves through legislation and raised public awareness,
comprehensive mapping of caves, identifying and managing point source pollution, mon-
itoring cave air and water, examining the potential for hatchery breeding, facilitating
ecological research, and undertaking active restoration of impacted caves [85].

Unfortunately, loopholes in the laws have allowed important caves with endangered
and protected species to be destroyed. Wilkinson Quarry Cave at the northern end of the
Walsingham Track was discovered during blasting operations in 2002. The cave contained
profuse and actively growing speleothems and a large network of submerged cave passages
where biological collections identified four species of stygobiont crustaceans on the IUCN
Red List. While biology and conservation experts pressed for protection and preservation
of the cave, consultants hired by quarry management supported its destruction arguing
that the cave was (1) small, (2) structurally compromised and therefore unsafe, and (3)
not ecologically or esthetically significant [86]. Despite the Planning Act law and the
presence of endangered species, the Bermuda Development Applications Board approved
destruction of the cave and removal of all bedrock to level off the lower quarry floor.

Another way to safeguard caves is through private and government owned nature
reserves that effectively protect undeveloped woodland, karst topography, extensive cave
systems, saltwater ponds, and endemic cave-adapted plants, mosses, and ferns. The 400-
acre (160 ha) Walsingham Tract includes four adjacent nature reserves: the 23-acre (9.3 ha)
Walsingham Trust Nature Reserve, 1.25-acre (0.5 ha) Idwal Hughes Nature Reserve, 12-acre
(4.9 ha) Blue Hole Hill Park, and Crystal and Fantasy Caves operated by the Wilkinson
Trust as commercial tourist attractions [87]. Since the mid-20th century, sections at the
northern and southern ends of the Tract have been lost to quarrying, hotel, and residential
development, increasing the importance of these nature reserves as a key conservation and
restoration areas.

Thus, conservation actions to protect Bermuda’s anchialine cave habitat and its unique
stygobiont fauna, especially caves in the Walsingham Tract, are crucial. Further research
is needed to understand the biodiversity, species biology, population sizes, and carrying
capacity of the ecosystem in relation to diverse human activities.
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Abstract: Located in the core zone of Mulun National Nature Reserve in northern Guangxi, the
limestone cave Ganxiao Dong harbours the richest cave fauna currently known in China. In total,
26 species of cave invertebrates have been recognized so far, in spite of limited sampling efforts. Of
them, 20 are troglobionts or stygobionts, including one snail, four millipedes, three spiders, one
harvestman, three isopods, two springtails, two crickets, one non-glowing sticky worm, and three
trechine beetles. Six other species are troglophiles. The most remarkable characteristic of this fauna is
its high number of troglomorphic species, especially among millipedes, crickets and beetles.

Keywords: biodiversity; cave; hotspot; Huanjiang; Guangxi; South China Karst; troglomorphy

1. Introduction

The World Heritage Property of South China Karst is a cluster of seven karsts, i.e.,
Shilin (stone forest) in Yunnan, Shibing and Maolan in Guizhou, Jinfoshan and Wulong
in Chongqing, as well as Guilin and Huanjiang in Guangxi (https://whc.unesco.org/
en/list/1248/, accessed on 1 July 2021). The Huanjiang Karst component is located in
the Guangxi Zhuang Autonomous Region within the boundaries of the Mulun National
Nature Reserve. Actually, Maolan and Mulun are the same karst unit across the border
between Guizhou and Guangxi, and the karst unit is totally included in national nature
reserves. The Huanjiang karst is a large Fengcong (peak cluster) landscape covered with
primary forest and hundreds of scattered caves. The cave biodiversity in this karst has
been recently investigated and shown to be very rich [1–3]. The cave which will be dealt
with in this paper, Ganxiao Dong, is located in the Mulun karst.

The Huanjiang Karst World Natural Heritage Site is located in Huanjiang Maonan
Autonomous County, northern Guangxi, with a total area of 115.59 km2. The area is a
typical tropical-subtropical karst landscape with the main landform of so-called peak-
cluster depression (Figure 1), as well as other landforms, for example, dolines, fossil
valleys and cave systems. Geographically, Huanjiang Karst belongs to the slope zone
from the Yunnan-Guizhou plateau to the hilly basin of Guangxi, decreasing in elevation
from 1028 m a.s.l. in the northwest to 250 m a.s.l. in the southeast. The topography of
the area is fragmented due to the erosion-denudation of the eastern Gubin River and the
western Dagou River and the fault structure in the area, making it a typical area for the
development of conical peak-cluster karst landforms in the mid-subtropical zone [4,5].
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Figure 1. Fengcong peak cluster landscapes in Huanjiang Karst, Hechi, Guangxi, China.

Forest coverage exceeds 95% and predominantly is comprised of a mixed evergreen
and deciduous broad-leaved forest. The humid subtropical climate, the diverse karst
habitats and the enclosed island-like environment are conducive to the growth and repro-
duction of living organisms. Likewise, there are hundreds of limestone caves distributed in
this area, such as Cave Ganxiao Dong, Cave Dongtu Dong, Cave Mashan Dong and so on.

Xu Xiake, the first karstologist and caver of China (1587–1641), explored or located
more than 270 caves in Guangxi. After this pioneering work, nothing significant was pub-
lished on the karst of China for about 300 years. Modern cave exploration and karstology
developed rapidly from the 1970s onwards, first through many foreign expeditions, then
through increasing efforts of Chinese cavers. Speleologically, the most impressive result of
this activity is the exploration of the Shuanghe cave system in Guizhou, today the largest
in China and Asia with over 300 km of passages (Jean Botazzi, pers. comm.)

Research on cave biology in Chinese caves began in 1960 with the description of
five millipedes and one centipede by Loksa [6], followed in 1981 by that of the cave fish
Oreonectes anophthalmus, described by Zheng, the first of a long series. The first cave beetle
was described in 1991 (Sinaphaenops mirabilissimus Uéno & Wang, 1991), the first cave
Collembola in 1993 (Sinella trogla Chen & Christiansen, 1993) and the first cave woodlice in
1995 (Sinoniscus cavernicolus Schultz 1995). All these animals were collected in the caves of
Guangxi or Guizhou, but none of them is from the Mulun karst.

These zoological groups, fish, millipedes, woodlice, springtails and beetles, together
with spiders, represent today the bulk of the cave diversity of Chinese caves, with tens of
new species described since then. Three of these groups have been particularly studied in
the Mulun karst: millipedes, woodlice and beetles.

Millipedes are the most common terrestrial medium- to large-size invertebrates in the
caves of South China Karst [7]. However, the diversity of cave millipedes in China has been
revealed and recognized only during the last few decades. Approximately 350 millipede
species from China have been named at present, including at least a third only known
from caves [8]. In Mulun, the first cave millipede, Eutrichodesmus similis, reported by
Golovatch et al., 2009, was described from Gui Dong and Shenlong Dong. Since this date,
16 species of Diplopoda have been reported from this karst [8].

Oniscid isopods are the only crustaceans that are fully adapted to terrestrial habitats,
mostly living in wet and often dark environments. Cave-dwelling isopods are common in
southern China. Most of them are terrestrial, but a few species have returned to aquatic
life [9]. Contrary to millipedes and beetles, they are represented by few genera in Chinese
caves, of which Dryadillo is found in many provinces in China, including troglobiotic
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and troglophilic species, while Trogloniscus is endemic to southern Guizhou and northern
Guangxi, with five troglobiotic or stygobiotic species.

South China (northern Guangxi and southern Guizhou) is the world hot-spot for cave
Trechinae beetles, having recently overpassed the historical hotspots of the Pyrenees and
Dinarides in the number of taxa and levels of troglomorphy [10]. They are diversified
in many genera and species, and all narrowly endemic, including the most impressive
troglomorphic beetles known so far [10]. The first troglobiotic trechine species reported in
China, Sinaphaenops mirabilissimus, by Uéno & Wang, 1991, was discovered in a show cave
in Maolan, Libo County of southern Guizhou, which is adjacent to the Mulun Reserve [11].
Subsequently, Uéno & Ran [12] reported two other species from this county: S. gracilior
from Cave Shui Dong, and S. wangorum from Cave Lasuo Dong in 1998. The latter also
expands into northern Guangxi, occurring in several caves of the Mulun karst of Huanjiang
County [13]. Similarly, Libotrechus nishikawai, described by Uéno, 1998, and Uenotrechus
liboensis, described by Deuve & Tian, 1999, were formerly found in Maolan [14,15], then
collected in Mulun. In addition, U. gejianbangi, described by Tian & Wei, 2017, was only
found from the cave Ji Dong (also called Shuiku Dong) in Mulun. The genus Pilosaphaenops,
reported by Deuve & Tian, 2008, contains six species, of which four are distributed in the
Maolan-Mulun karst: P. hybridiformis (Uéno, 2002) from Maolan, P. pilosulus (Deuve & Tian
2008), P. whitteni Tian, 2011 and P. weiguofui Huang et al., 2020 from Mulun and related
karsts near Sancai and Dacai (Huanjiang). For the genus Oodinotrechus, reported on by
Uéno, 1998, two species were reported from this area, O. kishimotoi Uéno, 1998 from a cave
in Maolan and O. liyoubangi Tian, 2014 from three caves in Mulun. The Maolan-Mulun
karst is therefore home to 12 cave Trechinae, and several of them are highly troglomorphic.

This paper is the first contribution dedicated to Ganxiao Dong. This cave has the
richest cave fauna of the Mulun-Maolan karst and of China, according to the surveys we
have conducted for 10 years, as well as Mulun being itself the richest region of China for
subterranean fauna [1].

2. Materials and Methods

2.1. Research Site

The cave Ganxiao Dong is close to the provincial border between Guizhou and
Guangxi (Figure 2A), in the core zone of the adjacent Maolan and Mulun National Nature
Reserves, both World Natural Heritage Sites of South China Karst. The cave is located
in the northwest of Xiazhai Village, Chuanshan Town, Huanjiang County (25◦10′57′′ N,
108◦01′55′′ E). It is a medium-sized cave (836 m in total length), with pools of water and var-
ious terrestrial subterranean habitats favourable for subterranean species and invertebrate
communities (Figure 2B).

The main entrance (Figure 3A) of Ganxiao Dong is 16 km away from Chuanshan Town
in a straight-line distance, at an altitude of 735 m. The total length of the cave is 836 m, of
which the main gallery is 620 m and the branch length is 216 m. The highest point in the
main gallery is 48 m and the widest section is 26 m. There are two branches after the first
part of the main gallery: the western branch is a dry passage in a higher position, with a
length of 73 m; the eastern branch is longer (143 m). The entrance is 20 m wide and 9 m
high, orientated at 335◦ N with a 15–20◦ downward slope. Two additional cave entrances
are also opened on the northern side of the hill, at the level of the western branch. Both
entrances are small, accessible only by a person at the same time. Five chambers (Figure 3B)
exist inside the cave.

Influenced by the fracture and the strata altitude, the cave is overall nearly north-south
oriented, with many bifurcations, and most of the sub-sections facing north-west or south-
east. The cave plan is “Y” shaped and extends in a right-angle bend. In the longitudinal
section, the main gallery extends in a north-south upward direction, ending on a collapse
of stones. Due to gravity, the roof collapsed, and formed a vaulted chamber. The main
gallery of the cave is spacious, while the branches are narrower. The bottom of the cave is
uneven and the ceiling obviously collapsed, which caused the development of ridges and
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conchoidal fractures. At the bottom of the main gallery, several depressions were found,
one of them being a 1 m deep and 10 m2 areal pool (Figure 3C). Cross-sections of cave
galleries are mainly triangular, sub-triangular or trapezoidal, mostly of large size (one to
47 m wide and two to 30 m high).

 

Figure 2. Location of Ganxiao Dong (A) and map of the cave (B).

The speleothems formed inside the cave are very diverse, including in particular
stalagmites, stalactites, stone columns, stone mushrooms, stone curtains, stone shields,
stone rimstone dams and stone pearls (Figure 3D–F). They are mainly distributed in the
main gallery and the eastern branch, while the western branch has very few speleothems
inside the passage because it is a high-level dry cave. Stone mushrooms, stone curtains
and stone shields are only found in the main gallery, while the rimstone dams and stone
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pearls are only found in the eastern branch. The mechanical deposits in the cave are mainly
sediments, with a few biological deposits such as bat guano.

 

Figure 3. Geomorphological characteristics of Ganxiao Dong. (A) entrance; (B) large chamber;
(C) pool; (D–F) stalactites, rimstone dams, stalagmites and columns.

2.2. Sampling

Six biological surveys were conducted in the cave Ganxiao Dong during different
seasons from 2009 to 2019. Collections were made by hand or using an aspirator and
kept in 75% ethanol for morphological studies and identification or 95% ethanol for DNA
sequencing and molecular analyses. Photos of the cave animals were taken by a Canon
EOS 6D camera (Tokyo, Japan) with a Canon EF 100mm f/2.8L IS USM lens (Tokyo, Japan)
and an adapted Meike MK-14 ext E-TTL macro flash (Hongkong, China). They were then
processed using Photoshop CC 2019 (San Jose, CA, USA).
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All materials studied are deposited in the animal collections of South China Agricul-
tural University.

2.3. Terminology

Cave terrestrial animals are generally divided into three ecological categories based
on their adaptation to cave life: troglobionts, troglophiles and trogloxenes [16]. Similarly,
aquatic cave animals are referred to as stygobionts, stygophiles and stygoxenes. Troglo-
bionts are fully adapted to the cave environment and are unable to survive outside the cave.
Most of them are lacking in pigments, without eyes or visual organs. Troglophiles have
populations in the dark cave environment but also outside (eutroglophiles) or are linked
to caves only for a part of their life cycle (subtroglophiles). Trogloxenes enter the cave
accidentally [17]. Troglomorphy, i.e., a set of morphological traits assumed to be linked
to cave life, is the most spectacular characteristic of many cave invertebrates of South
China karsts. It includes eye regression, winglessness and depigmentation, three traits
observed as well in soil invertebrates, associated with body size increase and appendage
elongation [18].

3. Results

3.1. Cave Fauna Composition

In total, 26 cave invertebrates have been discovered in Ganxiao Dong, including
19 troglobiotic, one stygobiotic and six troglophilic species (Table 1).

Table 1. Species list of cave-adapted animals from cave Ganxiao Dong. Column status: Tb = troglobiont; Tp = troglophile;
Sb = stygobiont; * = known endemic of the Maolan-Mulun karst or of Ganxiao Dong; ? = not sure or under study.

No. Species Family Order Class Status

1 Sinospelaeobdella sp. Haemadipsidae Gnathobdellida Hirudinea Tp
2 Euplecta sp. Ariophatidae Stylommatophora Gastropoda Tb
3 Chalepotaxis sp. Helicarionidae Stylommatophora Gastropoda Tp

4 Hyleoglomeris kunnan Golovatch, Liu & Geoffroy,
2012 Glomeridae Glomerida Diplopoda Tb *

5 Eutrichodesmus similis Golovatch, Geoffroy,
Mauries & VandenSpiegel, 2009 Haplodesmidae Polydesmida Diplopoda Tb *

6 Pacidesmus bedosae Golovatch, Geoffroy &
Mauries, 2010 Polydesmidae Polydesmida Diplopoda Tb *

7 Glyphiulus proximus Golovatch, Geoffroy,
Mauries & VandenSpiegel, 2011 Cambalopsidae Spirostreptida Diplopoda Tb *

8 Epedanidae sp. Epedanidae Opiliones Arachnida Tb
9 Troglocoelotes proximus (Chen, Zhu & Kim, 2008) Agelenidae Araneae Arachnida Tb *
10 Speleoticus libo (Chen & Zhu, 2005) Nesticidae Araneae Arachnida Tb *
11 Telema sp. Telemidae Araneae Arachnida Tb
12 Sparassidae sp. Sparassidae Araneae Arachnida Tp
13 Trogloniscus trilobatus Taiti & Xue, 2012 Styloniscidae Isopoda Crustacea Sb *
14 Trogloniscus deharvengi Taiti & Xue, 2012 Styloniscidae Isopoda Crustacea Tb *
15 Dryadillo sp. Armadillidae Isopoda Crustacea Tb
16 Sinella sp. Entomobryidae Entomobryomorpha Collembola Tb
17 Coecobrya sp. Entomobryidae Entomobryomorpha Collembola Tb
18 Sarasaeschna sp. Aeshnidae Odonata Insecta Tp ?

19 Tachycines (Gymnaeta) ferecaecus (Gorochov,
Rampini & Di Russo, 2006) Rhaphidophoridae Orthoptera Insecta Tb *

20 Tachycines (Gymnaeta) sp.1 Rhaphidophoridae Orthoptera Insecta Tp
21 Tachycines (Gymnaeta) sp.2 Rhaphidophoridae Orthoptera Insecta Tb
22 Chetoneura sp. Keroplatidae Diptera Insecta Tb
23 Libotrechus nishikawai Uéno, 1998 Carabidae Coleoptera Insecta Tb *
24 Sinaphaenops wangorum Uéno & Ran, 1998 Carabidae Coleoptera Insecta Tb *
25 Pilosaphaenops hybridiformis (Uéno, 2002) Carabidae Coleoptera Insecta Tb *
26 Micronemadus pusillimus (Kraatz, 1877) Leiodidae Coleoptera Insecta Tp
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3.2. Notes on Cave Animals Living in Cave Ganxiao Dong
3.2.1. Leech

Sinospelaeobdella sp. occurs in Ganxiao Dong, wandering on roofs or walls (Figure 4A).
Its two species, distributed in tropical continental Asia (China, Laos and Myanmar), are
given in the literature as sucking the blood of different bat species, including Rhinolophus
pearsonii Horsfield, 1851 which is present in the cave [19].

 

Figure 4. Cave animals in Ganxiao Dong: (A) leech Sinospelaeobdella sp.; (B) snail Euplecta sp.
and (C) snail Chalepotaxis sp.; (D) Pacidesmus bedosae Golovatch et al., 2010; (E) Glyphiulus proximus
Golovatch et al., 2011; (F) Eutrichodesmus similis Golovatch et al., 2009; (G) Hyleoglomeris kunnan
Golovatch et al., 2012.

3.2.2. Snails

Two species of terrestrial snails are living inside Ganxiao Dong. Among them, Euplecta
sp. (Figure 4B) is likely a troglobiont, while Chalepotaxis sp. (Figure 4C) is a troglophile.
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3.2.3. Millipedes

Four millipede species of four different genera, families and orders, have been discov-
ered in Ganxiao Dong [8]: Pacidesmus bedosae (Polydesmidae, Polydesmida) (Figure 4D),
Glyphiulus proximus (Cambalopsidae, Spirostreptida) (Figure 4E), Eutrichodesmus similis
(Haplodesmidae, Polydesmida)(Figure 4F) and Hyleoglomeris kunnan (Glomeridae, Glom-
erida) (Figure 4G). In China, the genus Glyphiulus is the richest among millipedes (43 species),
followed by Hyleoglomeris (32 species) and Eutrichodesmus (24 species). All three genera,
represented in China by many troglobionts that are moderately troglomorphic, are common
in Ganxiao Dong, as well as in many caves of Mulun. The oligospecific genus Pacidesmus
is less common in caves, but it encompasses impressive troglomorphic troglobionts, like
P. bedosae of Ganxiao Dong with very long antennae and legs. The co-occurrence of several
troglobiotic millipede species in this cave is not unusual. In Mulun, up to 6 unambiguously
troglobiotic and often troglomorphic species may be found in a same cave [1]. Actually,
Diplopoda represents the most diversified invertebrate group of the Mulun karst with
16 troglobionts recorded so far, a richness unmatched anywhere else in the world [8].

3.2.4. Harvestman

Only an unidentified harvestman species lives in Ganxiao Dong, belonging to the
family Epedanidae (Figure 5A). It is omnivorous and considered to be a troglobiont due to
noticeable depigmentation.

Figure 5. Harvestman and spiders in Ganxiao Dong. (A) Epedanidae sp.; (B) Troglocoelotes proximus
(Chen, Zhu & Kim, 2008); (C) Sparassidae sp.

3.2.5. Spiders

Four spider species are found in Ganxiao Dong. Three of them, namely Troglocoelotes
proximus (Figure 5B), Speleoticus libo and Telema sp. are troglobiotic. An unidentified species
of Sparassidae, a troglophile, is also found inside this cave (Figure 5C).
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3.2.6. Woodlice

Three species of troglobiotic woodlice (Isopoda) occur inside Ganxiao Dong. The
genus Trogloniscus has two species, blind and depigmented, of which one, T. trilobatus is a
stygobiont (Figure 6A) and the other one, T. deharvengi, is a troglobiont (Figure 6B) (Taiti
& Xue, 2012). These two species are very similar in habitus, but easily distinguished on
small somatic characters. It is very unusal to have, in a same well defined genus, species
with such different ecological life styles, especially because both are abundant in the cave.
Further investigations on the ecology of these species are clearly needed; in particular, the
aquatic could be amphibious, like it happens in other Styloniscidae of SE Asia. The third
species, Dryadillo sp. (Figure 6C) is also a troglobiont but has some remains of eyes. All
three species are saprophagous and rather abundant in the cave.

 
Figure 6. Woodlice in Ganxiao Dong. (A) Trogloniscus trilobatus Taiti & Xue, 2012; (B) Trogloniscus
deharvengi Taiti & Xue, 2012; (C) Dryadillo sp.
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3.2.7. Springtails

Two springtails (Collembola), Sinella sp. and Coecobrya sp., occur in sympatry within
Ganxiao Dong. They are small, whitish and good at jumping, feeding on dead wood, litter,
or animal dung in the cave. Springtails play an important role in the cave food chain as they
are the prey to many predators such as ground beetles and spiders. The two genera have
several troglobionts and surface species, mostly undescribed, and are often abundant in
caves of Mulun and China. Morphologically, they exhibit various degrees of troglomorphy,
up to extreme appendage elongation.

3.2.8. Dragonfly

An unexpected discovery was a larva of the dragonfly Sarasaeschna sp. (Aeshnidae,
Figure 7A), collected in a pool far inside the cave, suggesting some links to the cave envi-
ronment (possibly troglophily) and currently under study (Haomiao Zhang, pers. comm.).

Figure 7. Dragonfly and crickets in Ganxiao Dong. (A) Nymph of Sarasaeschna sp.; (B) Tachycines
(Gymnaeta) sp.1; (C) Tachycines (Gymnaeta) ferecaecus (Gorochov, Rampini & Di Russo, 2006);
(D) Tachycines (Gymnaeta) sp.2.

3.2.9. Crickets

Three species of cave crickets (Rhaphidophoridae) are living in Ganxiao Dong. This
remarkable diversity is not exceptional in southern China karst, where two and sometimes
three species of Rhaphidophoridae may co-occur. It is the case in the Parking cave of
Huoyan (Longshan in Hunan province) which hosts Tachycines (Gymnaeta) omninocaecus
(Gorochov et al., 2006), T. (G.) solidus (Gorochov et al., 2006) and Eutachycines crenatus
(Gorochov et al., 2006), each species occupying a different section of the cave with limited
spatial overlap (Gorochov et al., 2006 and unpublished data). Among the Ganxiao Dong
crickets, two are troglobionts with depigmented bodies: Tachycines (Gymnaeta) ferecaecus
with very reduced eyes (Figure 7C), originally described from a cave in Maolan, and
the blind species illustrated in Figure 7D. The third species, T. (G.) sp.1 (Figure 7B), has
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medium-size eyes and a coloured body, and is likely a troglophile. The three species have
no wings, but well-developed jumping legs and are omnivorous, feeding on bat guano,
fungi or preying on other small invertebrates.

3.2.10. Non-Glowing Sticky Worm

One species of non-glowing sticky worm, Chetoneura sp. (Figure 8A), occurs in
Ganxiao Dong. Chetoneura catches their prey by means of a special curtain-like trap which
is composed of threads with dew sticked by the worms (Figure 8B,C). A recent biological
study [20] shows that Chetoneura shennonggongensis Amorim & Niu 2008, described from
China, may spend its entire life within the cave, as adults have a very short life span, do not
feed and have very limited flying ability. Therefore, in spite of the large size of their eyes,
they can be considered as troglobionts. Chetoneura, the only genus of fungus gnats known
to develop in caves, has only two described species in the oriental region, but unidentified
non-glowing sticky worms are common in many caves of the oriental region, and may
uncover a larger taxonomic diversity.

 

Figure 8. Non-glowing sticky worms (larvae of Keroplatidae) in Ganxiao Dong. (A) a cluster of
larvae and threads; (B) a larva; (C) a larva feeding on a mosquito.
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3.2.11. Ground Beetles

Three species of troglobiotic ground beetles (Carabidae) are living in Ganxiao Dong,
i.e., Pilosaphaenops hybridiformis (Figure 9A), Sinaphaenops wangorum (Figure 9B), and Li-
botrechus nishikawai (Figure 9C) (Tian 2010 and unpublished). All of them belong to the
subfamily Trechinae, and are anophthalmic. The last one is not strongly modified, whereas
the other two are aphaenopsian, with elongated body and appendages, and modified
mouthparts. They are predators, feeding on springtails (pers. obs.) or even probably eggs
of other invertebrates, and are present in most caves of the region. All of them are narrowly
endemic [10].

 

Figure 9. Ground beetles in Ganxiao Dong. (A) Pilosaphaenops hybridiformis (Uéno, 2002);
(B) Sinaphaenops wangorum Uéno & Ran, 1998; (C) Libotrechus nishikawai Uéno, 1998.

3.2.12. Round Fungus Beetles

One species of round fungus beetles, Micronemadus pusillimus (Kraatz, 1877) (Leio-
didae), was found in Ganxiao Dong. This species is similar in morphology to its surface
relatives, and is considered as a troglophile. It is widespread, found in Mashan Dong from
the same karst [2] and reported also in Malaysia, Indonesia, Japan [21].
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3.2.13. Vertebrates

Although they are not cited in Table 1, bats are nevertheless very common mammals
in Chinese caves, at the basis of the food webs, because of their guano and carcasses which
represent food sources for micro-organisms and saprophagous invertebrates. In Ganxiao
Dong only Rhinolophus pearsonii (Figure 10A) was observed. The species is widespread
in southern continental Asia, listed in the IUCN Red List of Threatened Species as Least
Concerned. It generally lives in groups from a dozen to several dozens, hanging on rock
walls or cave ceilings. It is a food source of the parasite Sinospelaeobdella, a jawed land leech
which is present in that cave, though it was not observed on the bat itself.

 

Figure 10. Other vertebrates in Ganxiao Dong. (A) Rhinolophus pearsonii Horsfield, 1851; (B) Elaphe
moellendorffi (Boettger, 1886); (C) Fossil of Stegodon sp.

The beautiful Colubridae Elaphe moellendorffi (Boettger, 1886) (Figure 10B), frequent
in Chinese caves, may prey upon bats, but its impact on their presence or abundance
is unknown.

Bones of a fossil Stegodon were also found in the innermost part of the eastern branch
of the cave (Figure 10C). The genus Stegodon is a very large size extinct mammal genus of
the family Stegodontidae, order Proboscidea (elephants).

4. Discussion

The species richness of Ganxiao Dong is relatively low compared with several other
temperate or tropical hot spots, but slightly above that of most of species-rich caves listed
for continental Southeast Asia [22]. This, however, does not reflect a real biological pattern
for two reasons. The first one is that the study of cave invertebrates in China is much
more recent than in Europe or northern America, as illustrated by accumulation curves
of taxa descriptions [19], and even more recent than that of several caves of Southeast
Asia. The second reason is that multitaxa sampling in caves of China began only very
recently compared to most regions which include subterranean diversity hotspots. The first
multitaxa inventory of a Chinese cave is probably that of Feihu Dong in Hunan province,
done in 1995 [23], but this kind of investigation really started in 2005 with a World Bank
GEF project that included a karst biodiversity component focused on the Mulun karst.
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Not surprisingly, the 26 invertebrate species listed above are therefore only a part of
the cave-adapted animals occurring in Ganxiao Dong. Many cave-restricted invertebrates,
such as mites, pseudoscorpions, diplurans or ant-loving beetles (Pselaphinae), that are
known from other nearby caves in the Maolan-Mulun karst, have not been observed in
Ganxiao Dong during our surveys. Moreover, aquatic fauna, which is, in many caves of the
world, richer than terrestrial fauna, has not been sampled (with the exception of isopods).

At present, 150 cave species have been found in the Huanjiang World Heritage Site of
South China Karst [3] and more than 40 caves have been biologically surveyed to various
extents in the Mulun karst [24,25]. Apart from Ganxiao Dong, several caves in Mulun
also have a promising species richness. For example, 21 troglobionts have been found in
Mashan Dong, as well as 13 troglobionts and 3 troglophiles in Dongzai Dong [22]. Outside
the Mulun karst, Ji Dong has 14 troglobionts [24], including three sympatric species of
troglobitic ground beetles.

Candidate caves for “hotspot” label are also from other karstic regions of China,
in particular Feihu Fong and Shuanghe Dong, both situated more to the north. In the
cave of Feihu Dong from the Huoyan karst (northwestern Hunan), 21 troglobiotic species
or morphospecies have been recorded so far [23]. In Shuanghe Dong, the longest cave
system in China which is over 300 km at present (Jean Bottazzi, pers. comm.), over
50 species were found from several caves, but none of them held more than 20 cave species
(unpublished data).

In short, the cave Ganxiao Dong, together with Mashan Dong and Feihu Dong,
harbours the richest cave fauna in China according, but several other caves, less intensively
sampled, are likely to reach similar levels of richness. The sampling gaps underlined above,
combined with the fast pace of discoveries of new taxa in the region, lead us to foresee a
significant increase in species richness for the near future in South China caves and karsts.

All the species inventories mentioned above have the same limitation, i.e., undersam-
pling of aquatic fauna and several terrestrial groups. Taking these biases into account,
Ganxiao Dong and Feihu Dong would often compare favourably with most other tropical
or temperate cave systems [22,23,26].

The number of troglobiotic species measures the frequency of adaptations to cave life
in a fauna. It does not inform about the impact of cave life on troglobiont biology and
morphology. In this last respect, cave-obligate terrestrial species of southern China are at
the front line, with exceptionally high level of troglomorphy in several major groups of
cave invertebrates: millipedes, crickets and beetles [8,27,28].
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Abstract: The Mammoth Cave System in the Interior Low Plateau karst region in central Kentucky,
USA is a global hotspot of cave-limited biodiversity, particularly terrestrial species. We searched the
literature, museum accessions, and database records to compile an updated list of troglobiotic and
stygobiotic species for the Mammoth Cave System and compare our list with previously published
checklists. Our list of cave-limited fauna totals 49 species, with 32 troglobionts and 17 stygobionts.
Seven species are endemic to the Mammoth Cave System and other small caves in Mammoth Cave
National Park. The Mammoth Cave System is the type locality for 33 cave-limited species. The
exceptional diversity at Mammoth Cave is likely related to several factors, such as the high dispersal
potential of cave fauna associated with expansive karst exposures, high surface productivity, and
a long history of exploration and study. Nearly 80% of the cave-limited fauna is of conservation
concern, many of which are at an elevated risk of extinction because of small ranges, few occurrences,
and several potential threats.

Keywords: checklist; karst; species richness; stygobiont; troglobiont

1. Introduction

The Mammoth Cave System in central Kentucky, USA is the most extensive cave sys-
tem in the world with over 663 km (412 miles) of mapped passaged, including 27 entrances
and 10 significant caves that have been connected since explorations began in the late 1700s:
Colossal, Crystal (=Floyd Collins’ Crystal), Donkey, Hoover, Mammoth, Morrison, Proctor,
Roppel, Salts, and Unknown caves. Colossal, Crystal, Salts, and Unknown caves comprise
the 206 km (128 mile) Flint Ridge Cave system (Figure 1). Mammoth Cave National Park
was created in 1941 and includes two-thirds of the Mammoth Cave System [1]. The Mam-
moth Cave System was recognized as a UNESCO World Heritage Site in 1981 because of its
uniqueness as the world’s longest cave system as well as its extensive geological, mineral,
and biological resources. The region was recognized as the core of an UNESCO Biosphere
Reserve—Mammoth Cave Biosphere Region—in 1990.

The Mammoth Cave System is developed in three major limestone layers at the
northwestern extent of the Pennyroyal Plateau, an expansive flat karst plain within the
Interior Low Plateau physiographic province. The limestone layers include, from youngest
to oldest, the Girkin Formation (40 m thick), Ste. Genevieve Limestone (35 m thick), and
St. Louis Limestone (53–60 m thick) [2–5]. The Girkin Formation is capped by resistant
sandstone and shale of the Big Clifty Formation that form the Mammoth Cave, Flint, Joppa,
and Toohey Ridges. Most of the cave system is developed in the Ste. Genevieve Limestone
and the upper 40 m of St. Louis Limestone [5]. The limestone strata gently slope from
the southeast to the northwest. The Pennyroyal Plateau is exposed at the surface to the
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southeast, while insoluble strata of the Chester Upland, including the Big Clifty Formation,
form a rugged hilly terrain that overlies the cave system to the northwest. The Green River,
a tributary of the Ohio River, has cut into the Pennyroyal Plateau about 60 m such that
most of the Mammoth Cave watershed now occurs underground [6]. The karst watershed
of Mammoth Cave includes seven groundwater basins (Pike Spring, Great Onyx, Echo
River, Double Sink, River Styx, Floating Mill Hollow, and Turnhole Bend); in addition,
flood overflow occurs into an eighth basin (Sand Cave). These basins encompass 317 km2

and ultimately drain at springs at base level into the Green River [7,8].

Figure 1. Map showing the location of Mammoth Cave National Park (MCNP) and the extent of the
Mammoth Cave System in and adjacent to MCNP. The major segments of the Mammoth Cave System
are shown as line plots in various colors. The different segments explored from different entrances
(27 total). Line plot data from Cave Research Foundation. MCNP also contains over 500 smaller caves
developed in various karstified limestones that are not attached to the Mammoth Cave System. These
are grouped on the map, but include the St. Louis, Ste. Genevieve, Haney, Glen Dean and Girkin
Formations. These smaller caves contain a variety of habitats from epikarst to base-level streams.

The Mammoth Cave System is characterized by a complex network of vadose and
phreatic passages with at least five primary horizontal levels of passages (four fossil stream
levels and the modern base level) representing distinct stages of development in association
with past periods of water table stability and intervening periods of downcutting of
the Green River valley through the resistant caprock into the soluble limestone layers
below [1,6]. The evolution of the Mammoth Cave system is linked to the incision history
of the Green River, drainage reorganizations, and significant climatic changes from the
Pliocene through the Pleistocene, with the oldest upper-level passages dating to 3.2 Mya
and the lower levels developing over the past 2 Mya [9].

Mammoth Cave has long been a focal region of study for North American subter-
ranean biodiversity and for advancing our foundational knowledge of the ecology and
evolution of cave fauna. Studies of the biodiversity in the Mammoth Cave System have
an extensive history dating back to the 1820s (see [10]) when Constantin S. Rafinesque first
visited Mammoth Cave [11]. Darwin [12] even mentions cave life from the Mammoth Cave
region in On the Origin of Species by Means of Natural Selection. Much of our early knowl-
edge of the North American cave fauna was derived from visits and studies by biologists to
Mammoth Cave in the 1800s, such as DeKay [13], Wyman [14–19], Tellkampf [20–22], Agas-
siz [23–25], Von Motschulsky [26,27], Call [28], and Packard [29–36] (reviewed in [10] and [37]).
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Additional significant early publications on the fauna and ecology of Mammoth Cave in-
clude Putnam [38], Eigenmann [39–42], Bolivar and Jeannel [43], Bailey [44], Buchanan [45],
Park [46], Dearolf [47], Hubricht [48–53], Jeannel and Henrot [54], and Barr [55–60]. Barr [10]
provided the first comprehensive review of the fauna of the Mammoth Cave system. More
recently, Poulson [61,62] and Helf and Olson [63] provided reviews of terrestrial and aquatic
ecosystems in Mammoth Cave. Culver and Hobbs [37] comprehensively reviewed the ob-
ligate cave fauna of the Mammoth Cave system and compared the fauna with other global
hotspots of terrestrial cave biodiversity. Toomey et al. [1] presented a general review of the
Mammoth Cave system that included a checklist of cave obligate fauna.

Herein we present an updated list of terrestrial and aquatic cave obligate fauna (i.e.,
troglobionts and stygobionts, respectively) of the Mammoth Cave system. Our goal is not
to duplicate recently published checklists by Culver and Hobbs [37] and Toomey et al. [1]
but rather complement these works by including a comprehensive bibliography on the cave
obligate fauna of Mammoth Cave. In addition, we compare our list with past checklists
from Mammoth Cave and comment on the exceptional biodiversity of this North American
and global hotspot of subterranean biodiversity.

2. Materials and Methods

We conducted a search of the scientific literature to compile an updated list of troglo-
biont and stygobiont species for the Mammoth Cave System. For an overview of taxa
that are not cave-limited, we refer readers to Barr [10], Culver and Hobbs [37], Helf and
Olson [63], and Poulson [62]. Scientific literature sources included journal articles, book
chapters, books, conference proceedings, theses and dissertations, and government re-
ports. Searches of literature sources included keyword queries of ISI Web of Science, Google
Scholar, and Zoological Record. In addition, we also searched biodiversity databases includ-
ing the Global Biodiversity Information Facility (GBIF; Available online: https://gbif.org
(accessed on 28 June 2021)), VertNet (Available online: http://www.vertnet.org (accessed
on 28 June 2021)), Symbiota Collections of Arthropods Network (SCAN; Available online:
https://scan-bugs.org/portal/(accessed on 28 June 2021)), and InvertEBase (Available
online: http://www.invertebase.org/portal/index.php (accessed on 28 June 2021)). The
list of cave obligate fauna includes the scientific name, authority, and conservation status
of each species. Taxonomic nomenclature followed primarily the Integrated Taxonomic
Information System (ITIS; Available online: http://itis.gov (accessed on 28 June 2021)).
For conservation status, we include the International Union for Conservation of Nature
(IUCN) Red List of Threatened Species (Available online: http://www.iucnredlist.org (ac-
cessed on 28 June 2021)) and NatureServe (Available online: http://www.natureserve.org
(accessed on 28 June 2021)) conservation statuses when available. The status of a species
according to the United States list of threatened and endangered species under the U.S.
Endangered Species Act is included (Available online: http://www.fws.gov/endangered
(accessed on 28 June 2021)), as well its status (endangered, threatened, or of greatest con-
servation need) under the latest Kentucky State Wildlife Action Plan (Available online:
https://fw.ky.gov/WAP/Pages/default.aspx (accessed on 28 June 2021)).

3. Results

Packard [36] summarized the North America cave fauna, which at that time was
primarily limited to the fauna of Mammoth Cave. He reported 31 permanent cave species,
18 of which we recognize as cave-limited species today, including 12 troglobionts and
six stygobionts (Table 1). Barr [10] reported 44 cave-limited species (28 troglobionts and
16 stygobionts). More recently, Culver and Hobbs [37] listed 48 species (32 troglobionts
and 16 stygobionts, 11 of which (nine troglobionts and two stygobionts) are endemic
to the Mammoth Cave System, while Toomey et al. [1] reported 50 cave-limited species
(32 troglobionts and 18 stygobionts). The authors also included two springtails not yet
identified to species (Willemia sp. and Onychiurus sp.) on their list of cave-limited taxa,
which were also reported by Barr [10].
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Our list of cave-limited fauna includes 49 species, with 32 troglobionts and 17 sty-
gobionts (Table 1; Figure 2). Both Culver and Hobbs [37] and Toomey et al. [1] included
the snail Helicodiscus punctatellus and copepod Atteyella pilosa in their respective lists of
cave-limited taxa. Helicodiscus punctatellus is known from surface collections [64]. Atteyella
pilosa is a facultative associate of several species of surface and cave-limited crayfishes and
is also known from surface collections [65]. Culver and Hobbs [37] did not include the
isopod Caecidotea bicrenata, which was included in our list and that of Toomey et al. [1].
Lewis [66] reported several collections of C. bicrenata from the Mammoth Cave System
where it predominately occurs in lower-level aquatic habitats. Toomey et al. [1] included
the phorid fly Megaselia cavernicola in their list of cave-limited taxa. Megaselia cavernicola is a
widely occurring species in caves on eastern North America that lacks obvious troglomor-
phic characters, is known from surface collections [67], and has been treated as a troglophile
(i.e., non-obligate) by most past authors (e.g., [68,69]).

Figure 2. Representative cave-limited fauna from the Mammoth Cave System, Kentucky, USA:
(A) Scoterpes copei (photo by Rickard A. Olson); (B) Neaphaenops tellkampfi feeding on the egg of the
Hadenoecus subterraneus (photo by Rickard A. Olson); (C) Hesperochernes mirabilis with Macrocera
nobilis larva (photo by Rickard A. Olson); (D) Amblyopsis spelaea (photo by Dante B. Fenolio); (E) Pha-
langodes armata (photo by Rickard A. Olson); (F) Palaemonias ganteri (photo by Rickard A. Olson);
(G)—Orconectes pellucidus (photo by Dante B. Fenolio); (H) Litocampa cookei (photo by Rickard A.
Olson); (I)—Sphalloplana buchanani (photo by Rickard A. Olson).
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Mammoth Cave is the type locality for 33 cave-limited species (Table 1). Seven species
are endemic to the Mammoth Cave system and other smaller caves in Mammoth Cave
National Park (Table 1).

3.1. Terrestrial Fauna

Two troglobiotic snails have been documented in the Mammoth Cave System. Carychium
stygium is found in association with cricket guano and is the most common of the two
species [37]. Weigand et al. [70,71] suggest C. stygium may be an ecotype of the troglophile
C. exile, as C. stygium shows limited mitochondrial COI sequence divergence from and is
nested within a clade containing C. clappi and C. exile. However, this inference is based on a
single locus and only two populations of C. stygium were included in analyses. Alternative
hypotheses such as incomplete lineage sorting and mitochondrial introgression cannot be
ruled out at present and warrant study. Regardless, these studies suggest that it is likely
that C. stygium has recently colonized caves. Glyphyalinia specus is a wide-ranging snail
known from 27 occurrences in five states [72]. Significant publications include Call [28],
Hubricht [49,50,52,53], Barr [10], Poulson et al. [73], Dourson [74], Poulson [62], and
Gladstone et al. [72].

Troglobiotic spiders documented in the Mammoth Cave System include four linyphi-
ids and one zoropsid. All four linyphiids have broad distributions in caves of the eastern
United States [75]. Bathyphantes weyeri is predominantly known from caves but has rarely
been collected from surface habitats in Canada [75–77]. Holsinger et al. [78] hypothesized
that the species may be troglobiotic in the southern parts of its range and troglophilic in
the northern areas. Moreover, B. weyeri may represent a species complex. Most authors,
including herein, still treat this species as a troglobiont [1,37,76,78,79]. Liocranoides unicolor
was described by Keyserling [80] from Mammoth Cave. This species is pale in coloration
but does not possess other troglomorphic characters [81]. Significant publications include
Packard [29,32,33,36], Emerton [82], Hubbard [83], Keyserling [80], Call [28], Mcindoo [84],
Berland [85], Bailey [44], Barr [10], Poulson and Culver [86], Poulson [62,87], Platnick [81],
and Miller [75].

A single troglobiotic opilionid (Phalangodes armata) is known from several areas in the
Mammoth Cave System. Significant publications include Tellkampf [20,21], Packard [29,36],
Hubbard [83], Call [28], Bailey [44], Goodnight and Goodnight [88], Barr [10], Poulson and
Culver [86], Hedin and Thomas [89], and Poulson [62].

Four troglobiotic pseudoscorpions occur in the Mammoth Cave System. Hesperochernes
mirabilis is a widely distributed species most abundant near entrances. It is often observed
in and near rodent (Neotoma and Peromyscus sp.) nests, which may facilitate phoretic
dispersal. The other three species are thought to be associated with deep cave habitats.
Kleptochthonius cerberus was described from White’s Cave in Mammoth Cave National
Park [90] and has to date, only been found there. Kleptochthonius hageni was described
from Mammoth Dome in Mammoth Cave [91]. Kleptochthonius cereberus is thought to be
endemic to Mammoth Cave National Park. Kleptochthonius hageni is reported to occur
in the Mammoth Cave System and possibly some nearby caves not on the park (C.D.R.
Stephen, pers. comm.). Tyrannochthonius hypogeus is a small, eyeless species with attenuated
appendages first collected from log litter in Bruce Hollow [92]. Muchmore [92] considered
this species to be cave adapted and associated with the Mammoth Cave fauna. Notable
publications include Hubbard [83], Packard [36], Banks [93], Malcolm and Chamberlin [90],
Muchmore [91,92], and Barr [10].

The troglobiotic mite fauna is particularly diverse with six species but has been little
studied since their descriptions [37]. Notable publications include Packard [36], Call [28],
Vitzthum [94], Bailey [44], Holsinger [95], Barr [10], and Zacharda [96].

Two troglobiotic millipedes have been documented in the Mammoth Cave System.
Scoterpes copei is a common trichopetalid distributed throughout the cave system where it
can be found in moist habitats with organic matter (rotting wood, debris, and cricket guano).
Chaetaspis fragilis is a small polydesmid infrequently encountered in the Mammoth Cave
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System but more common in White Cave, Mammoth Cave National Park [10]. Significant
publications include Packard [29,36], Cope [97], Hubbard [83], Loomis [98], Barr [10],
Poulson and Culver [86], Poulson et al. [73], Shear [99], and Poulson [62].

Although more than 10 species of collembolans (i.e., springtails) have been docu-
mented in the Mammoth Cave System [10], just two taxa are considered troglobionts
and both are endemic to the cave system. Pygmarrhopalites altus was described by Chris-
tiansen [100] from Eyeless Fish Trail in the Unkown Cave section of Mammoth Cave.
Pseudosinella espanita was described by Christiansen and Bellinger [101] from Styx River
near Charon’s Cascade in Mammoth Cave. Notably absent from the fauna of the Mammoth
Cave System are P. hirsuta and Sinella cavernarum, which have broad distributions that
include the Western Pennyroyal Karst of nearby Barren County, Kentucky [102]. Barr [10]
reported two undescribed collembolans as potential troglobionts from Mammoth Cave:
Willemia sp. have been collected from rotting boards in the Roaring River section. This
genus includes several edaphic species, but no troglobionts are known to date and it is un-
likely that this taxon represents a true troglobiont. Onychiurus sp. also have been collected
from Mammoth Cave. Four described species in this genus are considered troglobionts
in caves of the eastern United States. Additional study is needed on the collembolans of
the Mammoth Cave System. Significant publications include Packard [36], Call [28], Chris-
tiansen [97,103–105], Barr [10], Poulson and Culver [86], Christiansen and Bellinger [101],
and Poulson [62].

A single troglobiotic dipluran occurs in the Mammoth Cave System. Litocampa cookei
has the largest distribution of any troglobiotic dipluran in the United States [106] but may
represent a cryptic species complex. It was described from Mammoth Cave [29]. Notable
publications include Packard [29,30,36], Hubbard [83], Silvestri [107,108], Conde [109],
Barr [10], Poulson and Culver [86], Ferguson [106,110], and Poulson [62].

The troglobiotic beetle fauna is the most well known and studied of all taxonomic
groups in the Mammoth Cave System. Eight species have been documented, namely
six carabids, one leiodid, and one staphylinid species. Neaphaenops tellkampfii is the
largest troglobiotic carabid species in Mammoth Cave and is also the first troglobiotic
trechine beetle discovered in North America [111]. It was described from Mammoth
Cave [112]. This species is found in silty habitats, where it feeds mostly on the eggs
of the cave cricket Hadenoecus subterraneus [111,113]. Five species in the genus Pseu-
danophthalmus occur in a variety of habitats throughout the Mammoth Cave System.
Three species were described from Mammoth Cave and one species (P. inexpectatus)
is endemic to MCNP. All six species are blind and wingless. In some locations in the
cave system, all six carabid species can be found but appear to have different microhab-
itat preferences and can be readily distinguished morphologically [59,60,113]. Ptomaph-
agus hirtus is an abundant small carrion beetle that is becoming an important model
for studying the genetics of circadian rhythms [114,115]. Batrisodes henroti is a small
rove beetle that has been infrequently collected in the Mammoth Cave System. Rel-
evant publications include Erichson [112], Tellkampf [20,21], Von Motschulsky [26,27],
Horn [116,117], Packard [29,31,34,36], Hubbard [83], Jeannel [118–121], Valentine [122,123],
Hatch [124], Jeannel and Henrot [54], Park [125–127], Barr [10,55–60,128–131], Poulson and
Culver [86], Barr and Kuehne [132], Peck [133–137], Kane et al. [138], Norton et al. [139],
Kane and Poulson [140], Laing et al. [141], Giuseffi et al. [142], Kane and Ryan [143], Barr
and Holsinger [144], Kane and Brunner [145], Poulson et al. [73], Friedrich et al. [115],
Friedrich [114], Helf [146], Poulson [62], and Leray et al. [147].

The only other troglobiotic insect documented from Mammoth Cave is the dipteran
Spelobia tenebrarum, a widely distributed species in caves of eastern North America [148].
Notable publications include Barr [10], Marshall and Peck [148], and Poulson [62].

3.2. Aquatic Fauna

Two cave flatworms occur in and were described from the Mammoth Cave System.
Sphalloplana percoeca occurs primarily in epikarst-fed drip pools in upper-level passages,
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while S. buchanani is associated with stream gravels [37]. Significant publications on cave
flatworms include Packard [29,36], de Beauchamp [149], Buchanan [45], Hyman [150],
Barr [10], Carpenter [151,152], Barr and Kuehne [132], Kenk [153], Lewis [66], Pearson and
Boston [154], and Helf and Olson [63].

A single groundwater snail has been documented in the Mammoth Cave System.
Antroselates spiralis occurs in base-level streams in cave system. It was described from Echo
River Spring, a major drain of the Mammoth Cave System. Notable publications include
Hubricht [51], Barr [10], Barr and Kuehne [132], Hershler and Hubricht [155], Lewis [66],
Pearson and Boston [154], and Helf and Olson [63].

The copepods of the Mammoth Cave System have not been well studied [37]. Three
stygobionts have been documented—Megacyclops donnaldsoni, Bryocamptus morrisoni, and
Cauloxenus stygius. Cauloxenus stygius is an ectoparasite of the cavefish Amblyopsis spelaea [156].
Notable publications include Cope [97], Kofoid [157], Chappuis [158], Barr [10], Barr and
Kuehne [132], Whitman [159], Lewis [160], Niemiller and Poulson [156], and Helf and
Olson [63].

Two ostracods are ectocommensals primarily of the stygobiotic crayfish Orconectes
pellucidus—Sagittocythere barri and S. stygia. Sagittocythere stygia was described from River
Styx in Mammoth Cave. Significant publications include Kofoid [157], Klie [161], Hart and
Hobbs [162], Hart and Hart [163], Barr [10], Barr and Kuehne [132], Hart and Hart [164],
and Helf and Olson [63].

Isopods are represented by two aquatic stygobionts—Caecidotea stygia and C. bicre-
nata. Caecidotea stygia was described from Mammoth Cave by Packard [29] and is more
abundant in upper to mid-levels of the cave system, whereas C. bicrenata is more com-
mon in low to mid-levels [66]. Significant publications include Packard [29,35,36], Hub-
bard [79], Garman [165], Hay [166], Giovannoli [167], Dearolf [47], Chappuis [168], Barr [10],
Barr and Kuehne [132], Lewis and Bowman [169], Lewis [66], Helf and Olson [63], and
Helf et al. [170].

Three species of stygobiotic amphipods have been reported from the Mammoth Cave
System. Stygobromus vitreus is more common in upper levels of the cave system, while
S. exilis is more common in low to mid-levels [66,132]. Stygobromus vitreus was described
from Richardson Spring within Mammoth Cave. Cathedral Domes in Mammoth Cave is
the type locality of Crangonyx barri, an inhabitant of small cave streams and drip pools [171].
Signification publications include Cope [97], Packard [36], Giovannoli [167], Hubricht [48],
Barr [10], Barr and Kuehne [132], Holsinger [172], Lewis [66], Zhang [173], Zhang and
Holsinger [171], Helf and Olson [63], and Helf et al. [170].

Two stygobiotic decapods occur in the Mammoth Cave System. Palaemonias gan-
teri is a federally endangered atyid shrimp found in slow-flowing base-level streams of
eleven groundwater basins in the Mammoth Cave System ([174]; updated by R. Toomey
with new data). Significant publications on P. ganteri include Hay [166], Fage [175],
Giovanolli [167], Barr [10], Barr and Kuehne [132], Hobbs et al. [176], Holsinger and
Leitheuser [177–179], Lisowski [180,181], Lisowski and Poulson [182], Leitheuser and
Holsinger [183], Leitheuser et al. [184,185], Lewis [66], USFWS [174,186], Pearson and
Boston [154], Pearson and Jones [187], Cooper and Cooper [188], Helf and Olson [63],
and Stump [189]. Orconectes pellucidus was described from Mammoth Cave and is the
only stygobiotic crayfish in the cave system. While O. pellucidus is a ubiquitous stygobiont
in the Mammoth Cave System, it is more abundant in mid- and base-level streams and
pools. Notable publications include Tellkampf [20,21], Hagen [190,191], Packard [29,36],
Cope [97], Garman [192], Fage [175], Bailey [44], Park et al. [193], Rhoades [194], Hobbs and
Barr [195,196], Brown [197], Wolfe and Cornwell [198], Barr [10], Hobbs et al. [176], Pearson
and Boston [154], Pearson and Jones [187], Compson [199], Taylor and Schuster [200], Helf
and Olson [63], and Helf et al. [170].

The only cave-limited vertebrates known from the Mammoth Cave System are the
amblyopsid cavefishes Amblyopsis spelaea and Typhlichthys subterraneus. Amblyopsis spelaea
was described from River Styx in Mammoth Cave by Dekay [13] and represents the
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first cave-adapted fish formally described [156,201]. Mammoth Cave is one of only a
handful of cave systems globally with two or more syntopic cavefish species [156,201].
Typhlichthys subterraneus are more abundant in upstream sections of streams that drain
vertical shafts, whereas A. spelaea are more common in deeper pools at base level [61,156];
both are top predators. It remains unclear whether A. spelaea outcompetes T. subterraneus
in base-level habitats. Significant publications on cavefishes of Mammoth Cave include
Davidson [202], DeKay [13], Wyman [14–19], Thompson [203], Tellkampf [21,22], Agas-
siz [23–25], Girard [204], Putnam [38], Packard [36], Eigenmann [39–42], Bailey [44], Woods
and Inger [205], Poulson [61,206–208], Barr and Kuehne [209], Rosen [210], Barr [10], Poul-
son and White [211], Barr and Kuehne [132], Clay [212], Swofford et al. [213], Lisowski and
Poulson [182], Swofford [214], Burr and Warren [215], Lewis [66,160,216], Keith [217], Bran-
son [218], Pearson and Boston [154], Pearson and Jones [187], Romero [219], Romero and
Bennis [220], Compson [199], Proudlove [201], Niemiller and Poulson [156], Niemiller [221],
Niemiller and Fitzpatrick [222], Niemiller et al. [223], Helf and Olson [63], Helf et al. [170],
and Hart et al. [224].

4. Discussion

The Mammoth Cave obligate cave fauna is exceptionally rich with 49 troglobionts and
stygobionts, making it one of the most diverse systems globally [37,225,226]. The terrestrial
fauna is particularly diverse—tied for the third richest cave system in the world behind
the Postojna Planina Cave System (36 species) in Slovenia and Cueva de Felipe Revention
(34 species) in the Canary Islands [226]. With respect to stygobiotic fauna, the Mammoth
Cave System ranks second in North America behind San Marcos Artesian Well in San
Marcos, Texas (55 taxa, 39 described and 16 undescribed; [227]).

Several hypotheses have been proposed [10,61,127,224,228] to explain the high species
richness in the Mammoth Cave System (recently reviewed in [37]). First, high species rich-
ness in the Mammoth Cave System may reflect the long history of more intensive sampling
and study compared to other cave systems in the region [37]. While sampling intensity
and bias may partially explain the high species richness at Mammoth Cave, several other
biogeographical hypotheses warrant mention. The Mammoth Cave System is developed
within a thick, continuous karst exposure over a large area in the Interior Low Plateau,
which supports larger and more stable population sizes, more complex communities, and
greater dispersal potential [113,129,130]. Moreover, the Mammoth Cave System is located
at an intersection of hypothesized dispersal routes for cave-limited species from other karst
areas, such as the Pennyroyal Karst Plain, Cumberland Saddle, and Bluegrass Region, and
its cave fauna includes not only endemic species but also taxa also found in these adjacent
regions [10,37,66,130]. The Mammoth Cave System lies within a hypothesized ridge of
high troglobiont diversity found in temperate North America and Europe identified by
Culver et al. [228]. This ridge corresponds to a general region of high surface primary
productivity, which provides higher levels of allochthonous input into cave systems [228].
Mammoth Cave is noted for having high levels of allochthonous productivity but also
chemoautotrophic productivity [37,63,229]. However, whether chemosynthesis subsidizes
troglobiont communities or contributes significantly to the high troglobiont diversity
found in the Mammoth Cave System remains speculative, as it is not well supported by
empirical evidence.

The obligate fauna of the Mammoth Cave System is diverse and includes 39 cave-
limited species (18 troglobionts an 11 stygobionts) of conservation concern, highlighted by
the federally endangered cave shrimp Palaemonias ganteri. Most of these species are at an
elevated risk of extinction due to their limited distributions and/or are known from few
occurrences. For example, the cave pseudoscorpion Tyrannochthonius hypogeus is known
from just two specimens collected from a single locality [92]. Cave-limited fauna face
many threats, such as habitat loss and degradation, groundwater overexploitation and
contamination, and climate change [230,231].
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Although much of the Mammoth Cave System lies within the boundaries of Mammoth
Cave National Park, the cave system is not immune to direct and indirect threats to its
biodiversity, particularly those stressors that originate from outside of the park, such
as industrial and tourism development, oil and gas drilling, runoff from agriculture,
residential areas, and highways, and emergent diseases [63,232–236]. For example, sewage
from the town of Park City was previously known to drain into the headwaters of the
Echo River basin potentially impacted the stygobiotic fauna [130], including Typhlichthys
subterraneus, Amblyopsis spelaea, Palaemonias ganteri, Orconectes pellucidus, and Antroselates
spiralis. A hydrocarbon spill along Interstate 65 was responsible for a significant die-off
of aquatic cave life [232,236]. Flow reversals and back-flooding from the Green River into
cave springs also may transport sediment, potential contaminants, pathogens, and invasive
aquatic species into base level streams in the Mammoth Cave System [237–239].

Great potential still exists to discover new taxa and add to the list of obligate species
at Mammoth Cave. Two potentially cave-limited springtails that we do not include in
our checklist (Willemia sp. and Onychiurus sp.) are known from Mammoth Cave and
have not been identified to species [1,10]. Terrestrial woodlice are notably absent from
the troglobiotic fauna of Mammoth Cave and may be discovered in the future. Seven
troglobiotic trichoniscids (Isopoda, family Trichoniscidae) are known caves of the Interior
Low Plateau and Appalachians karst regions [240], including Miktoniscus barri known
from several caves of Indiana and Kentucky [241]. A troglophilic species, Miktoniscus
mammothensis, occurs in cave and surface habitats at MCNP [242]. Other taxonomic groups
have not been particularly well studied in the Mammoth Cave System, such as flatworms,
copepods, springtails, and mites. More intensive work on these groups may uncover
additional taxa. With more than 651 km of passage, much of the Mammoth Cave System
has not been comprehensively bioinventoried, and some habitats, such as epikarst, have
been disproportionately under-sampled and may harbor undescribed taxa [37]. In addition,
over 500 other caves occur in MCNP, including several biologically rich sites, such as White
and Great Onyx caves. These cave systems also may harbor undocumented diversity.
Finally, few genetic studies to date have incorporated samples from the Mammoth Cave
System. Comprehensive sampling within the Mammoth Cave System has the potential
to uncover cryptic diversity in some taxonomic groups, which is an increasingly common
discovery of genetic and phylogenetic studies in cave-limited taxa [223,243–245].
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Abstract: The Towakkalak System located in the Maros karst of South Sulawesi is currently the
richest of Southeast Asia in obligate subterranean species. It comprises several caves and shafts that
give access to the subterranean Towakkalak river as well as many unconnected fossil caves, stream
sinks, and springs located within its footprint. The total length of the caves linked to the active
system is 24,319 m and comprises two of the longest caves of Indonesia, Gua Salukkan Kallang and
Gua Tanette. Studies of its fauna began in 1985. There are 10 stygobionts and 26 troglobionts that are
known from the system. The smaller adjacent system of Saripa has 6 stygobionts and 18 troglobionts,
of which 1 and 3, respectively, are absent from Towakkalak. Like all tropical cave inventories, our
dataset has limits due to identification uncertainties, gaps in habitat (waters, guano) and taxonomic
coverage (micro-crustaceans, mites), sampling methods (pitfall trapping, Karaman–Chappuis), and
problems of ecological assignment. A number of additional species are therefore expected to be found
in the future. The Towakkalak and Saripa cave systems are included in the Bantimurung-Bulusaraung
National Park and are under efficient protection, but parts of the Maros karst outside the park are
under serious threat, mainly from quarrying.

Keywords: cave biology; stygobionts; troglobionts; hotspot cave; sampling biases; Southeast Asia

1. Introduction and Context

Cave-restricted species were long considered to be exceptional or rare in tropical caves.
They are actually widespread in all tropical regions of the world [1,2]. In Indonesia, the
presence of such cave-restricted species has been documented since 1985 in the karst of
Maros in South Sulawesi, which has been pointed to as one of the richest tropical caves of
the world in this respect [2–4]. In the present paper, we give a commented and updated
list of the cave fauna of the Towakkalak and Saripa cave systems, which have the highest
species richness within the Maros karst [5]. We confirm Towakkalak as the richest hotspot
of the tropical world for subterranean biodiversity. We briefly circumvent the shortfalls
that affect our cave species inventory as well as the few ones available in other regions of
tropical Asia. We characterize the Towakkalak system fauna within the Maros karst and in
a broader context. We skim through the threats that exist to the Towakkalak and Maros
cave biodiversity, focusing on growing concerns about the limestone quarrying that affects
large parts of the karst that are not currently included in the Bantimurung-Bulusaraung
National Park.

1.1. Geographical Setting

The Maros karst is located in the province of Sulawesi Selatan (South Sulawesi), close
to the city of Makassar, located between the latitudes 4.650 ◦S and 5.088 ◦S, and is within
an altitudinal range from sea level to about 700 m. It is an increasingly popular region in
Indonesia, as it combines a series of exceptional features in several domains: fine tower
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karst landscape, unusual geological formations, huge and beautiful caves, an abundance
of prehistoric artefacts, the oldest rock painting on earth, and a rich fauna. Accessible
by road in one hour from the big city of Makassar, the Maros karst is under very strong
human pressure, mostly due to limestone exploitation, which has destroyed large parts of
its unique landscape since the 1980s. The Bantimurung-Bulusaraung National Park (Babul)
was created in 2004, and today, it protects the core of this invaluable heritage, though the
northern part of the karst is not included.

The Maros region has a tropical climate, but it departs from the surrounding areas
of Sulawesi by a contrasted seasonal climate. Over a 30 year period (1931–1960), annual
rainfall exceeded 3000 mm per year in Maros. Monthly rainfall was 50 mm per month or
less during the dry season (July to September), and was more than 400 mm per month from
December to March, with a peak in January (761 mm) [6]. In January 1986, rainfall reached
1067 mm, and the whole plain from Samanggi to Maros was under water. According to [7],
during the 1985–2014 period, the rainfall peak in January was 827.40 mm, and the lowest
was in August (46.4 mm), with average monthly rainfall of 337.02 mm.

1.2. Archeology

The Maros karst is a major site for the prehistory of Sunda islands. Since the pioneer
works of [8], a large amount of buried remains and artefacts have been discovered in several
caves on the western border of the karst, especially in the Leang Leang valley and in the
nearby karst of Mallawa, that characterize the Toalean culture. Since the 1950s, a number
of prehistoric paintings have also been found in several caves of the region, generating
a strong interest in knowledge of Southeast Asia prehistory [9,10]. More recently, Maros
made headlines again in the archeological world when the dating of several cave paintings
revealed ages of up to 45,000 years, leading them to become the oldest rock art in the
world [11,12]. Many caves of the Maros karst harbor Pleistocene parietal art, rivaling the
‘ice age’ cave art of western Europe [13].

1.3. Geology

The geology of the Maros karst has been synthetized by [14]. The karst is composed
of Tonasa limestone from the upper Eocene to mid-Miocene period. The Tonasa formation,
which is 3000 m thick, is mostly composed of massive coralline limestone, bioclastic
limestone, and calcarenite. These limestones are discontinuously overlaid by the volcano-
sedimentary rocks of the Camba formation, dated from the mid- to upper Miocene period.
The Camba formation, with its overlying limestone, subsists in the lowlands south of the
Maros karst. It also subsists east of the karst at a higher altitude, suggesting that the two
streamlets that sink there, far from the main karst block, probably circulate kilometers
under the Camba formation to join the Towakkalak system and its resurgence.

The mid- to late-Miocene volcanic rocks (basalt, trachytes, and diorites) are visible in
the karst in several areas as laccoliths, sills, and dykes. Sills are volcanic rocks interbedded
horizontally between limestone layers and have a thickness of 10–30 m (Figure 1D). The
small K11 spring near Gua Salukkan Kallang emerges at the foot of a sill. But the most
unusual feature of the Maros karst is the presence of deep (up to 150 m), narrow (4 to
50 m), long (up to 4 km), straight, or weakly curved corridors in several areas (Figure 1A),
which occur in the footprint of the Towakkalak system in particular. These corridors
are predominantly generated by volcanic dykes that are more rapidly eroded than the
surrounding Tonasa limestone. Interestingly, the subterranean passages that have been
explored so far rarely follow corridor dykes. Conversely, in several caves, especially in the
case of Gua Salukkan Kallang, narrow to large dykes (1 dm to several meters wide) have
been intersected by subterranean galleries, giving large volcanic pebbles in the subterranean
streams. These cave passages are therefore posterior to the late Miocene period, though
no volcanic filling has been found in the explored caves, which could allow more precise
dating [14].
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Figure 1. Karst landscape of the Maros karst; (A) corridors generated by volcanic dykes in the Towakkalak area (Google
Earth); (B) Batuputte giant shafts (Google Earth); (C) limestone cliffs NW of Bantimurung (Leang Leang valley); (D) volcanic
sill topped with limestone near Pangea. Reproduced with permission from Louis Deharveng (C,D).

1.4. Geomorphology

‘Such gorges, chasms, and precipices as here abound, I have nowhere seen in the
Archipelago. A sloping surface is scarcely anywhere to be found, huge walls and rugged
masses of rock terminating all the mountains and inclosing the valleys. In many parts there
are vertical or even overhanging precipices five or six hundred feet high, yet completely
clothed with a tapestry of vegetation’. This is how Alfred Russel Wallace described the
Maros karst in 1890, where he spent weeks searching for insects [15].

The Maros karst is pinpointed, together with the Sierra de los Organos in Cuba,
as a model of a tropical tower karst and is repeatedly documented and interpreted by
karstologists [6,16]. It is actually mostly constituted by massive cliff-bound karst units,
with tower morphology that is only developed in their upper part. Delimited on its western
side by subvertical cliffs arising abruptly up to 200 m above the alluvial plain almost at sea
level (Figure 1C), it forms large limestone plateaus dissected by a few deep valleys, up to
an elevation of 700 m on the slopes of the Bulusaraung extinct volcano. Together with the
nearby karsts of Mallawa to the east and Barru to the north, it covers about 700 km2 and is
mostly concentrated around Bulusaraung.

The Maros karst offers an amazing variety of surface landforms. The corridors dis-
cussed above are its most remarkable feature, which have only been reported elsewhere
from the Bau karst in Sarawak, though at a smaller extent [14,17]. They often give access
to the core of the karst massif, while the terrain between them is practically impassable.
More classical karstic features are noticeable, including vestigial karstic outcrops sparse
in the alluvial plain, isolated outcrops of various morphology, flat subsurface limestone
with water circulation up to 4 meters under the level of the plain, hemispherical hills, deep
poljes and depressions, rocky gorges, impassable lapiez, and tsingy-like formations. The
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deep karst involves big karstic springs, river sinks, numerous foothill caves, long, clean
and beautiful underground rivers, mega shafts (Figure 1B) comparable in size to those of
Papua New Guinea, and a variety of speleothems.

1.5. Caves

A well-documented synthesis on the Maros karst and caves was published by [18].
A first expedition was organized by Denis Wellens in 1984, but its results were not pub-
lished [19]. The discovery of big caves began in 1985, with the first expedition of the
Association Pyrénéenne de Spéléologie to Maros, where more than 8 km in Gua Salukkan
Kallang were explored and mapped [20], while an Italian team explored and mapped
3500 m of Leang Assuloang [21]. Several other expeditions followed, sometimes in collabo-
ration with local Makassar cavers. Expedition reports provide localization and description
of explored caves as well as hydrogeological and biological original data [22–30]. All of
these caving expeditions were associated with biological surveys and were done with the
participation of Indonesian biologists and researchers from Indonesian Institute of Sciences
(LIPI) and the Museum Zoologicum Bogoriense. A few independent expeditions were also
conducted by Italian and Indonesian cavers, in particular, the Acintyacunyata Speleological
Club from Yogyakarta [31] and Korpala UNHAS from Makassar, while several biological
sampling campaigns in caves and springs have also been conducted by LIPI researchers.

A total of 219 caves (68 km surveyed) are documented in the APS reports from 1985 to
2001 for the Maros karst [30], to which about 20 caves mapped by the Acintyacunyata Spele-
ological Club from Yogyakarta [31], several tens of caves surveyed by various Indonesian
biologists [32] as well as a large number of archaeological caves should be added.

There are five of these caves that have a depth of 190 m or more. Lubang Leaputte
is a huge shaft with a 263 m depth and a 100 × 70 m entrance (Figure 2A); Lubang Kapa
Kapasa has a 210 m depth and a vertical pit of 205 m; Lubang Beru has a 207 m depth; Gua
Salukkan Kallang has a 205 m depth; and Lubang Tomanangna has a 190 m depth with a
pit of 170 m and a section of 30 × 20 m [33–35].

There are eight caves that are more than 1 km long. A total of four of them belong to the
two systems of our study: the Towakkalak system, which contains Gua Salukkan Kallang
(12263 m surveyed), Gua Tanette (9692 surveyed m), and Lubang Kabut (1095 m) [35],
and the Saripa system, which contains Leang Saripa (2336 m) [34,36]. There have been
four other caves that have been explored and mapped outside of these systems: Leang
Assuloang (10048 m surveyed) [37]; Gua Londron (5893 m) [38]; Gua Mimpi (1395 m
surveyed) [33]; Gua Kacici (1058 m) [39].
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Figure 2. (A) Lubang Leaputte; (B) Gua Salukkan Kallang underground river; (C) Bantimurung waterfall, downstream
Towakkalak spring; (D) Fossil gallery in Gua Tanette; (E) underground river in Gua Tanette. Reproduced with permission
from Didier Rigal.

2. Material and Methods

In this paper, we focus on the stygobionts and troglobionts, defined independently
of their morphology as species only known from caves [1], and also consider the most
characteristic stygophiles and troglophiles. Species included in these last ecological cate-
gories were all eutroglophiles. The authors of the species names are given in Tables 1 and 2
or in the text for any cited species that are not listed in these tables. The following local
terms for landscape features are used: Gua (Indonesian), Leang (Makassar): cave; Gunung
(Indonesian), Bulu (Makassar): mountain; Lubang (Indonesian): shaft; Sungai (Indonesian):
river.

In this paper, we deal with the biodiversity of the large underground system of
Towakkalak and the small adjacent system of Saripa as point of comparison, which are
both located in the southern part of the Maros karst.
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2.1. The Towakkalak System (Figures 2B–E and 3)

A detailed description of the system can be found in [40,41], and information on the
system’s hydrology and hydrogeology can be found in [42,43]. The Towakkalak system
(SKT or ‘Gua Salukkan Kallang–Towakkalak’ system in [4]) is a large underground river
that can be accessed by several caves between the Sungai Gallang sinks to the big emergence
of Towakkalak at Bantimurung, which is located 7 km away in a straight line. There are
two caves that represent the main access to the system: Gua Salukkan Kallang and Gua
Tanette.

The Towakkalak system includes the second and fourth longest caves in Indonesia,
Gua Salukkan Kallang (12,263 m long, 205 m deep, 4 entrances: K1, K2, K3, K4) and
Gua Tanette (9692 m, 25 m deep, a single entrance). Cave passages are typically large
galleries of a regular section, often more than 15 m in diameter, where the underground
Towakkalak river flows and is navigable in two sections by several kilometers. The river
can be accessed through two other smaller caves located between two larger and previously
cited caves: Lubang Batu Neraka (749 m long, 85 m deep) and Lubang Kabut (1095 m
long, 74 m deep) [35,41]. The upstream sump of the system in Gua Salukkan Kallang was
dived in 2001 on a length of more than 100 m [36]. Several other caves, unconnected to the
Towakkalak underground river, are likely to belong to the same system.

The Towakkalak underground river emerges at about 40 m of altitude as a large spring
which provides water to the Bantimurung waterfall, which is 700 m downstream and is a
highly praised tourism spot in South Sulawesi (Figure 2C). The Towakkalak resurgence
drains a hydrogeological basin of at least 57 km2, including 23.5 km2 of outcropping
limestone in its lower part (highest elevation probably 500 m), and 33.5 km2 as volcanic
rocks and sediments in its upper part (highest elevation 1353 m at Bulusaraung). Its
discharge was measured in the dry season (July) to be about 0.6 m3/s [42], and it probably
reaches several tens times this value in the rainiest months. Towakkalak is also fed by
several stream sinks, those of the Salukkan Kallang and Pangni streamlets (260 m and
420 m of altitude) and the sinks of the Sungai Gallang at 420 m of altitude in particular. The
Salukkan Kallang stream sinks at the contact point between volcanic-alluvia and limestone.
Lubang Pangni is located more than 3 km northeast of the Salukkan Kallang sink in a very
small limestone isolated outcrop; its 100-meter depth suggests a long water circulation
under the volcanic and alluvia surfaces. The Sungai Gallang, which sinks in a very tiny
and isolated outcrop of limestone, is supposed to circulate for 2.7–2.9 km under a volcanic
ridge towards the upstream sump of Gua Salukkan Kallang. In fact, half of the supposed
catchment area of the Towakkalak spring is a black box, as the extent and continuity of the
limestone underneath the volcanic terrains and the recent alluvial terrain are unknown.

The limits of the Towakkalak catchment in its limestone part are also uncertain but
for another reason. About 700 m downstream of the Towakkalak spring and 30–40 m
below its elevation are two other springs: Jamala spring and Baharuddin spring. Dye
injected into Gua Salukkan Kallang subterranean stream 4.8 km to the east strongly colored
the Towakkalak spring, but none of these other springs [42]. The Baharuddin spring, the
smallest (135 l/s in dry season), has no evident link with any of the surrounding caves.
The Jamala spring is about two times bigger than Towakkalak (1.3 m3/s) [42]. The origin
of its water is not known, and not a single cave can be attached to this spring, while at
least 50 caves are located in the footprint of the Towakkalak catchment. Moreover, a long
fossil gallery of Gua Tanette, the second largest cave of the Towakkalak system, heads to
the west and would pass above the most likely predictable passages of Jamala according
to the sump map drawn by divers [36]. Therefore, the northern limits of the Towakkalak
system are currently impossible to trace.

2.2. The Saripa System

Biologically, the best documented cave of the Maros karst is Leang Saripa and its
spring (Figures 3 and 4). This small hydrogeological system, which is of easier access than
the Towakkalak system, is adjacent to it in a same large limestone unit. Its cave fauna is
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slightly less rich, differing from that of Towakkalak by several taxa. The Saripa system
includes the spring of Saripa, which flows out at the plain level from a small cave that is
about 50 m long, and Leang Saripa, which is located about 30 m above it.

Many other caves open along the alluvial plain of the Patunuang river down to
Bantimurung and are probably connected to the Saripa system during the rainy season
when the plain is flooded. Leang Saripa is unusual for its complex system of galleries,
contrasting with most caves of the Maros karst. In 2000, about 1700 m of passages, arranged
in two or three levels, were explored and mapped [31,33,34]. In 2001, the main sump of the
system was dived, giving access to 700 additional meters of big galleries, where a large
number of bats were present [36]. Saripa has a large array of aquatic and terrestrial habitats
that are favorable to stygobiotic and troglobiotic fauna.

Figure 3. Hydrogeological synthesis of the Maros karst east of Bantimurung, including Towakkalak and Saripa systems [35]
updated. Upper left: map of Indonesia with the localization of the studied region in Sulawesi. Legend. Limestone, area
filled with rectangles; recent alluvial deposit, area filled with dots, yellow background; basalt (ß), orange; diorite (d), grey;
volcanic sediments of the Camba formation, pale green. Square, village; cross, elevation point; empty blue circle, stream
sink; filled blue circle, karstic spring; blue line, surface river; blue arrow, underground river; filled red circle, big shaft; red
line, explored cave; dotted line, underground water passage, proven by coloration or hypothesized. Encircled numbers,
caves and springs (white on black, sampled caves; black on white, large unsampled caves): 1, Gua Burung Salangan Geram;
2, Gua Salukkan Kallang; 3, K11 spring; 4, Gua K9; 5, Gua Alolu; 6, Gua Broukiss; 7, Lubang Kabut; 8, Lubang Batu Neraka;
9, Gua Tanette (entrance); 10, Gua Wattanang (a) and Gua Uri (b); 11, Towakkalak spring; 12, Gua Lumpur (a) and Gua
Bantimurung (b); 13, Gua B2 and Gua B3; 14, Jamala spring; 15, Gua Mimpi and Gua Istani Toakala; 16, Gua Baharuddin; 17,
Leang Saripa and Saripa spring; 18, Gua Restauran; 19, sinks of the Sungai Gallang.
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Figure 4. Map of Leang Saripa, synthesis after [31,34,36].

2.3. Sampling

Aside taxonomic descriptions, a number of papers deal with the cave fauna of the
Maros karst, in particular that of Towakkalak and Saripa systems, which have been more
studied than others [4,5,23,44–47]. The fauna was mostly collected by the authors of this
paper by hand picking, netting, and substrate extraction in the Berlese funnels, over the
course of several field trips from 1985 to 2008 and in collaboration with cavers of the
Association Pyrénéenne de Spéléologie (Toulouse, France) and the Indonesian caving
clubs of Yogyakarta and Makassar. Sampled aquatic habitats include freshwater pools,
percolating water, endogenous stream, exogenous streams (often eutrophic), and more
rarely, phreatic water. Sampled terrestrial habitats were the oligotrophic and ‘SCAT’
habitats (where the main food supply is scattered swiftlet and bat feces) [48], periodically,
inundated habitats with fine silt deposits, flood detritus, bat guano accumulation, parietal
and twilight habitats, and soil within cave. Milieu Souterrain Superficiel-type habitats
have not been detected, while deep soil habitats outside of the cave host a diverse and rich
interstitial fauna not considered here, where troglophilic species are sometimes present.

3. Results

The Towakkalak and Saripa systems, hereafter referred to as Towakkalak and Saripa,
are the best studied and richest cave systems of the Maros karst. Their stygobiotic, troglobi-
otic, main stygophilic, and main troglophilic species are listed in Tables 1 and 2. In 2000,
Deharveng and Bedos listed 7 stygobionts and 21 troglobionts in Towakkalak (under the
name Gua Salukkan Kallang system) [4]. The updated list includes 10 stygobionts and
26 troglobionts due to changes in the ecological status of several species and the integration
of some overlooked species. In addition, one stygobiont and three troglobionts that were
absent in Towakkalak but were present in the adjacent Saripa system were added.
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3.1. Aquatic Fauna

As shown in Tables 1 and 2 below.
Tricladida: Only four species of flatworms are cited from Southeast Asian caves, three

of which are members of the genus Dugesia Girard, 1850 [49]. Dugesia leclerci is the only
eyeless stygobiotic species from Indonesia. It is described and only known from Gua
Tanette [50]. A blind flatworm, tentatively reported here as D. leclerci, is present at a very
high density in the lake (sump 1) of Leang Saripa. The ecological status of D. uenorum,
another cave flatworm described and only known from Lubang Pangni, a shaft probably
linked to Towakkalak, is pendent, as it is oculated and weakly pigmented [50].

Table 1. Stygobiotic and troglobiotic species of the Towakkalak and Saripa systems. Abbreviations—Ecology: SB, stygobiont
(aquatic); TB, troglobiont (terrestrial). Distribution (dist): end, restricted to the Maros karst; end *, restricted to a single
system. Towakkalak: see Figure 3 for cave numbering; 10a, Gua Wattanang; 12a, Gua Lumpur; 12b, Gua Bantimurung; Pa,
Lubang Pangni. Saripa: L, Leang Saripa; S, Saripa Spring; ?, uncertain identification. Number of species in the genus and
taxonomic validity of the species (gen val): +, corrected numbers from various sources. n.a., not applicable.

Taxonomic Group Taxon Ecology Dist Towakkalak Saripa Gen Val

Tricladida: Dugesiidae Dugesia leclerci Kawakatsu and Mitchell, 1995 SB end 9 L?,S? 121 [51]
Tricladida: Dugesiidae Dugesia uenorum Kawakatsu and Mitchell, 1995 SB? end * Pa 121 [51]

Amphipoda: Bogidiellidae Bogidiellidae sp. SB end 9 n.a.
Isopoda: Cirolanidae Cirolana marosina Botosaneanu, 2003 SB end 12a S 146 [51]

Caridea: Atyidae Caridina leclerci Cai and Ng, 2009 SB end * 2,3,9 344 [51]
Caridea: Atyidae Marosina brevirostris Cai and Ng, 2005 SB end * 2 2 [51]
Caridea: Atyidae Marosina longirostris Cai and Ng, 2005 SB end 2,8,9 L 2 [51]
Caridea: Atyidae Parisia deharvengi Cai and Ng, 2009 SB end * 9 9 [51]

Brachyura: Hymenosomatidae Cancrocaeca xenomorpha Ng, 1991 SB end 8,9 L,S 1 [51]
Brachyura: Gecarcinucidae Parathelphusa sorella Chia and Ng, 2006 SB end * L 49 [51]

Pisces: Eleotridae Bostrychus microphthalmus Hoese and Kottelat, 2005 SB end 9 L 9 [51]
Acari: Leeuwenhoekiidae Leeuwenhoekiidae sp. (cf.) TB? n.a. L,S n.a.
Amblypygi: Charinidae Sarax sp. TB end? 2 17 [52]+

Araneae: Ctenidae Amauropelma cf. sp. TB end 4,9,12a L 24 [53]
Araneae: Psilodercidae Psiloderces leclerci Deeleman-Rheinhold, 1995 TB? end 2,4,13 38 [53]

Araneae: Ochyroceratidae Speocera caeca Deeleman-Rheinhold, 1995 TB end 2,4,13 L 84 [53]
Araneae: Pholcidae Spermophora maros Huber, 2005 TB end * 2,9 45 [53]
Araneae: Pholcidae Uthina mimpi Huber, Caspar and Eberle, 2019 TB end 2,15 17 [53]

Opiliones Opiliones sp. TB end 2,9,12b,15 n.a.
Palpigradi: Eukoeneniidae Eukoenenia maros Condé, 1992 TB end * 9,13 93 [54]
Palpigradi: Prokoeneniidae Prokoenenia celebica Condé, 1994 TB end * 2 6 [54]

Pseudoscorpiones Pseudoscorpiones sp. TB n.a. 15 L n.a.
Schizomida Schizomida spp. TB n.a. 2,4,9,10a,15 L n.a.

Diplopoda: Haplodesmidae Eutrichodesmus reductus Golovatch et al., 2009 TB end 9 L,S 53 [51]
Diplopoda: Metopidiothrichidae Metopidiothrix kalang Shear, 2002 TB end * 2 39 [51]

Oniscida: Philosciidae Papuaphiloscia sp. TB end 2,9,13 L,S 15 [51]
Oniscida: Armadillidae Venezillo sp. TB end 4,10a,12b,13,15 S 137 [51]

Collembola: Neanuridae Deuterobella sp. TB-TP? end 9 L,S 4 [55]+
Collembola: Neelidae Megalothorax sp. TB-TP? ? 2 L 33 [55]+

Collembola: Oncopoduridae Oncopodura sp. TB end 9 L 49 [55]+
Collembola: Sminthuridae Pararrhopalites sp. TB end? 2,9,12b,15 L 17 [55]+

Collembola: Entomobryidae Pseudosinella maros Deharveng and Suhardjono, 2004 TB end 2,4,5,9,12a,12b,15 L,S 352 [55]+
Collembola: Entomobryidae Sinella sp. TB? ? 15 86 [55]+

Diplura: Campodeidae Lepidocampa (Lepidocampa) hypogaea Condé, 1992 TB end 2,4,6,9,12b,13 17 [56]
Zygentoma: Nicoletiidae Nicoletiidae TB? end S n.a.
Blattodea: Nocticolidae Nocticolidae sp. 1 TB end 2?,9?,12a,12b?,15? L?,S? n.a.
Blattodea: Nocticolidae Nocticolidae sp. 2 TB end 2?,9,12a,12b?,15? L,S? n.a.
Coleoptera: Carabidae Eustra saripaensis Deuve, 2002 TB end * L 28 [57]
Coleoptera: Carabidae Mateuellus troglobioticus troglobioticus Deuve, 1990 TB end 6,15 L,S 2 [58]
Hemiptera: Cixiidae Cixiidae sp. TB? ? 15 n.a.

Table 2. Main stygophilic and troglophilic species of the Towakkalak and Saripa systems. Abbreviations: Ecology: SP,
stygophile (aquatic); TP, troglophile (terrestrial); Gu: guanophile (terrestrial); eu, euedaphic (terrestrial). Distribution (dist):
cos, cosmopolite; end, restricted to the Maros karst; ipa, Indo-Pacific; pan, pantropical; sul, Sulawesi; wid, widespread.
Towakkalak: see Figure 3 for cave numbering; 10b, Gua Uri; 12b, Gua Bantimurung; Pa, Lubang Pangni. Saripa: same as
Table 1. Number of species in the genus and taxonomic validity of the species (gen val): same as Table 1.

Taxonomic Group Taxon Ecology Dist Towakkalak Saripa Gen Val

Caridea: Atyidae Caridina parvidentata Roux, 1904 SP end 9 344 [51]
Caridea: Palaemonidae Macrobrachium lar (Fabricius, 1798) SP pan 9 276 [51]

Brachyura: Gecarcinucidae Parathelphusa celebensis (De Man, 1892) SP sul Pa 49 [51]
Brachyura: Gecarcinucidae Parathelphusa pareparensis (De Man, 1892) SP end 2,9 49 [51]

Pisces: Gobiidae Glossogobius sp. SP? ? 9 35 [51]
Gastropoda: Subulinidae Allopeas gracile (Hutton, 1834) TP pan 15 L 21 [51]
Gastropoda: Subulinidae Paropeas achatinaceum Pfeiffer, 1846 TP ipa 15 4 [51]
Amblypygi: Charontidae Charon sp. TP ? 10b,15 L,S 5 [52]+

Araneae: Sparassidae Heteropoda beroni Jaeger, 2005 TP end 15 L 189 [53]
Araneae: Ochyroceratidae Speocera karkari (Baert, 1980) TP ? 13 84 [53]
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Table 2. Cont.

Taxonomic Group Taxon Ecology Dist Towakkalak Saripa Gen Val

Diplopoda: Glomeridesmidae Glomeridesmus sp. TP? ? 15 28 [51]
Diplopoda: Cambalopsidae Hypocambala helleri Silvestri, 1897 TP-TB wid 10b,15 L 15 [51]

Diplura: Campodeidae Lepidocampa (L.) weberi borneensis Silvestri, 1933 TP wid 2 17 [56]
Collembola: Hypogastruridae Acherontiella sp. TP(eu) ? 15 20 [55]+

Collembola: Isotomidae Isotomodes sp. TP(eu) ? 15 36 [55]+
Collembola: Isotomidae Folsomides centralis (Denis, 1931) TP(Gu) pan 2,9 70 [55]+
Collembola: Isotomidae Folsomides parvulus Stach, 1922 TP(Gu) cos 2,5 70 [55]+
Collembola: Isotomidae Folsomides pseudoparvulus Martynova, 1978 TP(Gu) pan 2 70 [55]+
Collembola: Isotomidae Folsomina onychiurina Denis, 1931 TP(Gu) pan 2,5,12b 5 [55]+
Collembola: Isotomidae Isotomiella nummulifer Deharveng and Oliveira, 1990 TP pan 2 55 [55]+
Collembola: Isotomidae Isotomiella symetrimucronata Najt and Thibaud, 1988 TP pan 2,15 55 [55]+

Collembola: Hypogastruridae Willemia cf. buddenbrocki Hüther, 1959 TP ? 2 47 [55]+
Collembola: Hypogastruridae Xenylla yucatana Mills, 1938 TP(Gu) pan 5 139 [55]+

Orthoptera: Rhaphidophoridae Rhaphidophora sp. TP end 2,9,12a,15 L,S 102 [59]+
Coleoptera: Aderidae Aderidae sp. TP(Gu) ? 15 L n.a.
Coleoptera: Histeridae Aeletes sp. TP ? 2 87 [60]

Coleoptera: Staphylinidae Staphylinidae spp. TP(Gu) ? 2,4,12a,12b,15 L n.a.
Lepidoptera: Tineidae Tineidae spp. TP(Gu) ? 5 n.a.

Aquatic Crustacea, Amphipoda, Bogidiellidae: Amphipoda are represented by a
single specimen of an unidentified Bogidiellidae collected in Gua Tanette. The rarity of
the Maros species is likely due to the under-sampling of interstitial habitats, as the family
is represented in several caves of the Sunda Islands by described (Bogidiella deharvengi
Stock and Botosaneanu, 1989 from Halmahera) and undescribed species (on Muna Island,
Kalimantan, Sumatra).

Aquatic Crustacea, Isopoda, Cirolanidae (Figure 5A): There is one species of stygobi-
otic isopod, Cirolana marosina, that is present in the Maros karst. Though derived from a
marine stock, it is only known from standing freshwater pools, contrary to several of its
subterranean congeners, which live in anchialine habitats [61]. The species is known from
four caves of the Maros karst: Gua Assuloang, located more than 15 km from seacoast,
Gua Lumpur of the Towakkalak system and the two Saripa caves, more than 25 km from
seacoast. A flat alluvial plain almost at sea level lies between these caves and the sea, with
mangrove locally present along meandering channels. Interestingly, [61] noticed that the
holotype of Assuloang is completely blind, while the Saripa specimens, located more than
10 km SE of Gua Assuloang, have reduced unpigmented eyes, suggesting that a process of
incipient speciation might have occurred.

Aquatic Crustacea, Decapoda: The dominant species of stygobiotic and stygophilic
mesofauna in the groundwaters of the Towakkalak and Saripa systems are shrimps
(Caridea) and crabs (Brachyura) [62].

- Caridea (Figure 5B): The shrimps found in the systems of interest belong to four
genera: Caridina H. Milne-Edwards, 1837 (with 1 stygobiotic species restricted to
Towakkalak system and 1 stygophilic species); Marosina, Cai and Ng, 2005 (endemic
genus with two stygobiotic species only known from the Maros karst, one of which is
limited to Gua Salukkan Kallang), Parisia Holthuis, 1956 (endemic genus with one rare
troglobiotic species only found in Gua Tanette), and Macrobrachium lar, a large size
stygophile widespread in Pacific and Indian Ocean islands [62–64]. These shrimps
often live as large populations in springs, streams, and puddles. Their diversity in
the Maros karst is reminiscent of the radiation of the genus Caridina in the lakes of
Sulawesi [65], which is not matched elsewhere in tropical caves in Asia and obviously
calls for further sampling. The proneness to colonize cave habitats repeats in several
clades of the worldwide distributed family Atyidae [66] but is particularly marked in
the Maros karst, which has the highest number of troglobiotic species in Australasia
and the highest level of troglomorphy with its two Marosina species.

- Brachyura (Figure 5C,D): Crabs are frequent in the Maros caves, with four species. A
total of three of them belong to the speciose sundaic genus Parathelphusa H. Milne-
Edwards, 1853, of which P. sorella, a cave-obligate species with reduced eyes and that
is restricted to Saripa cave, where it is rather common [67]. The most remarkable crab
species of Maros is the small Cancrocaeca xenomorpha, which is blind and with very
long and thin legs [68]. The monospecific genus Cancrocaeca Ng, 1991, belongs to a
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family of mostly marine species, but the Maros species only lives in freshwater, both
in the Towakkalak and Saripa systems, where it occurs sporadically in standing water
puddles. A second species of Hymenosomatidae discovered more recently in a cave
of the Sangkulirang karst of Kalimantan, Guaplax denticulata Naruse, Ng and Guinot,
2008, also lives in freshwater. Both differ from the third cave Hymenosomatidae of the
region, Sulaplax ensifer Naruse, Ng and Guinot, 2008, from Muna Island in Southeast
Sulawesi, which lives in brackish water.

Figure 5. (A) Cirolana marosina from Leang Saripa; (B) Marosina longirostris from Leang Saripa; (C) Cancrocaeca xenomorpha
from Lubang Batu Neraka; (D) Parathelphusa sorella from Leang Saripa; (E) Bostrychus microphthalmus from Gua Tanette.
Reproduced with permission from Louis Deharveng (A,D); Jean-Yves Rasplus (B); Didier Rigal (C,E).
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Aquatic Vertebrata, Pisces (Figure 5E): Only two modified cave fish are known from
Indonesia, and both are from Sulawesi. Bostrychus microphthalmus from caves of the Maros
karst is one of them, which is so far restricted to the Towakkalak and Saripa systems [69,70].
It retains minute eyes covered with skin and is the only Bostrychus modified for cave life
according to Proudlove [71]. The species is found sporadically in still water pools. In Leang
Saripa, the species was collected in 2004 in the sump where several specimens were also
observed in August 2020. We also collected a discolored but normal-eyed Glossogobius in
Gua Tanette, which could be a cave form of an undescribed species found in the surface
water of the Maros area [69].

3.2. Terrestrial Fauna

As shown in Tables 1 and 2 above.
Gastropoda: Terrestrial snails of the family Subulinidae are frequent in Maros caves,

especially in guano, as well as in most caves of Southeast Asia. They are represented by
two large-range species in the systems of interest [72].

Araneae (Figure 6A,B): Spiders are present and are diversified in all of the terrestrial
habitats of the Maros caves. A total of nine species, which may be either troglobiotic or
troglophilic are listed in Tables 1 and 2.

- Speocera caeca: This troglobiont is widely represented in the caves of the two systems.
It is the only blind species of the speciose tropical genus Speocera Berland, 1914, which
includes several other cave species [73].

- The species cf. Amauropelma sp.: It is a troglobiotic spider that has been found in
several caves of the two systems. By its reduced and unpigmented eyes, pale body
color, and rather large size, it is reminiscent of Amauropelma matakecil Miller and
Rahmadi, 2012, that was recently described from caves of Central Java [74].

- Psiloderces leclerci: The speciose Southeast Asia genus Psiloderces Simon, 1892, is
known by one species in our study, P. leclerci, from one cave and one surface site. The
latter form is ‘much deeper in color’ and has shorter legs than that of the cave [75],
suggesting a possible separate species status. Psiloderces leclerci belongs to the speciose
genus Psiloderces of the South Asian family Psilodercidae, widespread on Sunda island
with a few other cave species.

- Spermophora maros: The genus Spermophora Hentz, 1841, comprises 45 species that
are widely distributed in tropical regions around the world [53] but that are rare in
caves. Spermophora maros is the only species of the Sunda Islands to have reduced
unpigmented eyes, long legs, and whitish coloration [76].

- Uthina mimpi: The 17 species of the genus Uthina Simon, 1893 [53], mostly live in
forest litter. Uthina mimpi is, however, a weakly modified species of pale coloration,
slightly reduced eyes, and slender legs that seems to be fully troglobiont. In addition,
two other Uthina species of less clear ecological status, the widespread troglophilic
Uthina luzonica Simon, 1893, and the Maros endemic U. sulawesiensis Yao and Li, 2016,
probably exist in our study area [77].

Aside from several unidentified families of troglophilic species and the Uthina spp.
discussed above, two other identified species are listed in Table 2. Speocera karkari is
reported from a few surface sites in Southeast Asia. In Sulawesi, it is only known from
two caves, Gua Mampu in the Bone karst and Gua B2 of the Towakkalak system. The big
Heteropoda beroni is a regular inhabitant of the caves of the two systems, quietly resting on
cave walls, especially in non-oligotrophic habitats, and often near the cave entrance. A
species of this genus that may be H. beroni has been found hunting during the night near
caves at Bantimurung. It is a major predator of the giant arthropod communities, just like
its congeners in other Southeast Asia karsts [4].

216



Diversity 2021, 13, 392

Figure 6. (A) Heteropoda beroni from Leang Saripa; (B) cf. Amauropelma sp. from Saripa spring cave; (C) schizomid from Gua
Tanette; (D) Charon sp. from Saripa spring cave; (E) Eutrichodesmus reductus from Leang Saripa; (F) Hypocambala helleri from
Leang Saripa. Reproduced with permission from Jean-Yves Rasplus (A,E) and Louis Deharveng (B–D,F).

Opiliones: There is one unidentified species of Opiliones, possibly an Assamiidae,
that is found rather frequently as isolated specimens in the caves of the Towakkalak and
Saripa systems. It has small eyes, is pale yellow, and has never been found outside of
caves. Similar species are sometimes present in Southeast Asian caves, but most remain
unstudied.

Palpigradi: Karsts of South Sulawesi around Maros are unusually rich in Palpigradi,
with two families, three genera, and four species, three of which have been described and
are only known from the region. There are two species (Koeneniodes frondiger Remy, 1950
and Eukoenenia paulinae Condé, 1994) that are soil dwellers. The two other species are so far
cave restricted. Eukoenenia maros is limited to two caves of the Towakkalak system, and
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Prokoenenia celebica is known from Gua Salukkan Kallang and Gua Mampu in the Bone
karst. Always rare in caves, these minute Arachnida were found as isolated specimens
in oligotrophic habitats. As the soil outside caves has been well sampled in Maros, the
troglobiotic status of the cave species is reliable. In addition, E. maros is considered as
troglomorphic in its original description.

Pseudoscorpiones: They are rare, represented by one or two blind unidentified species,
which are present in two caves.

Schizomida (Figure 6C): Schizomida of Southeast Asia are severely under-studied
compared to those of tropical America or Australia. In Maros, they are frequent in caves and
soils, with species differing in particular by the morphology of the male flagellum and the
relative length of the appendages. Some morphospecies seem to be cave restricted. Given
the proneness to speciation in several lineages of schizomids [78], several new species are
expected to occur in Maros as they do in other low elevation karsts of tropical Asia.

Amblypygi (Figure 6D): Whip spiders are, after huntsman spiders of the genus Het-
eropoda, the more common predators of the giant arthropod communities in most caves
of Southeast Asia. There are two species of the genera Sarax Simon, 1892, and Charon
Karsch, 1879, that are reported from Maros. The Sarax is probably new to science [79]. Both
are common in many caves of the region, including the Towakkalak and Saripa system,
where they are sometimes encountered rather deep inside caves. They may feed on the
Rhaphidophora sp. abundant in all caves, probably on juveniles or eggs rather than on adults
given the size of this cricket. None of these species has been collected outside caves in
Maros so far. The Sarax is possibly troglobiont, as suggested by its pale-yellow color and
relatively long legs [79]. Several Charon described from Southeast Asia were synonymized
with C. grayi (Gervais, 1842) by Kraepelin [80], but recent publications do not accept these
synonymies and consider that several species are likely to occur in the region [81,82].

Diplopoda (Figure 6E,F): Hypocambala helleri, a widely distributed saprophagous
species, is the most abundant milliped and perhaps arthropod in eutrophic or mesotrophic
habitats of the Maros caves. Large populations may be observed on guano, but it is also
common in SCAT habitats. The species is considered as a troglophile in the literature
but was only found in caves in the Maros karst. A second, less frequent species is the
troglobiotic snow white Eutrichodesmus reductus, present in several caves of the Maros
karst including both systems of interest [83]. It is never found in dense populations nor on
guano piles. Metopidiothrix kalang has a morphology of a surface species (eyes and pigment
present) but has been regularly and only found in Gua Salukkan Kallang so far.

Oniscida (Figure 7A,B): There are two cave restricted terrestrial isopods that are re-
ported from Towakkalak [84] and that are present in Saripa system. The most frequent,
undescribed species assigned to the genus Venezillo Verhoeff, 1928, which is whitish with re-
duced eyes, has been found in many caves of the Maros karst, where it lives in oligotrophic
to mesotrophic habitats, feeding on organic debris. It has never been found outside of
caves. The second species, assigned to the genus Papuaphiloscia Vandel, 1970, is an eyeless
and transparent species that is also found in several caves of the Towakkalak and Saripa
systems. Both genera have cave species in other regions of Southeast Asia.

Collembola [85] (Figure 7C–E): Springtails are at the basis of trophic chains for the
terrestrial invertebrate compartment in most caves of the world, especially in oligotrophic
habitats. In guano, they are usually second to mites but reach huge density locally. They are
preyed upon by beetles, mites, spiders, pseudoscorpions, and probably schizomids. Guano
is not as abundant in the Maros karst as it is in other tropical regions of Asia or the Pacific,
but three caves of the Towakkalak and Saripa system nevertheless host large bat colonies.
The dominant springtails in these habitats are the parthenogenetic pantropical species
listed in Table 2. In the oligotrophic or mesotrophic habitats of Maros caves, Collembola
are moderately diversified. In the Towakkalak and Saripa systems, a single troglobitic
species of the family Entomobryidae, Pseudosinella maros, is known which is also present
in other caves of the Maros karst. This species is apparently related to blind small surface
Pseudosinella Schäffer, 1897 that are abundant in the forest soils of the region. P. maros mostly
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differs from them by several troglomorphic characters, i.e., larger body size, proportionally
longer appendages, and thinner claws [86]. Similar to its surface relatives in Maros, P.
maros is eyeless. Though weakly modified, it is more troglomorphic than other tropical
cave Pseudosinella that have been described so far [87]. Similar undescribed forms of this
genus are present in caves of Halmahera [88] and Papua (Fak-Fak) [89]. Pseudosinella maros
exhibits noticeable variability in claw elongation and antennal S-chaetotaxy. Specimens
collected in underground systems of the Maros karst north and south of the type locality
(Gua Restauran, close to but independent from Saripa system) might be taxonomically
different [86]. This has been corroborated by subsequent barcode analyses, which indicate
species-level divergences of 15–20% between populations within and around the systems
of interest (unpublished data).

Figure 7. (A) Venezillo sp. from Leang Saripa; (B) Papuaphiloscia sp. from Leang Saripa; (C) Pseudosinella maros from Gua
Lumpur; (D) Oncopodura sp. from Gua Tanette; (E) Pararrhopalites sp. from Gua Tanette. Reproduced with permission from
Louis Deharveng.

Diplura: Lepidocampa (Lepidocampa) hypogaea is a clearly troglomorphic species and is
widespread in the caves of Towakkalak and Saripa (Table 1). Interestingly, all 11 specimens
collected in Gua Baharuddin, a system adjacent to Towakkalak, differ morphologically
from those of Towakkalak [90].

Orthoptera, Rhaphidophoridae (Figure 8A): Diestrammena heinrichi (Ramme, 1943) is a
large Orthoptera described from the Maros region, but we ignore from which habitat it is
described. Allegrucci et al. [91] mention a Rhaphidophora Serville, 1838, from Leang Saripa,
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and we assigned the very abundant cricket present in all of the caves of the Maros karst to
this last genus, pending a redescription of D. heinrichi. This Rhaphidophora is the biggest and
most common species of the giant arthropod community in the caves of the Towakkalak
and Saripa systems. It seems to be saprophagous, but it has not been ascertained that it
feeds outside of the cave during night as observed for some other species of the family. The
species has normal eyes but a rather pale and uniform coloration.

Figure 8. (A) Rhaphidophora sp. from Saripa spring cave; (B) Eustra saripaensis from Leang Saripa; (C) Nocticolidae sp. from
Leang Saripa; (D) Mateuellus troglobioticus from Leang Saripa. Reproduced with permission from Anne Bedos (A), Jean-Yves
Rasplus (B,C) and Louis Deharveng (D).

Blattodea, Nocticolidae (Figure 8C): Nocticolidae are regular troglobionts in caves in
Southeast Asia and the Pacific and are among the most troglomorphic cave arthropods in
this area, often combining anophthalmy, marked appendage elongation, and depigmenta-
tion. Specimens collected in the Towakkalak and Saripa systems have not been analyzed by
specialists, but two eyeless troglomorphic species are present (Fred Stone in litt.), differing
by slenderness, degree of troglomorphy, and male tergal structure. They are commonly
found in loose groups deep inside caves and mostly in oligotrophic habitats, where they
run very quickly when disturbed. Nocticolidae are considered as saprophagous in the
literature, probably feeding on degraded organic matter, which is consistent with what we
observed in our caves. Interestingly, blind as well as microphthalmic species have been
collected in several other caves of the Maros karst.

Coleoptera, Carabidae (Figure 8B,D): Cave obligate beetles are exceptional in tropical
cave systems. There are two species of Carabidae (ground beetles) from two different
subfamilies that are known in the Towakkalak and Saripa systems, a case that is unique to
the Indonesian archipelago: Mateuellus troglobioticus (Pterostichinae) and Eustra saripaensis
(Paussinae). The only species of the genus Mateuellus Deuve, 1990, M. troglobioticus, is also
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the only clearly troglobiotic species of the large tribe Abacetini. It exhibits moderately
troglomorphic characteristics, i.e., slightly reduced eyes and slightly elongate appendages.
The species is a regular inhabitant of the caves of the Maros karst, with a subspecies
described from the nearby Tompobulu karst, M. troglobioticus faillei Deuve, 2010. Interest-
ingly, another abacetin beetle was recently described from Java caves (Metabacetus willi
Guéorguiev 2013). Though only found in caves, it is considered to be a troglophile or
a trogloxene by its author on the basis of its dark color and inconspicuously modified
eyes and leg length. Eustra saripaensis is a rare micro-endemic species that is blind and
unpigmented, exclusively known from Leang Saripa. It seems to be restricted to a single
location, a clay slope in the unflooded part of the cave, where it usually occurs in rotten
bamboo or wood. The genus is known by another cave species (E. pseudomatanga cavernicola
Deuve, 2001) and an edaphic species in Sulawesi. It is also present in a few caves of other
Southeast Asian regions [57], where it is always rare.

Lepidoptera: Tineidae are very abundant on guano piles and are represented by
several unidentified species.

Swiftlets: Swiftlets are common in the Towakkalak and Saripa systems as well in
several caves of the Maros karst. They are an important provider of organic matter in the
caves where they nest, though large piles of their guano have not been observed. There
have been three species recorded in South Sulawesi—two Aerodramus Oberholser, 1906,
which echolocate, and Collocalia esculenta (Linnaeus, 1758), which does not [92], but their
exact identification cannot be ascertained. Aerodramus swiftlets were qualified of ‘good
speciator’ [92] for having both extremely good flying, hence dispersal ability, and a strong
link to their home caves. Of the many species recognized in Southeast Asia and the Pacific,
these two are present in the caves of Sulawesi, but it is not known if they are both present
in the Maros karst.

Bats: Bats are present in many Maros caves, where 15 species are recorded [93].
Insectivorous species are much more frequent than frugivorous or nectarivorous ones. The
former are encountered, sometimes deep inside caves, as isolated individuals and small
groups in many caves of the karst. Rather large colonies with large piles of guano are
surprisingly rare in our study area: unidentified species in Gua Alolu and Emballonura
alecto (Eydoux and Gervais, 1836) in Leang Saripa and in Gua Mimpi. The only very
large colony of insectivorous bats, of the species Chaerephon plicatus (Buchanan, 1800), is
located 13 km NW from Towakkalak in a cave near Salenrang. Fruit bats are recorded
from Gua Kelelawar near Kappang as a rather large colony of two species, Dobsonia exoleta
K. Andersen, 1909, and Rousettus amplexicaudatus (E. Geoffroy, 1810). Most records of
bats in the Maros karst are actually from other caves outside of our study area, such as
Gua Londron, Gua Mattampa Belakang, Gua Togendra, or Gua Peceng [93; Rahmadi pers.
comm.].

4. Discussion and Conclusions

4.1. Limitations of The Checklist

The number of species of an underground site makes sense by comparison to others.
Comparisons make sense if sampling is comparable in terms of sampled habitats, sampled
groups, and sampling efforts. This condition is rarely fulfilled, resulting in false or uncertain
species absence (or presence) in lists, which should lead to cautious interpretation and
comparison of the results. We provide hereafter an overview of gaps and bias of our dataset,
which was summarized in Tables 1 and 2.

4.1.1. Taxonomy

A large proportion of the listed species are undescribed, which is usual in tropical
cave species inventories, even the best documented ones [94]. Several groups have been
collected but not studied, such as Opiliones, Pseudoscorpiones, or Schizomida, which may
uncover several species.
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4.1.2. Habitats

Habitats have been unevenly sampled. Aquatic, especially interstitial habitats, guano,
and hanging roots, all known to often be species-rich, were not sampled, under-, or mini-
mally sampled, which may account for the low diversity of microcrustacea, guanophiles,
and euedaphomorphic species in our caves. Stygobiotic microinvertebrates represent a
major part of subterranean biodiversity. They have been sporadically collected but not
identified. Guano has only been marginally sampled. Hanging roots have not been sam-
pled in the systems of interest, but in Gua Assuloang, where they were sampled, they
hosted the remarkable genus Celebenna Hoch and Wessel, 2011 (Cixiidae), which is so far
endemic of this cave. The global richness of the fauna has probably been severely truncated
for the concerned taxa, a major bias that has to be taken into account when comparing
species richness.

4.1.3. Sampling Methods

The collection methods were mostly direct hand-picking and Berlese extraction of
substrate cores in terrestrial habitats and netting using large mesh nets in aquatic habitats.
Pitfall trapping, baiting, the use of fine mesh nets, or Karaman–Chappuis in sediments, to
maintain basic collecting methods, were not or marginally used, and would have probably
provided additional species.

4.1.4. Species Ecological Status

Assignment to troglobionts of terrestrial species found in caves on the basis of their
anophthalmy and depigmentation is widespread in the literature, while these traits are
more common in euedaphic species from deep soil than in troglobionts [95]. Here, we only
assigned species that were collected in caves to troglobionts or stygobionts [1], a status
that has to be considered provisional, at least for non-troglomorphic species, as it depends
on our knowledge of surface fauna, especially soil. To limit this uncertainty hanging over
most species lists, we sampled as much as possible inside of and outside of caves.

4.2. Cave Fauna Features of The Towakkalak and Saripa Systems
4.2.1. Species Richness

A total of 26 troglobionts and 10 stygobionts, i.e., 36 obligate cave species, are known
for Towakkalak; the numbers are 19, 6, and 25 for Saripa. These values are the highest
recorded for any Southeast Asian caves, and probably for any tropical cave. Most species
are shared by both systems, but 15 species are only present in Towakkalak, and 4 species
are only in Saripa. The much larger size of Towakkalak is probably linked to more diverse
habitats that could explain the difference, which might increase in the future, as Towakkalak
has been much less studied than Saripa.

4.2.2. Endemism

There are thirty-four cave restricted species that are endemic to the area, having not
been detected in the nearest karsts of Bone (east of South Sulawesi), in Muna (Southeast
Sulawesi), nor elsewhere in Indonesia. The remaining species are morphospecies of un-
known distribution but that are likely to be endemic as well. The figure is completely
different for stygophiles and troglophiles, with only 4 probably endemic species of a total
of 28. Endemism at the generic level is a marker of stronger geographic isolation. There
are four genera that are endemic to the Maros karst. A total of three of them are present
in the systems of interest with four species: the minute crab Cancrocaeca xenomorpha, two
shrimps species of the genus Marosina, and the terrestrial beetle Mateuellus troglobioticus.
The three former species are highly troglomorphic, the latter, only moderately. There are
two more genera that are endemic of the Maros karst but were not found in the systems of
interest: the stygobiotic beetle Speonoterus bedosae Spangler, 1996, from Gua Mangana [42]
and Celebenna thomarosa, a non-troglomorphic Cixiidae (Homoptera) from Gua Assuloang.
The presence of five endemic genera confers an exceptional biological value to the Maros
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karst. All of the described cave restricted species of Towakkalak and Saripa are endemic to
the Maros karst. Other karsts of South Sulawesi are much less known, but none of their
cave restricted species have been found in the Maros karst [96].

4.2.3. Shared Diversity Features

The species composition of the Towakkalak and Saripa caves have two common
characteristic features: a high diversity of Decapoda among stygobionts and a high diversity
of arachnids among troglobionts. Decapoda dominate the aquatic fauna diversity, with
6 stygobionts (5 in Towakkalak, 3 in Saripa) out of a total of 11 (10 in Towakkalak, 6 in
Saripa). This dominance seems to be characteristic of Sulawesi caves, which is in line with
the radiation undergone by Caridea in the lakes of Southeast Sulawesi (see Caridea above).
With 12 troglobiotic or likely troglobiotic species (11 in Towakkalak, 5 in Saripa) of a total
of 29 troglobionts (26 in Towakkalak, 18 in Saripa), Arachnida dominate the cave terrestrial
fauna in terms of diversity, as is the case in other tropical caves of the region [4], although
this figure seems less clear for tropical Brazilian caves [97,98].

4.2.4. Troglomorphy

Patterns of troglomorphy are contrasted among cave species of the systems of interest.
In Southeast Asia, for several taxa, the occurrence and degree of troglomorphy seem to
roughly decrease with decreasing elevation and with decreasing distance to the equator [2].
Due to the geographical location near equator and low altitude, Maros cave species were
therefore not expected to exhibit significant troglomorphic traits. However, they do. The
ultimate driver of cave colonization, seasonality, is strong in the Maros karst region and
may have led to these modest cave-related morphological modifications that affect several
species of Palpigradi, springtails, Diplura, beetles, and fish. On the other hand, Nocticolidae
and aquatic taxa generally do not respond to the elevation and latitudinal gradients nor to
seasonality and exhibit highly troglomorphic morphologies in many low altitude caves of
tropical Asia, as they do in the Towakkalak and Saripa systems.

4.2.5. Guano

As the major food resource for cave fauna in tropical caves, guano habitats deserve
some comments. SCAT habitats in Maros caves host, as in most caves of the world, the
largest number of cave restricted species [48,99]. On the other hand, guano accumulations
have a much richer overall fauna, especially diversified in tropical caves, which remain
poorly documented [4]. Remote fossil passages where bats or swiftlets do not venture, such
as the large fossil galleries of Gua Tanette, are almost azoic. Surprisingly for a tropical karst
of Southeast Asia, guano accumulations are not common in the Maros karst (see above
‘bats’). Leang Saripa hosted isolated specimens of insectivorous bats and swiftlets in the
first part of the cave but hosted large bat colonies beyond sump 1. Guano accumulation
in Maros caves is mostly produced by insectivorous bats, exceptionally by frugivorous
ones, and never by swiftlets. As is the case in Vanuatu caves [100], significant faunistic
differences between guano of different types were not detected, but the dominant group in
this habitat, mites, have not been analyzed. The identified fauna was mostly represented by
large populations of troglophiles-guanophiles of wide distribution: Hypocambala helleri and
several pantropical parthenogenetic Collembola (Table 2). The former species seems to be
restricted to caves in the Maros karst, where it is very common, but is reported from surface
habitats in other tropical regions. Among Collembola, Xenylla yucatana, a pantropical
species, is frequent in cave guano and is scarce in surface habitats. The other cited Collem-
bola, mostly pantropical and parthenogenetic, may form dense populations in guano piles
but all are more frequent in outside soils. Species of the giant arthropod community as
well as, though less frequently, some troglobionts, such as Mateuellus troglobioticus, Venezillo
sp. or Schizomida, are often wandering near guano piles.
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4.2.6. Invasives

Big cockroaches are often present at a huge density in low altitude and warm tropical
caves of Southeast Asia, especially when they have been disturbed by humans. Pycnoscelus
surinamensis L., 1767, is reported, for instance, from Gua Mampu in the Bone karst, which
is 35 km NE of the Maros karst [101]. However, these giant cockroaches are absent in all of
the caves that were surveyed in the Maros karst, including those of Towakkalak and Saripa.
In Leang Saripa, the occurrence of rats was noticed in several parts of the cave, indicated
by bottles of pitfall traps that were missing or removed from their original places. Some
kinds of rodent nest were also found in small holes on the cave walls, mostly composed of
plastic garbage.

4.3. Conservation Issues

The cave fauna of the Maros karst, the richest spot of subterranean biodiversity in
the tropics, is well protected in the core of the Bantimurung-Bulusaraung National Park,
but several peripherical zones are at risk and experience the impact of human pressure
that have dramatically increased during the last two decades. Forest logging and land
use changes, which may induce important modifications in water flow and circulation,
disturbing food supply for underground fauna, are active in these non-protected parts
of the karst. Given the terrain roughness, this is not, however, the main threat on cave
fauna. Contrary to Gunungsewu in Java, Maros is lucky enough to have agriculture
related pollution sources that are mostly downstream karst resurgences, not upstream
sinking rivers. Cave over-frequentation linked to the impressive increase in local tourism
in Bantimurung and its associated degradations, particularly garbage, is a more recent
concern that seriously affects cave habitats in various ways (Gua Mimpi and Leang Saripa).
Its direct effects on invertebrate fauna are likely very local. Walls are sometimes extensively
tagged, even in the deepest parts of Leang Saripa, but this landscape degradation does
not directly impact the fauna. The main biological concern related to over-frequentation is
actually that large bat colonies have already abandoned the most visited cave (Gua Mimpi).

However, the major concern for landscape and cave fauna is the multiplication of
limestone exploitations during the last two decades, affecting some of the best karst
landscape and also several archaeological caves. The extent to which they impact cave
invertebrate communities is unknown because they are mostly located in unsurveyed areas
north of the National Park boundaries. The only well biologically surveyed outcrops in
this area, Mattampa and Lancina northeast of Pangkadjene, host an original and rich cave
fauna, including a blind scorpion (Chaerilus sabinae Lourenço, 1995) and a large Japygidae
that are unknown elsewhere in Maros. This raises serious concerns about the potential
impact of these numerous limestone quarries on Maros subterranean biodiversity. Even
when the habitat is not destroyed itself, noise and dust linked to quarrying are known to
disturb swiftlets, bats, and bat colonies, which are the main food providers for obligate cave
fauna and the only one for guanobionts, but we also lack information on the distribution
of swiftlets and bats in this part of the karst. They are also, together with climate change,
the greatest threat on the preservation of the invaluable prehistoric rock art of the Maros
karst [13] as well the main cause of the current disfiguration of the unique landscape of the
karst outside of the National Park boundaries.

The upgrade of the Karaenta Nature Reserve to National Park status in 2004 placed
the core of the karst, including the Towakkalak system, under strong protection, but
the problems have worsened for several limestone blocks outside the Park boundaries,
which are currently without guardrail as a response to the impact of quarrying on cave
biodiversity. It is hoped that the candidature of the Maros-Pangkep karst as a World
Heritage site, a status which it deserves in so many respects, will lead to the reconsideration
of the multiplication of limestone exploitations in its northern part from a landscape and
biodiversity perspective.
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Abstract: Located in Northern Pyrenees, in the Arbas massif, France, the system of the Coume
Ouarnède, also known as Réseau Félix Trombe—Henne Morte, is the longest and the most complex
cave system of France. The system, developed in massive Mesozoic limestone, has two distinct resur-
gences. Despite relatively limited sampling, its subterranean fauna is rich, composed of a number of
local endemics, terrestrial as well as aquatic, including two remarkable relictual species, Arbasus cae-
cus (Simon, 1911) and Tritomurus falcifer Cassagnau, 1958. With 38 stygobiotic and troglobiotic species
recorded so far, the Coume Ouarnède system is the second richest subterranean hotspot in France
and the first one in Pyrenees. This species richness is, however, expected to increase because several
taxonomic groups, like Ostracoda, as well as important subterranean habitats, like MSS (“Milieu
Souterrain Superficiel”), have not been considered so far in inventories. Similar levels of subterranean
biodiversity are expected to occur in less-sampled karsts of central and western Pyrenees.

Keywords: troglobionts; stygobionts; cave fauna

1. Introduction

Stretching at the border between France and Spain, the Pyrenees are known as one
of the subterranean hotspots of the world [1]. This remarkable diversity is unevenly
distributed along the Pyrenean range, reaching its highest value on the northern slope of
central and western Pyrenees.

The Arbas massif is located on the northern slope of central Pyrenees, about 70 km
south of Toulouse, at the limit of the departments of Haute-Garonne in the west and Ariège
in the east (Figure 1). Extending the Lestelas massif to the west, it develops north of the
Bouigane valley, east of the Ger valley, and south of rolling hills of Comminges. It ranges
from 500 m to 1608 m in altitude.

The massif is formed by relatively complex series of Mesozoic limestones, generally
overlaid by massive Urgonian limestones [2]. Under high rainfall exceeding 2000 mm a
year, the massif is mostly covered by beech forest, with small stands of fir locally. Water
transfers are very rapid due to a well-organized drainage and high surface karstification [2].
Not under threat and not under formal protection measures, the biological richness of
the massif is nevertheless remarkable, and has been labeled as Zone Naturelle d’Intérêt
Écologique, Faunistique et Floristique (ZNIEFF) Massifs d’Arbas, Paloumère et Cornudère
(national ID: 730011048).

The main cave system of the massif is the Réseau Félix Trombe—Henne Morte, from
the name of the French engineer and caver Félix Trombe, also known for his pioneer
works on solar energy. This large system is commonly called Coume Ouarnède or Coumo
d’Hyouernedo by cavers. It was explored for years by the famous speleologist Norbert
Casteret who often referred to these explorations in his writings (see [3] for a list of
references) and remains a well-known cave system for speleologists worldwide.
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Figure 1. Location of the Arbas massif, in central French Pyrenees.

Various taxon-centered studies since more than one century ago progressively brought
to light that the Coume Ouarnède system hosted a high diversity of cave animals. In
the only global synthesis of its fauna, published in 1982, 29 cave-restricted species were
listed from the system, including 18 stygobionts and 11 troglobionts [4]. Today, that is,
40 years later, there are 38 cave-restricted species recorded, including 21 stygobionts and
17 troglobionts, making of the Coume Ouarnède the richest cave fauna of the Pyrenees,
which is itself a major European hotspot. The richness of the Pyrenean range can be
explained by its biogeographical history [5]. The richness of the Coume Ouarnède can
be explained by the great extent of the cave system and the diversity of its subterranean
habitats. It may also result from the relatively good knowledge we have of its fauna, as the
system is close to the renowned Subterranean Laboratory of Moulis where a number of
biospeologists from all over the world have worked for decades.

In the framework of the special issue of the journal “Diversity” that deals with world
hotspots of subterranean biodiversity, the Coume Ouarnède clearly deserves some attention.
We shall provide in this paper an updated and comprehensive checklist of its subterranean
fauna, put in its ecological and biogeographical context.

2. The Coume Ouarnède System

The Coume Ouarnède system is the longest subterranean system of France, and one
of the most famous sites regarding French speleology. Today, it has a development of more
than 112 km for a depth of 1020 m, with 57 inter-connected caves, while the massif of
Arbas has about 500 caves in total (Figures 2 and 3) ([6]; S. Clément pers. comm. 05.2021).
The network offers a great variety of geomorphological features, with countless fossil and
active galleries and shafts, some of large dimensions (Pont de Gerbaut, Pène Blanque), and
subterranean rivers [7].
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Figure 2. Coume Ouarnède. Synthesis of the networks (modified from [7] and S. Clément pers. comm.). 1–9: Localities
with three or more listed species, by decreasing species richness. 1: Goueil di Her; 2: Grotte de Pène Blanque; 3: Poudac
Gran; 4: Hount deras Hechos; 5: Henne Morte; 6: Puits du Mistral; 7: Gouffre du Pont de Gerbaut; 8: Trou Mile; 9:
Gouffre Raymonde.

 

Figure 3. A transverse view of the system, with the location of the nine caves from which more than three taxa are listed
(modified from [7]). Cave numbers as in Figure 2.

The Coume Ouarnède system has two distinct resurgences: the Goueil di Her at
Arbas, and the Hount deras Hechos at Herran, 2.5 km to the west (“Hount-des-Heretchos”
sensu [8,9], that is, «the source of the ash trees» after [10]). The Goueil di Her is the
resurgence of the main hydrological system, the Réseau Félix Trombe. The Hount deras
Hechos is the resurgence of the smaller Henne Morte system, regarded as a secondary
derivation of the main system [2,7]. The two systems are interconnected.

3. Methods

Data synthetized here are drawn from the literature, that is, species lists [4,9,11–14]
and taxonomic literature. Most specimens were collected in nine caves or cave complexes
of the system: Gouffre de la Henne Morte (and spring nearby), Gouffre du Pont de Gerbaut,
Poudac Gran, Gouffre Raymonde, Grotte de Pène Blanque, Goueil di Her, Hount deras
Hechos (cave and spring), Puits du Mistral, and Trou Mile (Figures 2 and 3). These caves
are now interconnected, except Poudac Gran. Most of the collections in the Goueil di Her,
the richest of these caves, were made between the entrance and the first sump.
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Species names and species validity have been checked from [15] and public databases [16,17].
Species ecological status has been inferred from the taxonomic literature, from [18], and
from [19] for spiders.

Abbreviations and terms defining species ecology that are used in the text are defined below:
Endogean or euedaphic species: living or assumed to live only in deep soil, often

common at cave entrances.
Eutroglophile: a species with permanent populations inside and outside caves.
Hyporheic species: living or assumed to live only in interstitia of sediment beneath

and alongside streams.
MSS: Milieu Souterrain Superficiel (often translated as “Superficial Underground

Compartment” in the literature).
Stygobiont: a species living or assumed to live only in groundwater.
Subtroglophile: a species spending a part of its life cycle in caves.
Troglobiont or troglobiotic species: living or assumed to live only in caves or in

the MSS.
Troglophile or troglophilic species: living inside as well as outside caves.
Only troglobionts, stygobionts and the most important troglophiles are considered in

this paper. Guano and shallow subterranean habitats have not been sampled, though these
habitats are present and promising in the massif d’Arbas [20].

4. The History of Biological Explorations

The Goueil di Her cave, the eye of Hell (“uèlh d’in hèrn”) in the Gascon dialect, is the
main resurgence of the Coume Ouarnède system. The first explorations of the cave are
related in [21]. In 1908, 30 years later, Jeannel visited the cave, and did the first biological
collections, during a speleological expedition conducted by E.A. Martel which aimed at
studying the hydrological characteristics of Pyrenees [22,23]. He introduced the cave in a
dramatic way [23]: «Près d´Arbas se trouve une étrange caverne, le Goueil di Her, redouté des
habitants du pays, parce qu´après les pluies une puissante rivière souterraine jaillit sous pression
hors de la grotte, produisant une détonation qui s´entend à plusieurs kilomètres». “Near Arbas is
a strange cave, the Goueil di Her, feared by the inhabitants of the country, because after the
rains a powerful subterranean river gushes under pressure out of the cave, producing a
detonation which can be heard several kilometers away”. During subsequent trips, Jeannel,
Racovitza and several biologists continued to regularly sample this cave (Figure 4).

 
Figure 4. René Jeannel at the entrance of the Goueil di Her cave, modified from [11].

A summary of their collections was published in the “Enumérations des Grottes
Visitées” [22,24,25]. In 1908, Jeannel visited several caves of the Arbas massif, and sampled
their fauna (Gouffre du Pont de Gerbaut, Grotte de Pène Blanque, Poudac Gran, Hount
deras Hechos, Grotte de Gourgue) [22]. In particular, he returned repeatedly to the Goueil
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di Her (1908, 1910, 1912). An important integrative work was done by F. Trombe and
his collaborators (1945–1947), based on a compilation of data in the fields of speleology,
karstology, climatology, hydrology, ecology, and biospeology of the Comminges area,
with a strong focus on the Arbas massif karst [12,26] Some years later, the Pène Blanque
cave fauna was the subject of another contribution [13]. The last and most important
investigations for aquatic subterranean fauna were done by Lescher-Moutoué, Gourbault
and Rouch, who studied the composition, distribution and ecology of the stygobiotic fauna
and characterized abiotic parameters of the Goueil di Her habitats in great detail [9,14]. A
synthesis of our knowledge on the hydrology and biospeology of the massif was published
by Bou [4,27]. Aside from these fundamental works, data available in the literature are few,
based on punctual samples in a small number of caves.

5. The Fauna

The Goueil di Her was ranked among the world hotspots of subterranean biodiversity,
with 26 cave-restricted species taxa (14 aquatics, 12 terrestrial species) in [28,29], then with
29 species [30]. This last number is actually an underestimation of the biological richness
of the cave, and of the whole system. Our knowledge of the Coume Ouarnède terrestrial
biodiversity relies on disparate sampling surveys in a few caves and pits, that often focused
on peculiar groups only, mostly beetles; conversely, aquatic fauna has been the object of an
intensive taxonomic and ecological study in karst and hyporheic habitats, but limited to
the first part of the Goueil di Her cave itself and to the hyporheic zone of the stream that
emerges from this cave [9].

Although the system counts more than 50 entrances, faunistic records come from a
few of them: nine caves have three cave species or more, but among them, only two were
investigated thoroughly, and provided more than seven cave-restricted species: the Pène
Blanque cave (eight troglobionts, no stygobionts) and the Goueil di Her, the main resur-
gence of the system and by far the richest (17 troglobionts and 13 stygobionts). Fourteen
stygobionts were collected in the hyporheic of streamlet under Goueil di Her. Faunistic
data are detailed in Tables 1 and 2.

5.1. Stygobiotic Taxa

The works of Lescher-Moutoué, Gourbault, and Rouch are the main sources of in-
formation about stygobionts of the system [9,14]. They mainly focused on crustacea of
Goueil di Her cave and of the hyporheic of the stream down to 2 km from the resurgence,
that is, a limited number of habitats compared to those of the whole system. In most
cases, Copepoda were the dominant group in abundance and diversity, rarely surpassed by
Ostracoda for abundance. The taxonomic coverage of the collected fauna is globally good,
but Ostracoda remain unidentified and only two species of Gastropoda were mentioned.
Below, we browse the most interesting stygobiotic species of the Coume Ouarnède system.

5.1.1. Tricladida

Plagnolia vandeli, the only representative of the genus Plagnolia, is a blind white
flatworm endemic of a few karsts in central northern Pyrenees. Metabolism of the species
has been shown to be strongly reduced compared to epigean species and is associated
with a considerable lengthening of all biological processes, such as regeneration and life
expectancy [31].

5.1.2. Gastropoda

Both listed species, Moitessieria simoniana and Islamia moquiniana, are wide-range
endemics of subterranean aquifers, the former in eastern Pyrenees and Montagne Noire,
the later in eastern Pyrenees [32].
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Table 1. List of stygobionts and troglobionts of the Coume Ouarnède system (CO), Grotte de Lestelas (L), Grotte de Gourgue
(G). *, ectoparasite; hab, habitats; c, cave; h, hyporheic; s, spring; x, species present in CO, L or G.

Group Species hab CO L G

Stygobionts

Suctorida: Choanophryidae Echinophrya stenaselli Matjašič, 1963 * c x x
Tricladida: Planariidae Plagnolia vandeli de Beauchamp & Gourbault, 1964 c x
Clitellata: Haplotaxidae Delaya leruthi (Hrabĕ, 1958) c x x

Gastropoda: Hydrobiidae Islamia moquiniana (Dupuy, 1851) h, c x
Gastropoda: Moitessieriidae Moitessieria simoniana (Saint-Simon, 1848) c x
Amphipoda: Niphargidae Niphargus foreli Humbert, 1877 s x
Amphipoda: Niphargidae Niphargus robustus Chevreux, 1901 c x
Amphipoda: Niphargidae Niphargus pachypus Schellenberg, 1933 h x

Amphipoda: Salentinellidae Parasalentinella rouchi Bou, 1971 h, c x
Amphipoda: Salentinellidae Salentinella sp. h x

Syncarida: Bathynellidae Bathynella sp. h, c x
Isopoda: Asellidae Proasellus racovitzai Henry & Magniez, 1972 h, c x x

Isopoda: Stenasellidae Stenasellus virei hussoni Magniez, 1968 c x x x
Copepoda: Ameiridae Nitocrella gracilis Chappuis, 1955 c x
Copepoda: Ameiridae Parapseudoleptomesochra subterranea (Chappuis, 1928) h, c x

Copepoda: Canthocamptidae Ceuthonectes gallicus Chappuis, 1928 h, c x
Copepoda: Canthocamptidae Elaphoidella infernalis Rouch, 1970 h, c x

Copepoda: Cyclopidae Diacyclops languidoides (Lilljeborg, 1901) c x
Copepoda: Cyclopidae Graeteriella (Paragraeteriella) sp. h x
Copepoda: Cyclopidae Speocyclops anomalus Chappuis & Kiefer, 1952 c x x
Copepoda: Cyclopidae Speocyclops racovitzai (Chappuis, 1923) c x

Copepoda: Parastenocarididae Parastenocaris dianae Chappuis, 1955 h x

Troglobionts

Acari: Rhagidiidae Troglocheles vandeli Zacharda, 1987 c x
Araneae: Linyphiidae Birgerius microps (Simon, 1911) c x
Araneae: Leptonetidae Leptoneta microphthalma Simon, 1873 c x x x

Pseudoscorpiones: Neobisiidae Neobisium (Blothrus) abeillei Simon, 1872 c x
Pseudoscorpiones: Neobisiidae Neobisium (Blothrus) sp. c x
Pseudoscorpiones: Neobisiidae Neobisium (Neobisium) cavernarum (L. Koch, 1873) c x

Opiliones: Cladonychiidae Arbasus caecus (Simon, 1911) c x x x
Opiliones: Ischyropsalididae Ischyropsalis pyrenaea Simon, 1873 c x

Chilopoda: Lithobiidae Lithobius cavernicola Fanzago, 1877 c x
Diplopoda: Blaniulidae Blaniulus lorifer (Brölemann, 1921) c x x
Diplopoda: Blaniulidae Blaniulus troglobius (Brölemann, 1921) c x x x
Diplopoda: Glomeridae Spelaeoglomeris jeanneli Brölemann, 1913 c x x
Isopoda: Trichoniscidae Scotoniscus macromelos macromelos Racovitza, 1908 c x x x

Collembola: Entomobryidae Pseudosinella theodoridesi Gisin & Gama, 1969 c x x
Collembola: Oncopoduridae Oncopodura tricuspidata Cassagnau, 1964 c x x

Collembola: Tomoceridae Tomocerus problematicus Cassagnau, 1964 c x
Collembola: Tomoceridae Tritomurus falcifer Cassagnau, 1958 c x

Coleoptera: Carabidae Aphaenops bucephalus (Dieck, 1869) c x x
Coleoptera: Carabidae Aphaenops cerberus bruneti Jeannel, 1926 c x x
Coleoptera: Carabidae Aphaenops crypticola (Linder, 1859) c x
Coleoptera: Carabidae Aphaenops ehlersi (Abeille de Perrin, 1872) c x x x
Coleoptera: Carabidae Aphaenops tiresias tiresias (Piochard de la Brûlerie, 1872) c x x
Coleoptera: Carabidae Geotrechus trophonius trophonius (Abeille de Perrin, 1872) c x
Coleoptera: Leiodidae Speonomus (Machaeroscelis) infernus arbasanus Jeannel, 1924 c x x
Coleoptera: Leiodidae Speonomus (Machaeroscelis) infernus infernus (Dieck, 1869) c x
Coleoptera: Leiodidae Speonomus (Speonomus) ehlersi (Abeille de Perrin, 1872) c x

Fungi: Laboulbeniaceae Rhachomyces aphaenopsis Thaxter, 1905 * c x x
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Table 2. List of troglophiles of the Coume Ouarnède system (CO), Grotte de Lestelas (L), Grotte de Gourgue (G). ecol,
ecology; endo, endogean; TPeu, eutroglophiles; TPsub, subtroglophiles; x, species present in CO, L or G.

Group Species ecol CO L G

Araneae: Agelenidae Eratigena inermis (Simon, 1870) TPeu x x
Araneae: Leptonetidae Leptoneta infuscata Simon, 1873 TPeu x x
Araneae: Linyphyidae Troglohyphantes marqueti (Simon, 1884) TPeu x

Araneae: Tetragnathidae Meta menardi (Latreille, 1804) TPeu x x
Araneae: Tetragnathidae Metellina merianae (Scopoli, 1763) TPeu x x

Opiliones: Ischyropsalididae Ischyropsalis luteipes Simon, 1873 TPeu x
Chilopoda: Lithobiidae Lithobius piceus piceus L. Koch, 1862 TPeu x
Chilopoda: Lithobiidae Lithobius pilicornis pilicornis Newport, 1844 TPeu x
Chilopoda: Lithobiidae Lithobius troglodytes Latzel, 1886 TPeu x x x
Chilopoda: Lithobiidae Lithobius microps Meinert, 1868 TPeu x
Chilopoda: Lithobiidae Lithobius macilentus L. Koch, 1862 TPeu x x x
Isopoda: Trichoniscidae Phymatoniscus tuberculatus ssp. endo x
Isopoda: Trichoniscidae Phymatoniscus tuberculatus arbassanus Vandel, 1948 endo x
Isopoda: Trichoniscidae Oritoniscus trajani trajani Vandel, 1933 endo x

Collembola: Hypogastruridae Schaefferia decemoculata (cf.) (Stach, 1939) TPeu x
Collembola: Onychiuridae Onychiuroides pseudogranulosus (Gisin, 1951) TPeu x x
Collembola: Arrhopalitidae Pygmarrhopalites pygmaeus (Wankel, 1860) TPeu x

Coleoptera: Carabidae Geotrechus orpheus consorranus (Dieck, 1870) endo x x x
Coleoptera: Carabidae Laemostenus oblongus oblongus (Dejean, 1828) TPeu x

Coleoptera: Curculionidae Raymondionymus perrisi (Grenier, 1864) endo x
Coleoptera: Leiodidae Bathysciola lapidicola simplex Coiffait, 1959 endo x
Coleoptera: Leiodidae Bathysciola lapidicola lapidicola (Saulcy, 1872) endo x x
Coleoptera: Leiodidae Bathysciola schioedtei schioedtei (Kiesenwetter, 1850) endo x x x
Coleoptera: Leiodidae Bathysciola asperula (Fairmaire, 1858) endo x
Coleoptera: Leiodidae Bathysciola ovata (Kiesenwetter, 1850) endo x
Coleoptera: Leiodidae Choleva angustata (Fabricius, 1781) TPsub x

Coleoptera: Staphylinidae Linderia cristata (Saulcy, 1872) endo x x
Coleoptera: Staphylinidae Linderia bidentata (Dodero, 1919) endo x
Coleoptera: Staphylinidae Leptotyphlus (Leptotyphlus) anchorifer Coiffait, 1957 endo x

Coleoptera: Carabidae Hypotyphlus pandellei (Saulcy, 1867) endo x x
Coleoptera: Staphylinidae Octavius capdeviellei Orousset, 1979 endo x
Diptera: Mycetophilidae Speolepta leptogaster (Winnertz, 1863) TPsub x

Lepidoptera: Geometridae Triphosa tauteli Leraut, 2009 TPsub x
Trichoptera: Limnephilidae Stenophylax permistus McLachlan, 1895 TPsub x

5.1.3. Amphipoda

Five species of Amphipoda in three different genera are present in the system. Parasalen-
tinella rouchi, from the hyporheic zone of the Arbas and Escalette streams, is a small species
known from the hyporheic of a few stations in Ariège and eastern Haute-Garonne [33]; it is
present in this habitat downstream of Goueil di Her resurgence, where it sometimes occurs
together with Salentinella petiti.

Niphargus are present but less common in Pyrenees than in most other French re-
gions [34]. Three species of Niphargus have been collected in the system, in three different
habitats: N. pachypus in the hyporheic downstream of the resurgence [4], a species of the
group longicaudatus Costa, 1851, probably N. robustus, inside the Goueil di Her [4,34] and N.
foreli at a spring in the upper part of the system [35]. Further sampling as well as taxonomic
work would be necessary to confirm these findings.

5.1.4. Isopoda

Proasellus racovitzai was described from the Goueil di Her where it coexists with
Stenasellus virei hussoni. It is considered endemic of this cave [36]. Stenasellus virei hussoni
(Figure 5), a “carnivore facultative omnivore” after [37], is widespread in caves of the
northern part of central Pyrenees. This typical stygobiont has a life span of 15–20 years [38].
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Figure 5. Stenasellus virei hussoni, a stygobiotic species common in hypogean waters of the Coume Ouarnède system
(specimen from the Tute de Jovis cave, in the Sourroque massif, east of the Arbas massif; body 10 mm long; reproduced
with permission from S. Huang).

5.1.5. Copepoda

The Coume Ouarnède is especially rich in Copepoda, with nine stygobiotic species
recorded so far, of which six occur at the Goueil di Her. A large number of epigean species
are associated to these strictly hypogean species, for example 11 troglophilic or trogloxenic
species for four troglobiotic ones among harpacticoids are cited from Goueil di Her [14].
Copepoda are by far dominant in number and diversity in all hypogean compartments.

5.2. Terrestrial Taxa
5.2.1. Acari

Rhagidiidae, a family of tiny predatory mites, comprises the largest number of troglo-
bionts among Acari of temperate caves. Troglocheles vandeli is a troglomorphic mite only
known so far from its type locality, the Trou Mile in Arbas [39]. The remarkable blind,
slender, and transparent mite mentioned in [40] in the Goueil di Her might be this species.
Given the rarity of cave Rhagidiidae, the presence of a second troglobiotic species of this
family, Rhagidia (Deharvengiella) troglomorphica Zacharda, 1987, in the Grotte de la Buhadère,
a cave of the Source Bleue system adjacent to the southwestern part of the Arbas massif,
may indicate that these rare mites may be more diversified than expected.

5.2.2. Araneae

The Coume Ouarnède system, as well as the Arbas and surrounding massifs, are riche
in troglophilic spiders, but very poor in troglobiotic ones. A single troglobiotic spider,
Leptoneta microphthalma, is recorded from system, and present in several caves of the massif
d’Arbas and surrounding karsts. It has six reduced eyes. L. infuscata, a troglophilic but
mostly cave dwelling species, is also frequent in the caves of the region [41].

5.2.3. Opiliones

Arbasus caecus is a relictual species of harvestmen, the only species in the genus Arbasus
(Figure 6). The superfamily Travunioidea, to which Arbasus belongs, is a north temperate
lineage known from North America, Europe and East Asia (Japan, Korea) and counts
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four families and 24 genera, some of them troglobiotic [42]. The peculiar morphology of
Arbasus makes difficult its attribution to a family, and it is regarded as a representative of
either Travuniidae [43] or Cladonychiidae [42]. Genetic data are still lacking to confirm
this attribution.

 

Figure 6. Arbasus caecus, a monospecific genus of harvestmen Travuniidae described from Pène Blanque cave (specimen
from Artigouli cave, Estadens; body 2 mm long; reproduced with permission from C. Vanderbergh).

First described in the genus Phalangodes by Simon [44], Arbasus caecus was subse-
quently included in a new genus, Arbasus, by Roewer in his revision of European Opil-
iones [45]. Contrary to what was mentioned by Bou [4], the species was not described from
Gourgue cave, where it is present, but on a single specimen collected in the Pène Blanque
cave, probably by R. Jeannel [22,44]. Since then, the species was found in Goueil di Her, as
well as a few other caves in karsts surrounding the Arbas massif: Riusec cave of the Source
Bleue system [12], Cap de Payssas cave at Juzet-d’Izaut [46], the Lestelas cave [47] of the
Caussanous system [2], and more recently, the Artigouli cave at Estadens (C. Vanderbergh
pers. comm.), a cave of the small Peyrein system northwest of Arbas [48].

5.2.4. Chilopoda

One of the three troglophilic Lithobius, L. troglodytes, has a strong affinity for cave
habitats as more than 70% of its 73 French records listed by Iorio in 2014 were collected in
caves [49]. The two other species are more abundant outside, rather than inside caves.

5.2.5. Diplopoda

All three species listed in Table 1 are detritivores. Four Blaniulidae (two species and
four subspecies) have been reported in various caves of the Coume Ouarnède system in
the literature. A taxonomic re-examination of this material would be necessary to validate
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these forms. We provisionally listed only the two species, Blaniulus lorifer and B. troglobius,
regardless of their subspecies. The third species, Spelaeoglomeris jeanneli, is a small pill-
millipede only known from the Arbas massif (Goueil di Her, Grotte de Gourgue, Grotte de
Paloumère and Poudac Gran). This species is the only troglobiont endemic of the Arbas
massif [4,11,50].

5.2.6. Isopoda Oniscida

The species Scotoniscus macromelos, endemic of central Pyrenees, is split into nine
parapatric subspecies, all strictly troglobiotic. S. macromelos macromelos is the easternmost
form, endemic of a cluster of karstic massifs including Arbas and Lestelas [51–53].

5.2.7. Collembola

Collembola are usually the dominant arthropod species in caves. They are detritivore,
but troglobiotic species mostly ingest clay, like many deep soil species, perhaps feeding on
the micro-organisms it contains, while many litter species ingest fungi mycelium.

Three cave-restricted species are known from the system. At least two additional ones
from two genera are expected to occur, as they are known in caves of other systems of the
region: a Micronychiurus and a blind Pseudosinella. No species from the guano has been cited
from the system, but they probably exist, and a guanobiotic endemic Hypogastruridae,
like those known from the Grotte de Mont de Chac and Grotte de Payssa nearby can also
be expected.

Pseudosinella theodoridesi. It is a common species in the caves of Ariège and Haute-
Garonne. Its eyes and pigmentation are reduced, but present. Its appendages are, however,
clearly elongated. Several forms differing by eye reduction have been recognized in the
caves of the region [54], but their taxonomic status is unclear.

Oncopodura tricuspidata. Described from the grotte de Pène Blanque, this troglomor-
phic species has populations in several caves of central Pyrenees, which are likely to be
undescribed species [55].

Tritomurus falcifer. This highly troglomorphic species is blind, depigmented, and has
long antennae and elongate claw, in contrast to all other western European Tomoceridae.
It is geographically isolated from the two other species of its genus which are located
in caves of the Dinarides [56] and can be qualified as relictual. The species is the only
troglobiont of the Coume Ouarnède system to live in hygropetric habitats [57], where it
moves relatively slowly, often associated to Aphaenops ehlersi; though equipped with a long
furca, “the large Collembola, special to” the Goueil di Her “jump with difficulty and prefer
to run away: they walk by sweeping the ground with their very long antennae which strike
the roughness of the ground while folding back.” [40]. It is known from the Goueil di Her
and Trou Mile in the system, but also from a few caves in the surroundings of the Arbas
massif, that is, Grotte du Béguet, Grotte de la Buhadère and Grotte de Riusec.

5.2.8. Coleoptera

The system is rich in 11 species of Coleoptera, among which six are troglobitic (genera
Aphaenops and Speonomus, both endemic of the Pyrenees), three are endogean and two are
troglophilic. Though narrow endemics, all Coume Ouarnède beetle species in their current
acceptation have distribution areas exceeding the Coume Ouarnède and even the Arbas
massif. None of the species are endemic of the Arbas massif itself, but all the troglobiotic
ones have a narrow distribution in Arbas and surrounding massifs, like the Leiodidae
Speonomus (Machaeroscelis) infernus arbasanus (Figure 7) [58].
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Figure 7. Speonomus (Machaeroscelis) infernus arbasanus, a hypogean Leiodidae present in the Arbas
massif (specimen from Lespugue cave, Saleich; body 2.5 mm long; reproduced with permission from
S. Huang).

The genus Aphaenops, endemic of the Pyrenees, is composed of many troglobiotic
and a few endogean species. Five species are quoted from the system, all strictly troglo-
biotic. These Aphaenops are easily recognizable morphologically and were, until recently,
distributed in different subgenera. Three of them are common (A. ehlersi, A. t. tiresias, A.
cerberus bruneti) in the Goueil di Her cave, while the two other ones are rare.

Aphaenops (formerly Hydraphaenops) ehlersi (Figure 8) has a particularly interesting
ecology, very different from the other species of the genus present in the Goueil di Her.
During a visit of the cave just after a storm and a flood in July 1914, Jeannel observed
numerous exemplars of “Hydraphaenops” (actually A. ehlersi) walking on wet clay around
the sump [59], that were usually not present or rare in this habitat. He was convinced that he
found here the real way of life of the Hydraphaenops-like species, which are always extremely
rare in most of caves of Pyrenees. He hypothesized the existence of a terrestrial phreatic
habitat restricted to the deep parts of the karsts, to which some species are subservient,
coming out to the riverbanks of subterranean rivers only after flooding [60,61].

Aphaenops (formerly Arachnaphaenops) tiresias is a wide-range endemic that is present
in several karsts in the Pyrenees of Ariège and Haute-Garonne.

Aphaenops (formerly Cerbaphaenops) cerberus is widespread in Ariège and Haute-
Garonne, where it is differentiated in many genetically divergent populations, some
taxonomically recognized as subspecies, the splits between the populations reflecting
largely the fragmentation of the karst itself [62]. The Aphaenops cerberus bruneti populations
of Coume Ouarnède and of Lestelas, locus typicus of the subspecies are slightly different
morphologically. Because of morphological similarities, it was suggested that the Coume
Ouarnède population, the westernmost of A. cerberus, might actually belong to the species
A. jauzioni Faille, Déliot, and Quéinnec, 2007 which was described from Grotte d’Artigouli,
a cave in a small isolated limestone outcrop 5 km northwest from Goueil di Her [63,64].
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Figure 8. Aphaenops ehlersi, specimen from Goueil di Her (body 4.2 mm long; reproduced with
permission from C. Vanderbergh).

Aphaenops (formerly Cephalaphaenops) bucephalus is known from many caves of Ariège
and Haute-Garonne, where it is always rare [65] (Figure 9).

 

Figure 9. Aphaenops bucephalus, a species endemic from the Ariège and Haute-Garonne departments,
always rare in its distribution area, and known by only a few records in Goueil di Her cave (specimen
from Mount cave, Juzet-d’Izaut; body 5.6 mm long; reproduced with permission from S. Huang).

Aphaenops crypticola is quoted from a single record under the name A. parallelus Coiffait,
1954, and its identification needs confirmation [66].

One species of the Coume Ouarnède system initially described as distinct subspecies
(A. tiresias ssp. proserpina Jeannel, 1909) was recently synonymized with its nominal
subspecies. Another one, A. ehlersi ssp. longiceps Jeannel, 1926, is no more recognized as a
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valid subspecies. As a result, none of the recognized Aphaenops of the Coume Ouarnède is
currently restricted to the system, but all remain relatively narrow regional endemics.

Among the three endogean species found in the system, Geotrechus orpheus consorranus
belongs to a genus very close to Aphaenops, but with as many endogean forms as troglobiotic
ones. All Geotrechus are blind and depigmented, but none exhibit strong appendage
elongation. The species found in the Coume Ouarnède, often endogean, is also present in
Grotte de Lestelas. However, this last cave also has another species of the same genus, G.
trophonius trophonius, which is rare.

5.2.9. Laboulbeniomycetes

Pyrenean Trechinae frequently carry on their integument a species of fungi of the
Laboulbeniaceae family. Laboulbeniomycetes are a group of ascomycete fungi that utilizes
arthropods for nutrition and/or dispersal. The species Rhachomyces aphaenopsis is known
on a large number of Pyrenean cave Trechinae (see [67] for a complete list of the hosts)
and was found on three species of Trechinae occurring in the Coume Ouarnède system:
Aphaenops cerberus bruneti, A. tiresias tiresias and A. ehlersi [67,68].

6. Species Richness in a Regional Context

The Coume Ouarnède system is the second hotspot of subterranean biodiversity
of France; it is second to Cent Fonts spring in total species richness and second to
Grotte de Lestelas in number of troglobionts (Table 3). Aside from its 21 stygobionts
and 17 troglobionts, the system is also home to 20 troglophiles, including three species of
endogean beetles (Table 2).

Table 3. Number of obligate subterranean species of the richest caves and aquifers of France, and
of three rich caves close to the Coume Ouarnède system (Grotte de la Buhadère, Grotte de Lestelas
and Grotte de Gourgue). Tb, number of troglobionts; Sb, number of stygobionts; *, caves close to
Coume Ouarnède.

Site Region Tb Sb Source

Cent Fonts spring Massif Central 0 43 [69]
Triadou aquifer Massif Central 0 34 [30]

Baget aquifer and karst Pyrenees 9 24 [30]
Grotte de Lestelas * Pyrenees 19 3 Table 1

Coume Ouarnède hyporheic and caves Pyrenees 17 21 Table 1
Pierre-Saint-Martin system Pyrenees 14 4 [70]

Grotte de la Buhadère * Pyrenees 14 2 [71]
Grotte de Gourgue * Pyrenees 8 2 Table 1

The Coume Ouarnède system shares most of its species with three karstic systems
geographically close to it [2], that is, the Grotte de Gourgue, 200 m from Goueil di Her, but
not related to the Coume Ouarnède system; the Lestelas cave of the Cassaunous system;
and the Buhadère cave of the Source Bleue system. The differences in faunistic richness
are primarily due to undersampling of these three caves, in particular for aquatics. None
of the three cited caves have been sampled for microcrustaceans, which account for more
than half of the total number of species in the Coume Ouarnède system. More generally,
inventories of the hyporheic fauna would be required to precise the distribution limits and
the degree of endemicity of the microfauna of subterranean aquifers in most parts of the
Pyrenees. The few stygobionts encountered in the three caves are present in the Coume
Ouarnède, except Echinophrya stenaselli, ectoparasite on Stenasellus pleopods [72].

The troglobiont dataset is less uneven. In the Grotte de Gourgue, very close to the
Goueil di Her, all troglobionts, but one, are shared with the Coume Ouarnède system. The
missing one is a rare Pseudoscorpion, Neobisium (Blothrus) sp. The Grotte de Lestelas, more
thoroughly sampled, shares 11 species with the Coume Ouarnède, but has 8 species not
found in this system. Among them, two species have vicariants in the Coume Ouarnède.
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Tomocerus problematicus is replaced by Tritomurus falcifer (though very different morpho-
logically, they are mutually exclusive in the region). Speonomus (M.) infernus infernus is
represented by a different subspecies, S. (M.) infernus arbasanus in the Coume Ouarnède.
The other six species, that live in habitats undersampled in the Coume Ouarnède system,
could be potentially found in the system, like Pseudoscorpiones or Ischyropsalis pyrenaea, a
Pyrenean endemic, which occurs in several caves close to the system: Lestelas, Lespugue
among others [46]. Comparisons with Grotte de la Buhadère would require deeper tax-
onomic investigations, but this cave has at least two rare troglobiotic micro-arthropods
that could be potentially present in the Coume Ouarnède system: a Rhagidiidae and a
new Oncopodura springtail of a species group different from O. tricuspidata. Discoveries of
additional troglobionts in the Coume Ouarnède system is therefore foreseeable.

Conversely, several of the troglobionts (Spelaeoglomeris jeanneli for instance) present in
the Coume Ouarnède system and lacking in Lestelas, are susceptible to be found in this last
cave. Given the lack of all-taxa inventories in most caves of Pyrenees, it is likely that caves
of richness similar to that of the Coume Ouarnède exist in the central and western Pyrenees.
In the same line, some groups which are widespread in subterranean ecosystems of the
Pyrenean range have not been reported from the Coume Ouarnède system nor from the
three caves of its surroundings mentioned above, such as Diplura, frequent troglobionts in
Pyrenean caves [73], or Ostracoda among stygobionts. This last group is widespread and
diversified in groundwaters of central Pyrenees, but its species have been rarely identified.

At the scale of France, between-site comparisons are more biased. The highest species
richness known so far, that of Cent-Fonts spring, and the third and fourth richest ones,
those of Triadou and of the Baget, do not compare with the Coume Ouarnède dataset as
they are focused on interstitial aquatic fauna based on exceptional sampling efforts during
years. The current pattern at country level is that hotspots of subterranean diversity are
located in two regions: central and western Pyrenees on one hand for both stygobionts and
troglobionts, and southeastern Massif Central on the other hand for stygobionts. Within
these regions, the richest caves are clearly also the most heavily sampled.

7. Conclusions and Perspectives

The faunistic inventory presented in this paper has to be put in perspective. Its
limitation is due to several ecological, spatial, taxonomical and methodological gaps.
Guano and shallow subterranean habitats have been only marginally sampled or not
sampled at all. A single site, the Goueil di Her, has been the object of thorough all-taxa
sampling; however, its cave habitats, though highly interesting, are quite unusual among
the caves of the region due to frequent flooding of all the sampled passages. Taxonomic
coverage has been insufficient for snails and springtails, while Ostracoda and Diplura
have not been identified. At least, mostly basic sampling techniques have been used
for terrestrial and aquatic fauna except at Goueil di Her. Overall, this may explain why
several cave species encountered in the surroundings of the Arbas massif have not yet been
recorded from the Coume Ouarnède system. Filling these gaps would significantly increase
the subterranean biodiversity of the system. On the other hand, sampling surrounding
karsts, finetuning distribution limits, and testing genetic differentiation of populations of
stygobionts would obviously help in understanding the observed geographical patterns.
In this respect, investigations are currently being carried out, that focus on the major
biodiversity issues raised above, that is, sampling a few targeted caves located in the upper
Coume Ouarnède system and shallow subterranean habitats of its basin, and caves in the
three surrounding systems identified by the BRGM [2]. The basic sampling methods were
completed by bait-based techniques in oligotrophic and aquatic habitats.

In spite of these limitations, this work confirms the richness of the Coume Ouarnède
system and of its most interesting cave, the Goueil di Her. Springtails and beetles are
dominant, like in all central and western Pyrenean karsts (Table 1) [18], and these two
groups clearly illustrate its difference with non-Pyrenean regions of France in terms of
global subterranean species richness. The presence of two relictual troglomorphic species
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in the Coume Ouarnède fauna is a second illustration of its exceptional biodiversity. This
raises fascinating questions about the origin and age of this fauna, as much as similarly
isolated relicts do not exist in the karsts of central Pyrenees surrounding the Arbas and its
satellite massifs.
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Abstract: Sistema Huautla is the deepest cave system in the Americas at 1560 m and the fifth longest
in Mexico at 89,000 m, and it is a mostly vertical network of interconnected passages. The surface
landscape is rugged, ranging from 3500 to 2500 masl, intersected by streams and deep gorges. There
are numerous dolinas, from hundreds to tens of meters in width and depth. The weather is basically
temperate subhumid with summer rains. The average yearly rainfall is approximately 2500 mm,
with a monthly average of 35 mm for the driest times of the year and up to 500 mm for the wettest
month. All these conditions play an important role for achieving the highest terrestrial troglobite
diversity in Mexico, containing a total of 35 species, of which 27 are possible troglobites (16 described),
including numerous arachnids, millipedes, springtails, silverfish, and a single described species of
beetles. With those numbers, Sistema Huautla is one of the richest cave systems in the world.

Keywords: troglobitics; arachnids; insects; millipedes

1. Introduction

Caves are some of the most adverse environments on earth, as the restricted access
to food and the extreme conditions of darkness and humidity make these habitats very
challenging for living organisms [1]. Despite this, many taxa have colonized these subter-
ranean environments, including arthropods and vertebrates [2,3]. Some of these animals
have become fully established in cave systems; therefore, they have evolved specific mor-
phological adaptations (troglomorphisms) such as cuticular depigmentation, elongation
of appendages, and reduction or loss of eyes [4]. Troglobitic animals (those who exhibit
troglomorphisms) are excellent models for studies of the evolution, e.g., cave adaptations
such as morphological convergences among distant lineages [5–8].

Caves are extremely important in terms of diversity, due to the number of endemic
species inhabiting these environments [2]. For example, in the class Arachnida, troglobites
are known for 9 of the 11 extant orders; only Thelyphonida (vinegaroons) and Solifugae
(camel spiders or wind scorpions) lack cave representatives [9], and the Huautla System
has a fair representation of all other Arachnida groups.

Cave explorations in the Systema Huautla have taken place since the mid-1960s,
and multiple discoveries in terms of speleology but also in biological diversity have been
reported [1–8]. However, this exploration is yet to be completed as new expeditions recently
have concluded in extending the length of the system (see http://www.mexicancaves.org/
maps/0104 (accessed on 27 August 2021)) and have also increased the number of new
species inhabiting the system [1,2,8,9].

As part of the Special Issue “Hotspots of Subterranean Biodiversity” in the Diversity
journal, we have decided to put together a list of the numerous taxa inhabiting one of the
most important cave systems in Mexico revisiting all of the available literature. This list
exemplifies the large biological diversity of the system, and furthermore, this resource can
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be used as reference for future works not only on diversity but evolution, conservation,
and inspiration for cave exploration in the several unexplored cave systems in Mexico.

2. Sistema Huautla

This is the deepest cave system in the Americas at 1560 m, and the fifth longest in
Mexico at 89,000 m, and it is a mostly vertical network of interconnected passages, a few of
which can be traversed by humans, but there are undoubtedly many narrow cracks and
crevices inaccessible to cavers. Located at Huautla de Jiménez, on the Sierra Mazateca
in the northwestern part of the State of Oaxaca, the caves have been explored by skilled
speleologists since 1966, with international and local support. The topography of the cave
is formed by multiple pits, stretch passages, and crevices (See http://www.mexicancaves.
org/maps/0104 (accessed on 27 August 2021).

The Sierra Mazateca is basically a massive Cretaceous karst formation, up to 5000 m
thick in some areas, overlain by older intrusive volcanic rocks. The landscape is rugged,
ranging from 3500 to 2500 masl, intersected by streams and deep gorges. There are
numerous dolinas, from hundreds to tens of meters in width and depth. Rural land in
Mexico is mostly owned by the community living there (called “ejidos”), and permission is
required from the local authorities before any exploration.

The weather is basically temperate subhumid, with a marked dry season from March
to May. The average yearly rainfall is approximately 2500 mm, with a monthly average of
35 mm for the driest times of the years and up to 500 mm for the wettest month. The average
monthly temperature is 23.6 ◦C, and the minimum average monthly temperature is 9.4 ◦C
for the coldest month of the year and 13 ◦C for the warmest month, whereas the monthly
daily average is of 14 ◦C for the coldest month and 29 ◦C for the warmest month [10].

The major caves are each associated with one of the larger dolinas, and the walls of the
dolinas also have side entrances and pits at varying depths. There are at least 28 entrances
and 6 major caves. The system continues to be pushed to new depths and lengths on a yearly
basis. The six major caves in the system are: Sótano de San Agustín, Sótano del Río Iglesia,
La Grieta, Sótano de Agua de Carrizo, Li Nita, and Nita Nanta (Figure 1). The Huautla
system contains 50 species, with possibly 27 or more troglobites total (16 described),
including arachnids, millipedes, springtails, silverfish, and a beetle [11–14]. In Li Nita,
a new troglobitic scorpion of the genus Typhlochactas Mitchel, 1971 was collected in 2014.
A small colony of vampire bats roosts not far inside one of the three entrances to Sótano
del Río Iglesia and another unidentified bat colony roost just inside Sótano de San Agustín.
In its deepest parts (~1000 m), Huautla system contains long, deep sumps, which makes the
exploration and collecting even harder, as diving experience is needed. Three caves were
impacted by garbage dumping, including medical waste with syringes, but the dumping
has ceased, and the PESH cavers (Proyecto Espeleológico Sistema Huautla) have begun a
clean-up effort [11–14].
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Figure 1. Sistema Huautla maps. (A) profile view, (B) plan view, (C) Sótano de San Agustín entrance. I, Nita Nanta entrance.
II, Li Nita entrance. III, La Grieta entrance. IV, Sótano de Carrizo entrance. V, Sótano de San Agustín entrance. VI, Río
Iglesia entrance. VII, Sump 9. Cave maps provided by William Steele. Photo on Figure C taken by Liz Rogers, 2015.

3. Biological Diversity

Although troglobionts have been collected in the Huautla Cave System since the
beginning explorations, it has only been in the past eight years that real collecting efforts
have been conducted by a group of arachnologists from the National Arachnid Collection
at Universidad Nacional Autónoma de México (CNAN, UNAM). We were kindly invited
by the organizers of the PESH expeditions on a yearly basis, exploring over 40 caves in
the area. The PESH Expeditions are organized in the months of April–May of each year,
during the dry season to minimize the risk of being trapped underground by flooding;
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the entire expedition lasts one month, with about 100 cavers from around the world
participating. We usually participate during the third week of the expedition, when the
speleologists have already rigged several of the deeper caves; therefore, we can concentrate
our efforts strictly on collecting with minimal time spent securing ropes. Usually, three to
four members go into a cave with the support of several speleologists, and two or three
remain collecting on the surface so that we can understand better the origin and evolutions
of the troglobionts inside a given cave. Some species, such as the highly troglomorphic
scorpion Alacran tartarus Francke, 1982, have been collected as shallow as −60 m and
as deep as −920 m in several different caves; therefore, presumably, it moves into the
deeper, common passage region of the system and can then disperse upwards through
the numerous shafts. However, others, such as the troglobitic tarantula Hemirrhagus grieta
(Gertsch, 1982), are confined to the middle depths (from −300 to −600 m) of a single cave
(Cueva de La Grieta).

It is remarkable that no stygobionts have been collected in the system, even though
there have been numerous diving expeditions to explore the deepest sumps, from both
ends, i.e., from inside the cave and from the resurgence 7 km away. There are several
reports, photographs and at least one video showing Alacran walking/running underwater;
and the only other living animals reported at those depths are tadpoles (immature anurans),
undoubtedly carried down during the flash floods of the rainy season. The tips of the
pedipalp fingers in Alacran have sharp elongated hooks, which presumably can be an
adaptation to catch those slippery prey items underwater, although nobody has seen a
scorpion feeding on a tadpole underwater (or anywhere else).

The Arachnid collection in Mexico City has 19 species of the 27 known troglobionts
in the Huautla Cave System, earning it one of the top ranks as the most diverse explored
underground biotas in the world [15,16]. Sistema Huautla is the third-most diverse cave in
Mexico, after Cueva de la Mina, Tamaulipas (24 troglobionts out of 60 species), and Sistema
Purificación, also in Tamaulipas (19 troglobionts out of 103 species), followed in fourth
place by Sistema de los Sabinos, San Luis Potosi, with 14 troglobionts out of 127 species
(William Elliott, pers. comm.). A detailed list of the troglobionts in Sistema Huautla is
given in Table 1. Underground collecting during the rainy season may increase the number
of recorded troglobionts for all cave systems, as many terrestrial arthropods are known
to overwinter in inactive stages during the drier and colder winter months, such as mites
and ticks (Acari); however, due to the risk of flooding, this task is basically impossible
to achieve.

It is important to emphasize that in the Huautla Cave System, seven different species
of troglomorphic tarantulas of the genus Hemirrhagus Simon, 1903 have been collected
thus far (several still undescribed): two of them from the same cave (La Grieta), though
they are found at different depths and have not been collected together. The other five
species are from separate entrances into the system and do not appear to be closely related,
presumably representing independent invasions from epigean ancestor(s).

At least two species of bats (Mammalia: Chiroptera) have been photographed from
caves in the Sistema Huautla; one is a leaf-nosed bat belonging to the family Phyllostom-
atidae. We have not been able to collect in the guano piles associated with those roosting
areas, and it is likely there might be some additional troglobionts there.

4. Class Arachnida

4.1. Order Araneae

Spiders are among the most common arachnids into caves. According to available
estimates, around 1000 troglomorphic spiders worldwide have been classified as troglo-
bionts [9,17,18]. They are located from the entrance to the deepest galleries of the caves,
although not all the species found in the caves are exclusive to the underground environ-
ments. Around 25–30% are accidental (trogloxenes) and appear in the entrance area; about
50% are regularly found in caves but also in the epigean environment (troglophiles); and
between 20–25% are strictly cave inhabitants (troglobitic) [19,20]. In the Huautla Cave
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System seven families, eleven genera and thirteen species of spiders have been recorded.
The most diverse spider families are Pholcidae and Theraphosidae. In Mexico, pholcids
spiders are the most common spider family found in caves, mainly in the entrances and
median-depth zone of caves and grottoes. Huber (2018) [21] reported about 86 species
of troglomorphic pholcid species worldwide, including 21 eyeless species and 21 species
with strongly reduced eyes. Most troglomorphic pholcids spiders are representatives of
only two genera: Anopsicus Chamberlin and Ivie, 1938 and Metagonia Simon, 1893 [21] with
Metagonia represented in the Huautla Cave System (Table 1). Mexico is by far the richest
country in terms of troglomorphic pholcids. This apparent dominance may partly be due
to collectors’ and taxonomists’ biases [21], mainly towards the northern cave systems (e.g.,
Purification and Cuetzalan Cave Systems). Mygalomorph spiders are generally poorly
represented in the cave faunas of the world. Mexico holds the second highest diversity
of species of tarantulas worldwide behind Brazil, and Mexico is the richest country in
tarantula cave species. The genus Hemirrhagus is endemic to Mexico and has 27 described
species, with epigean, troglophile, and troglobitic species [22]. In the Huautla Cave System,
Hemirrhagus grieta Gertsch, 1982 and H. billsteelei Mendoza and Francke, 2018 have been
described; however, an additional five probably new species have been recently collected
(Table 1; Figures 2A,D and 3D). Although important contributions about the spider fauna
of the cave system have been published in the last five years, the Huautla Cave System is
still poorly known and explored with respect to their spider fauna diversity.

4.2. Order Opiliones

In Mexico, a total of 265 species of harvestmen (Opiliones) has been recorded, repre-
senting the four extant suborders ([23] and Cruz-López, pers. obsv.). The Mexican fauna of
Opiliones is remarkable because about 20% are troglobites or troglophiles, and estimates in-
dicate that there is still a high percentage of undescribed species for the country, especially
those that inhabit different cave systems [23].

Until 2003, only two species of Stygnopsidae were reported for the Huautla sys-
tem; Hoplobunus mexicanus (Roewer, 1915) and Karos gratiosus Goodnight and Goodnight,
1971 [24]. However, recent taxonomic revisions of several genera of Stygnopsidae have
revealed that the original taxonomic determinations made by Goodnight and Goodnight
during 1953–1973 are erroneous [25,26]. Currently, H. mexicanus is in fact an undescribed
species of Stygnopsis Sørensen, 1932 (Figure 2C), and all previous records published of K.
gratiosus now correspond to Huasteca kardia Cruz-López and Francke, 2019. Additionally,
Cruz-López et al. (2019) [27] described the endemic genus Minisge Cruz-López, Monjaraz-
Ruedas and Francke, 2019, which includes two highly troglomorphic species: the shallower
Minisge sagai Cruz-López, Monjaraz-Ruedas and Francke, 2019 (Figure 3F) and the deeper
Minisge kanoni Cruz-López, Monjaraz-Ruedas and Francke, 2019. It is hypothesized [27]
that both species of Minisge colonized the Huautla System independently, with M. kanoni
being the oldest one, colonizing the caves about 3.3 Mya ago, whereas the colonization by
M. sagai occurred very recently. It is remarkable that this species inhabiting the shallow
regions of the cave system does not present a large genetic diversification or structure,
among the populations in the many caves it has been found.
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Figure 2. Troglobiont fauna of Sistema Huautla. (A) Hemirrhagus sp., (B) Paraphrynus grubbsi Cokendolpher and Sissom,
2001, (C) Stygnopsis sp., (D) Hemirrhagus billsteelei Mendoza and Francke, 2018, (E) Rhachodesmus digitatus Causey, 1971.
Photos by Jean Krejca, Figure (D) taken and modified from Mendoza and Francke, 2018.
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Figure 3. Troglobiont fauna of Sistema Huautla. (A) Typhlochactas sp., (B) Sphaeriodesmus iglesia Shear, 1986, (C) Typhlochactas
sp. collecting method, (D) Hemirrhagus grieta Gertsch, 1982, (E) Alacran tartarus Francke, 1982, (F) Minisge sagai Cruz-López
et al. 2019. Photos by Jean Krejca and CNAN-IBUNAM historic record.

Another remarkable species inhabiting the Huautla System is an undescribed species
of an undescribed genus of the subfamily Gagrellinae (Eupnoi: Sclerosomatidae), which
seems to be closely related to Parageaya Mello-Leitão, 1933, but currently, only considered
as a member of Gagrellinae with troglomorphic features such as body pale color. Other
record of troglomorphic species in the system is an undescribed Stygnomma Roewer, 1912.
However, since the revision of Stygnommatidae by Pérez-González (2009) [28], Stygnomma
was recognized as a polyphyletic assemblage, with the fauna of southern Mexico belonging
in fact to members to the family Biantidae, but, unfortunately, a taxonomic act has not yet
been formalized for this group.

Finally, near of the entrances of several caves, we have found specimens of an unde-
scribed species of Isaeus Sørensen, 1932, but this species does not exhibit any troglomorphic
features.
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4.3. Order Amblypygi

Whip spiders are conspicuous arachnids that are very common in caves and most of
the times very easy to spot by people visiting caves. The case of the Sistema Huautla is
not different, and there are at least two different species reported in several caves of the
system belonging to the genus Paraphrynus Moreno, 1940. The only species described as
Paraphrynus grubbsi Cokendolpher and Sissom, 2001 (Figure 2B) was reported for several
caves including Nita Lajao, Sótano de San Agustín, Cueva del Escorpión, etc., suggesting
that this species is widely distributed in the system and can probably move from cave to
cave. Additionally, Cokendolpher and Sissom (2001) [29] reported an undescribed species
of Paraphrynus which was considerably smaller and morphologically distinct from P. grubbsi
which has well-developed eyes, suggesting that it could be an epigean species not adapted
to caves which lives in the surroundings of Sistema Huautla and can be found occasionally
in the caves [29].

4.4. Order Pseudoscorpiones

A few small pseudoscorpions have been collected in the Huautla Cave System [13],
but they have not been fully identified yet.

4.5. Order Schizomida

Short-tailed whip scorpions are represented in the cave system by a single species
Baalrog magico (Monjaraz-Ruedas and Francke, 2018), which was originally described under
the genus Stenochrus Chamberlin, 1922 and then transferred to the newly described genus
Baalrog Monjaraz-Ruedas, Prendini and Francke, 2019, which harbors species restricted to
the cave environment. Other members of genus Baalrog are distributed in cave systems in
Valle Nacional, Oaxaca, and Atoyac, Veracruz [30]. Although there are other undescribed
species of schizomids in the Sierra Mazateca outside the caves, those belong to different
genera and are apparently not related to the species distributed inside Sistema Huautla [31].

4.6. Order Scorpiones

The Huautla Cave System is unusual among Mexican caves as it is the only one that
harbors two species of troglobiont scorpions, both belonging to the family Typhlochactidae.
Typhlochactas n. sp. is a small species about 2 cm long, totally eyeless and unpigmented,
known from a single specimen collected about −100 m depth in one of the major caves
(Figure 3A,C). The genus Typhlochactas has eight described troglomorphic species and
a couple of new ones waiting to be described. This is the first record for the Huautla
System [32].

The second one is Alacran tartarus (Figure 3E), which is about 8 cm long and is known
from more than a dozen specimens collected in several caves in the system. It is a tan brown
in color and is also completely eyeless. Two other species are known in the genus: one from
the state of Puebla from a cave system that was presumably at one time interconnected
to Systema Huautla and the other one from Oaxaca about 50 km away, both known from
single collection events, as some caves in Mexico are not visited very frequently [33].

5. Class Diplopoda

Five endemic troglobitic species of millipedes belonging to four genera, four families,
and four separate orders have been collected inside the Huautla Cave System. Perhaps,
the most spectacular is a large yellow and bluish-green rhachodesmid which is quite
abundant in the aptly named Millipede Cave (Figures 2E and 3B).

6. Class Insecta

There are five orders of insects reported from the Huautla Cave System, none of
which are very abundant. There are two species of ground-dwelling beetles, two species of
springtails, and one of each cave cricket, silverfish and dipluran (Table 1). Videos taken
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inside several of the caves in the system show flying insects glowing from the lights of the
cavers, but as far as we know, they have not been collected and identified.

Table 1. A detailed list of the troglobionts in Sistema Huautla is given. Abbreviations: TB, troglobiont; SB, stygobiont; TP,
troglophile.

Class Order Family TB or SB TP Genus Species Authors Source Endemic

Arachnida Amblypygi Phrynidae 1 Paraphrynus grubbsi
Cokendolpher

and Sissom,
2001

[29] yes

Amblypygi Phrynidae 1 Paraphrynus sp. nov. [29] yes
Araneae Ctenidae ? Ctenus sp. [15] yes?
Araneae Dipluridae ? Undet. undet. [18] yes?

Araneae Euctenizidae ? Aptostychus sabinae

Valdez-
Mondragón

and
Cortes-Roldan,

2016

[34] yes?

Araneae Mysmenidae ? Maymena sp. [15] yes?
Araneae Nesticidae 1 Eidmannella pallida (Emerton, 1875) [15] ?
Araneae Nesticidae 1 Gaucelmus calidus (Gertsch, 1971) [15] yes?

Araneae Pholcidae ? Ixchela panchovillai
Valdez-

Mondragón,
2020

[20] yes

Araneae Pholcidae ? Modisimus sp. nov. [15] yes?
Araneae Pholcidae ? Metagonia sp. nov [15] yes?
Araneae Pholcidae ? Pholcophora sp. nov. [15] yes?
Araneae Theraphosidae 1 Hemirrhagus grieta Gertsch, 1982 [22] yes

Araneae Theraphosidae 1 Hemirrhagus billsteelei Mendoza and
Francke, 2018 [22] yes

Araneae Theraphosidae 1 Hemirrhagus sp. nov. (Basketball
Cave) [22] yes

Araneae Theraphosidae 1 Hemirrhagus sp. nov. (Church Cave) [22] yes

Araneae Theraphosidae 1 Hemirrhagus sp. nov. (Thirty
Skeleton Cave) [22] yes

Araneae Theraphosidae 1 Hemirrhagus sp. nov. (Li Nita Cave) [22] yes

Araneae Theraphosidae 1 Hemirrhagus sp. nov. (Nita Nanta
Cave) [22] yes

Opiliones Sclerosomatidae/
Gagrellinae 1 Gen. nov. sp. nov. (aff. Parageaya) [26] yes

Opiliones Stygnommatidae 1 Stygnomma sp. nov. new [26] yes

Opiliones Stygnopsidae 1 Huasteca kardia
Cruz-Lopez
and Francke,

2019
[26] yes

Opiliones Stygnopsidae 1 Minisge kanoni Cruz-Lopez
et al., 2019 [27] yes

Opiliones Stygnopsidae 1 Minisge sagai Cruz-Lopez
et al., 2019 [27] yes

Opiliones Stygnopsidae 1 Stygnopsis sp. nov. [26] yes
Pseudoscorpiones Chernetidae? 1 Undet. undet. [13] yes

Schizomida Hubbardiidae 1 Baalrog magico
(Monjaraz-

Ruedas and
Francke, 2018)

[31] yes

Scorpiones Typhlochactidae 1 Alacran tartarus Francke, 1982 [33] yes
Scorpiones Typhlochactidae 1 Typhlochactas sp. nov (Li Nita Cave) [13] yes

Diplopoda Chordoneumatida Cleidogonidae 1 Cleidogona baroqua Shear, 1982 [35] yes
Polydesmida Sphaeriodesmidae 1 Sphaeriodesmus grubbsi Shear, 1986 [35] yes
Polydesmida Sphaeriodesmidae 1 Sphaeriodesmus iglesia Shear, 1986 [35] yes

Rhachodesmidae Rhachodesmidae 1 Rhachodesmus digitatus Causey, 1971 [35] yes
Spirostrepsida Cambalidae 1 Mexicambala fishi Causey, 1971 [36] yes

Insecta Coleoptera Carabidae 1 Mexisphodrus urquijoi (Hendrichs
et al., 1978) [36] yes?

Coleoptera Staphylinidae 1 Belonuchus sp. [36] yes?

Collembola Entomobryidae 1 Pseudosinella bonita Christiansen,
1973 [36] yes

Collembola Entomobryidae 1 Pseudosinella huautla Christiansen,
1982 [37] yes
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Table 1. Cont.

Class Order Family TB or SB TP Genus Species Authors Source Endemic

Diplura Campodeidae 1 Undet. sp. [11] yes?

Zygentoma Nicoletiidae 1 Anelpistina specusprofundi Espinasa and
Fisher, 2006 [38] yes

Orthoptera Rhaphidophoridae 1 Undet. undet.
video
PESH
2019

yes?

Crustacea Isopoda Trichoniscidae 1 Undet. undet.
Reddell,
MexBio

Files
yes

Isopoda Armadillidae 1 Undet. undet.

Bill
Steele,

per.
Com.

yes

27 8
35 total

: ? = there is no enough data about the biological ecology of the species. Yes? = there is no enough data about geographical distribution.

7. Class Crustacea

As mentioned earlier, no stygobionts have been observed in the Huautla Cave System,
and there are two unidentified species of rolly-pollies (Isopoda) found in the cave, neither
one with troglomorphic features.

8. Conservation

As we have shown, caves are important harbors of biodiversity and should be con-
sidered as habitats of high priority for conservation due the high number of endemic
species inhabiting them. Their importance for evolutionary studies makes them natural
laboratories for the study of evolution. Caves are important water reservoirs, which help
maintain stability on the entire environments, as they store and provide water during the
dry seasons. In recent years, we have noticed an increase in cave conservation activities in
three areas. First, several cave entrances were used to dump garbage by the local residents;
however, that practice has been actively discouraged by members of the PESH Expeditions,
and in many cases, it has ceased altogether. Second, these same expedition participants
have played a significant role in cleaning up some of those cave entrances that had been
severely affected. Finally, some of the cave entrances are now protected by locked fences,
and access is only allowed with the proper authorization from the local authorities. None of
the cave entrances are commercially exploited, and very few speleologists visit the caves,
as they are technically challenging and remote. Cave explorations as well as research
should emphasize the importance of conservation, combating the myths behind caves as
they are highly perpetuated in the communities as places of evil, which only results in the
destruction of these important environments. Finally, an extensive multidisciplinary effort
is necessary to incorporate Huautla System into conservation agendas, in order to propose
the system as a protected area given the biological relevance mentioned above. In addition,
one of the most important points for the conservation of cave species is the wide gap of
knowledge that exists on the species inhabiting these systems, since generally only very
few observations during explorations were reported from Huautla System.
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Abstract: Knowledge of subterranean fauna has mostly been derived from caves and streambeds,
which are relatively easily accessed. In contrast, subterranean fauna inhabiting regional groundwater
aquifers or the vadose zone (between surface soil layers and the watertable) is difficult to sample.
Here we provide species lists for a globally significant subterranean fauna hotspot in the Robe Valley
of the Pilbara region, Western Australia. This fauna was collected from up to 50 m below ground
level using mining exploration drill holes and monitoring wells. Altogether, 123 subterranean species
were collected over a distance of 17 km, comprising 65 troglofauna and 58 stygofauna species. Of
these, 61 species were troglobionts and 48 stygobionts. The troglofauna occurs in small voids and
fissures in mesas comprised mostly of an iron ore formation, while the stygofauna occurs in the
alluvium of a river floodplain. The richness of the Robe Valley is not a localized aberration, but rather
reflects the richness of the arid Pilbara region. While legislation in Western Australia has recognized
the importance of subterranean fauna, mining is occurring in the Robe Valley hotspot with conditions
of environmental approval that are designed to ensure species persistence.

Keywords: stygobiont; troglobiont; conservation; groundwater; arid zone; mining

1. Introduction

Subterranean habitats have little to no light, scarce organic matter, constantly high
humidity, and a much more stable temperature than the surface [1]. Unsurprisingly, the
vast majority of studies of troglofauna and stygofauna have been in caves that people can
access or in streambeds (the hyporheic zone). Both types of habitats allow researchers rela-
tively easy access to explore and collect animals [2,3]. It is often overlooked, however, that
much more extensive habitats likely to support subterranean fauna occur worldwide. For
stygofauna, these habitats occur in unconfined regional groundwater aquifers. For troglo-
fauna, they occur in the vadose zone that extends from c. 2 m below the ground surface to
the watertable. Abundant small spaces for subterranean animals are present in geologies
ranging from detritals (e.g., colluvium, alluvium, scree, etc.) to sedimentary rocks, often at
tens of meters depth [4–6]. Sampling troglofauna and stygofauna from these environments,
which have no connection at the human scale to the surface, is obviously much more diffi-
cult than exploring large cave systems or digging in streambeds and the documentation of
their biodiversity has lagged behind the general study of subterranean fauna.

Recognition that Western Australia supports rich stygofauna communities in arid
zone aquifers began in the 1990s, with sampling at Cape Range on the mid-west coast
and in the Pilbara and Yilgarn regions [7,8] (Figure 1). The richness of stygofauna across
most Pilbara landscapes has been confirmed by a large regional survey [9,10] and many
surveys associated with the environmental impact assessment of mining projects [11,12].
Recognition that equally rich troglofauna communities are present did not begin until
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stygofauna surveys in the Robe Valley during 2004 and 2005 also collected troglofauna,
mostly schizomids [13,14]. Knowledge of both troglofauna and stygofauna in the Pilbara
has continued to grow in the past 15 years, and it was recently estimated that 1511 troglo-
fauna and 1329 stygofauna species occur in the region [5], with the caveat that the precision
of these estimates is limited by a weak taxonomic framework for certain fauna groups.

 
Figure 1. The Pilbara region of Western Australia, showing subterranean fauna communities rec-
ognized as significant for conservation. The Robe Valley hotspot is at the western end of the Robe
Valley Pisolitic Hills.

The richness of subterranean fauna in the Pilbara has been explained as partly a
result of many aquatic and mesic-adapted terrestrial invertebrate species escaping the
harshness of surface habitats during the Miocene aridification by moving underground,
sometimes with dramatic subsequent radiation [15,16]. Schizomids are a well-documented
case; these typically forest litter-dwelling animals moved into subterranean habitats as
forest habitat was being lost, and then radiated in these habitats [17,18]. Equally impressive
radiations have occurred, however, in stygofauna groups such as candonid ostracods [19],
syncarids [20] and amphipods [21,22], which are essentially subterranean groups and
would not have colonized from the surface. Information from a regional survey suggests
that, as a result of these radiations, there are about 30% more stygofauna than surface
aquatic invertebrate species in the Pilbara [23]. As far as we are aware, this greater richness
of subterranean fauna is unique, but comparative data for other regions are scarce because
of the rarity of published regional inventories.

While the Pilbara can be regarded as an area of globally significant radiation of
subterranean fauna, here we focus on the richness of troglofauna and stygofauna in the
western part of the Robe River catchment (Figure 2). We call this the Robe Valley, although
it is a mostly flat landscape. The area has previously been identified as a hotspot for
troglofauna [24] and stygofauna [25]. Cape Range, to the south-west of the Pilbara, the
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offshore Barrow Island, and the inland Ethel Gorge have also been identified as globally
significant hotspots in, or near, the Pilbara ([24], Figure 1).

 
Figure 2. Components of the Robe Valley subterranean fauna hotspot.

In addition to providing species lists for sites in the Robe Valley, we have three goals
in this manuscript. One is to highlight the importance of vadose zone and groundwater
aquifers for troglofauna and stygofauna. The second is to illustrate that, in many parts of
the world, huge numbers of subterranean species remain to be discovered and described.
The third is to point out that water extraction and mining, particularly for iron ore but
also gold, base metals, lithium, potash and rare earth metals, may sometimes threaten the
conservation of subterranean communities. At the same time, we recognize that it is the
wells and exploration drill holes of these developments that provide the portal that has
enabled the discovery of the otherwise inaccessible and hidden subterranean fauna of the
Pilbara region.

2. Materials and Methods

We confirm previous identification of the Robe Valley as a subterranean fauna hotspot
by compiling lists of species for discrete areas or sites within this hotspot. For troglofauna,
we provide lists for three small mesas (Mesas A, B and C) on the west flank of the Robe River,
approximately 47 km from the river mouth (Figure 2). The mesas represent topographically
distinct features in the landscape (Figure 3), and their outlines as defined here can be seen
in Figure 2. For stygofauna, we provide lists of species collected from two wells (Robe 2A
and 1A) near the Robe River as it crosses the coastal plain, approximately 8 km north of
the mesas. The wells are portals to a stygofauna community for which the geographical
boundary is not obvious at the surface.

261



Diversity 2021, 13, 482

 

 

Figure 3. Upper panel, Mesa A, showing hardcap on top of the mesa; inset A, a scrape net; inset
B, a troglofauna trap. Lower panel, Robe 2A well showing steel collar set in concrete; inset A, a
stygofauna net. Photos by Claire Stephenson, Mike Scanlon and Melanie Fulcher.

Troglofauna were sampled at the mesas for the purposes of environmental impact
assessments and monitoring compliance with the conditions for mining. Most of the
sampling was undertaken by Biota Environmental Sciences, although in some years other
consultants (including Bennelongia) or mining company staff in conjunction with consul-
tants, undertook the work. The predominant sampling method was trapping, whereby
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between one and four cylinders of PCV containing moist leaf material were suspended
at varying depths in a series of vertical exploration drill holes. The drill holes (diameter
130 mm) had 2–3 m of casing at the surface (called a collar) to prevent the collapse of
sand and loose rock into the hole, but the remainder of the hole was in direct contact with
the surrounding substrate. Traps were left in place for 6–8 weeks. A smaller number of
samples were collected by a technique called scraping, whereby a net was lowered to
the bottom of the exploration hole and scraped along the substrate surface while being
retrieved [26]. Approximately 1100 trap or scrape samples were collected from Mesa A
(21.66072 ◦S, 115.89547 ◦E; hole depth range: 8–88 m) in 11 years of sampling between 2004
and 2017. This equates to about 450 sampling events (i.e., site/date combinations) because
multiple traps were set in most holes, and from 2014 onwards holes were also scraped.
Sampling effort was lower at the other two mesas, with approximately 400 samples and
180 sampling events during seven years between 2005 and 2016 at Mesa B (21.65894◦S,
115.94547◦E; depth range: 15–70 m) and 300 samples and 180 sampling events in three
years of sampling between 2005 and 2017 at Mesa C (21.68928◦S, 115.96206◦E; depth range:
15–125 m). Troglofauna traps were set in an iron ore formation called channel iron deposit
(CID) at depths between 5 m and 70 m below ground level, with the median depth being
20 m. Animals were recovered from depths up to 50 m.

Stygofauna were collected mainly by net hauling at Robe 2A (well G70730102, 21.58123S◦S,
115.87047◦E) and Robe 1A (well G70730101, 21.57542◦S, 115.88266◦E). These wells are 14 m
and 23 m deep, with standing water level fluctuating between 4–9 m and 6–10 m below
ground level, respectively. This level of groundwater fluctuation is characteristic of Pilbara
floodplains. The wells had a steel collar extending approximately 1 m above and below
the ground surface and a 100 mm diameter PVC casing inside the collar that extended to
the end of the hole. The casing was slotted continuously below the watertable. A small,
weighted plankton net, with a diameter only slightly smaller than the cased hole, was
lowered to the base of the hole, agitated vigorously to stir ‘benthic’ fauna into the water
column, and then retrieved. Two sizes of mesh (50 μm and 150 μm) were used in different
hauls. Pump samples were also collected on two dates, whereby three times the bore
volume was pumped through a 50 μm-mesh net [9]. Twelve sampling events occurred at
Robe 2A in five years of sampling between 2002 and 2007, while eight sampling events
occurred in the three years between 2002 and 2004 at Robe 1A.

Determining Species Numbers and Subterranean Affinity

The taxonomic framework for the identification of most groups of subterranean
fauna in the Pilbara is poor. As a result, even when there was competent species-level
discrimination by different survey teams, the compilation of species lists for the hotspots
was difficult. Species-level discrimination was mostly achieved using morphology, often
coupled with molecular sequencing, but also by sequencing alone. Very few species
have been described to date, so most species were identified by codes linked to voucher
specimens or molecular sequences. In a few cases, when Western Australian Museum staff
work on a group and verified identifications, a museum voucher name was used. More
often codes were generated by individual consultancies. Representative specimens of most
putative species are lodged in the Western Australian Museum.

Another part of the process of compiling the species lists was determining the sub-
terranean affinity of specimens. This is more important for troglofauna, because aquatic
species collected from groundwater beneath a completely dry terrestrial surface rely en-
tirely on subterranean habitat for persistence in that setting. On the other hand, scrapes
and traps usually collect an order of magnitude more surface animals than troglofauna.
While most surface drop-ins can be easily identified as such, some surface soil species lack
pigmentation and eyes as a result of their specialization to life in topsoil and leaf litter, and
it can difficult to distinguish between them and troglofauna. We considered species to be
troglofauna if they are known only from scrapes or traps and possess some troglomorphic
traits in addition to lack of pigmentation and eyes. Pauropods and symphylans are the
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groups with greatest potential for surface species to be treated as troglofauna but soil and
litter sampling in the Pilbara has collected very few species of either group [26; Bennelon-
gia, unpublished data], suggesting few species in these groups are drop-ins. Mites and
collembolans were omitted from the lists, reflecting advice from the Western Australian
Museum to the environmental impact assessment process many years ago that few species
in these groups are subterranean. We recognise that this is incorrect for some species.

3. Environment and Geology

The Pilbara Craton is one of the oldest and most stable geological regions in the
world, with basement rocks dating as far back as 3.5 billion years [27]. Uniquely, this
basement rock in the form of granite and greenstone terrains remains largely exposed [28],
particularly in the north of the craton [5]. Throughout the south, and to a lesser extent
in the north, the basement rock is overlain by depositional sedimentary rocks from the
Archaean to Proterozoic time periods [29]. The major ranges of hills in the Pilbara (i.e., the
Hamersley and Chichester Ranges) consist largely of iron-rich sedimentary rocks, mostly
banded iron formations. Less resistant rock formations (such as the dolomitic Wittenoom
formation) have been highly weathered, with geologies such as CID being deposited in the
resultant drainage lines [29].

Despite geological stability, the Pilbara climate has changed substantially over the past
20 million years from cool and wet to hot and arid as Australia separated from Antarctica
and began moving northwards [16]. The Pilbara now has very hot summers, moderate
winters, and low but highly variable annual rainfall. Mean daily maximum temperatures
exceed 35 ◦C from October to March, and the hottest recorded Pilbara day is 50.5 ◦C
(at Mardie near the mouth of the Robe River in February 1998). Mean annual rainfall at
Mardie is 275 mm, with 54% of this rain falling between January and March, mostly from
cyclones or monsoonal rain. A further 33% falls between April and June, mostly from late
cyclones or large cold fronts that extend to the Pilbara from the south at the start of winter.
The main source of groundwater recharge is cyclones [30].

The prospective habitats for troglofauna in the Robe Valley, and the Pilbara generally,
mostly comprise centimeter to millimeter-scale fissures and vugs. In some ways, these
Pilbara habitats are similar to the small microcaverns radiating out from limestone caves,
although limestone microcaverns often become blocked with detritus and are unsuitable
for troglofauna [31]. The Pilbara habitats are perhaps more directly comparable with canga
and other ferruginous formations in South America, although caves are more common in
South American formations and are the focus of most studies [32].

The major troglofauna habitat in the Robe Valley lies within the flat-topped mesas
that typically stand 30–50 m above the surrounding landscape. The flat top consists of
laterised hardcap, with a thickness of up to 10 m (Figure 3). This cap has a near vertical
face at the edges of the mesas, below which is a sloping face of detritals. The core geology
of the mesas is CID. Details of the genesis of this CID in the palaeochannel of the Robe
River are contentious, but it is agreed CID began to be laid down after sediment in-filled
the Robe River palaeovalley during the Palaeogene, then larger areas of CID formed in
the Miocene [33,34]. Subsequent surface flow events eroded the in-fill and left the mesas
observed today [33]. The typical stratigraphy of the mesas consists of a weathered hardcap
(loosely analogous to Brazilian canga) above layers of CID. The CID is predominately made
up of iron-rich pisoids, which are 2–10 mm rounded bodies that are bonded together by a
geothitised secondary matrix. Over time, this sedimentary rock has become weathered,
principally through groundwater leaching, leaving vugs and other voids in the matrix.
Some of the voids have gradually combined to form larger spaces, resulting in limited
connectivity of spaces throughout the matrix. Most of these subterranean spaces now sit
above the watertable and have been colonised by troglofauna. Mesa A has an approximate
area of 5.7 km2, Mesa B 1.7 km2 and Mesa C 2.3 km2. Relative humidity in the subterranean
habitats of Robe River mesas is 100% [5].
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Near the surface, the troglofauna habitat in sections of the Robe River mesas, and in
the Pilbara more generally, may be considered to have similarities with Milieu Souterrain
Superficial (MSS) habitat, especially on valley slopes [35]. However, this is not the case
at depth, where the troglofauna sampling was undertaken. The mesas, and Pilbara as a
whole, mostly consist of consolidated rock habitat, including bedrock, rather than scree
and loose rock.

The habitat for stygofauna in the Robe Valley is provided mainly by aquifers in CID or
alluvium. Robe 2A and 1A lie in an alluvial aquifer associated with the active channel of the
Robe River as it crosses the Pilbara coastal plain; CID occurs in the vicinity if not at the wells
themselves. The surface provides little indication of the rich stygofauna community below
(Figure 3). Depth to the watertable varies from 4–10 m, depending on season and year,
with salinity in the top metre of groundwater being 2400–5500 μS/cm and temperature
ranging from 30.5–32.4 ◦C during two years. The Robe River flows, on average, less than
once a year and most of the riverbed is dry the remainder of the time. Flood volumes can
be large (mean annual flow is 108 GL [36]).

4. Results

Altogether, 65 species of troglofauna have been collected from Mesas A, B and C,
with 35 species in Mesa A, 30 species in Mesa B and 17 species in Mesa C (Table 1,
Figure 4). Two species, the millipede Lophoturus madecassus and the pseudoscorpion
Tyrannochthonius aridus, are also known from surface habitats and are troglophiles [37,38].
Two other species, the hemipteran Cixiidae sp. B02 and the dipteran Allopnyxia sp. B01, are
treated as troglophiles. It has been shown genetically that they are widespread across the
Pilbara. Adult Allopnyxia sp. B01 has a vestigial eye, consisting of a dark crescent with a
few variable-sized ommatidia and, therefore, may have some surface dispersal. Cixiidae sp.
B02 has obligate subterranean nymphs with eyes that become larger as they approach the
adult stage. Adults are capable of surface dispersal (Bennelongia, unpublished data). All
other species are troglobionts known only from Mesas A, B and C, and usually from only
one of these mesas. They are extreme short-range endemics.

Table 1. Troglofauna species collected from Mesas A, B and C. Records with an asterisk represent identifications above
species level, but they are usually aligned with a related species to reduce table size. Species in bold have special conservation
protection. Comments show species delimited using CO1 results, with divergence values from other species indicated
where available. # indicates species are troglophiles, whereas all other species are likely troglobionts.

Taxonomic Group Family Species A B C Comment

Chilopoda Cryptopidae Cryptopidae ‘Helix-CHI023’ �* � CO1
Cryptopidae ‘Helix-CHI026’ � CO1

Scolopendridae Cormocephalus sp. �*
Geophilidae Geophilidae sp. �*

Diplopoda Haplodesmidae Haplodesmidae ‘Helix-DIHA001’ �* � � CO1
Haplodesmidae ‘Helix-DIHA005’ � CO1

Lophoproctidae Lophoturus madecassus (Marquet & Conde, 1950)# � �
Scolopendrellidae ’Helix-SYM026’ � �*

Pseudoscorpiones Chthoniidae Lagynochthonius asema Edward & Harvey, 2008 �
Tyrannochthonius aridus Edward & Harvey, 2008# � �
Tyrannochthonius basme Edward & Harvey, 2008 �

Tyrannochthonius ‘MesaA’ �
Chthoniidae ‘Helix_PCH047’ � CO1, >20%
Chthoniidae ‘Helix_PCH049’ � CO1, 10%
Chthoniidae ‘Helix_PCH050’ � CO1
Chthoniidae ‘Helix_PCH058’ � CO1

Olpiidae Olpiidae ‘POL013’ �
Hyidae Hyidae ‘Helix-PH001’ � CO1, 5%

Hyidae ‘Helix-PH008’ � CO1, 5%
Syarinidae Ideoblothrus linnaei Harvey & Leng, 2008 �
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Table 1. Cont.

Taxonomic Group Family Species A B C Comment

Ideoblothrus pisolitus Harvey & Edward, 2007 � CO1, 6%
Ideoblothrus ‘MesaA’ �
Ideoblothrus ‘MesaA2’ � CO1,>9%
Ideoblothrus ‘MesaA3’ � CO1, >9%
Ideoblothrus ‘MesaA4’ � CO1, >18%

Araneae Gnaphosidae Gnaphosidae ‘Helix-AG001’ �
Oonopidae Prethopalpus scanloni Baehr et al., 2012 �

Prethopalpus ‘ARA051’ � WAM
Pholcidae Trichocyclus sp. ‘MesaA’ �

Theridiidae Theridiidae ‘Helix-AT001’ � � CO1
Schizomida Draculoides anachoretus (Harvey et al., 2008) �

Draculoides bythius (Harvey et al., 2008) � �
Hubbardiidae gen. nov. ‘Helix-SCH052’ � � CO1, WAM

Isopoda Armadillidae Troglarmadillo ‘Helix-ISA005’ � CO1
Troglarmadillo ‘Helix-ISA008’ � CO1

Armadillidae ‘Helix—ISA054’ � CO1
Armadillidae ‘Helix—ISA056’ � CO1
Armadillidae ‘MesaAOES19’ �

Oniscidae Hanoniscus ‘MesaAOES22’ �
Philosciidae ‘Helix-ISP052’ � CO1
Philosciidae ‘Helix-ISP053’ � CO1

Diplura Campodeidae Campodeidae ‘Helix-DCA001’ � �* CO1, 6%
Campodeidae ‘Helix-DCA002’ � CO1

Campodeidae sp. B6 �
Japygidae Japygidae sp. �* �* �*

Parajapygidae Parajapygidae ‘Helix-DPA003’ � �
Parajapygidae ‘Helix-DPA004’ � CO1,

12–19%
Parajapygidae ‘Helix-DPA006’ � CO1
Parajapygidae ‘Helix-DPA008’ � CO1

Projapygidae Projapygidae sp. �*
Zygentoma Nicoletiidae Atelurinae ‘Helix-TA009’ � CO1

Hemitrinemura sp. B4 �
Trinemura ‘MesaA1’ �
Trinemura ‘MesaA2’ �

Nicoletiinae ‘Helix-TN010’ � CO1
Nicoletiinae ‘Helix-TN012 � CO1

Dictyoptera Nocticolidae Nocticola ‘OES11’ �
Hemiptera Cixiidae sp. B02 Cixiidae sp. B02# � �
Coleoptera Carabidae Gracilanillus hirsutus Giachino et al., 2021 � �

Angustanillus striatipennis Giachino et al., 2021 �
Angustanillus armatus Giachino et al., 2021 �

Ptiliidae Ptinella sp. B01 �
Staphylinidae ?Staphylinidae ‘MesaKOES2’ �
Curculionidae Cryptorhynchinae ‘CCU004’ � � � WAM

Diptera Sciaridae Allopnyxia sp. B01# �

Only 12 of the 65 troglofauna species at the mesas are described, but assignments
to at least 34 other species have been supported by sequencing, and another three have
been through the process of receiving museum codes. Many additional species, such as
the cockroach Nocticola ‘OES11’, the spider Trichocyclus sp. ‘MesaA’, various beetles, the
diplurans Japygidae sp. and Projapygidae sp., and the centipedes Cormocephalus sp. and
Geophilidae sp., are the single occurrence of their families in a mesa (Table 1), which ensures
it is valid to recognize each of these taxa as representing at least one unit in the species list.
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Figure 4. Troglofauna at the mesas. (A) Trinemura ‘MesaA1’; (B) Ptinella sp. B01; (C) Japygidae sp.;
(D) Troglarmadillo ‘Helix-ISA005’; (E) Allopnyxia sp. B01; (F) Tyrannochthonius aridus; (G) Draculoides sp.;
(H) Prethopalpus scanloni. Photos by Jane McRae.

The most difficult issue when compiling species lists was reconciling the multiple
species names used in different surveys. Some problems were caused by different levels
of identification (earlier surveys tended to have less taxonomic information available and
hence less rigorous identifications). Others resulted from lack of clear diagnoses associated
with each voucher name, leading to conflicting views about which species animals belonged
to. For example, delimitation of the five species of Ideoblothrus at Mesa A in an area <6 km2

has been confused, particularly in relation to Ideoblothrus ‘MesaA’, which was described
but not formally named [39]. The ‘type’ animal could not be sequenced, but some other
animals identified by the Western Australian Museum as Ideoblothrus ‘MesaA’ appear
genetically to be Ideoblothrus linnaei, which was described in the same paper. Whether some
museum identifications were wrong, or whether Ideoblothrus ‘MesaA’ should be treated as
Ideoblothrus linnaei, remains unclear. Delimitation is further complicated by co-occurrence
with Ideoblothrus ‘MesaA2’, ‘MesaA3’ and ‘MesaA4’. Ideoblothrus ‘MesaA2’ and ‘MesaA3’
are separated from other species by a borderline 9% sequence divergence in CO1 (Table 1).

Five troglofauna species at Mesa A and one at Mesa B are listed in Western Australian
species conservation legislation or associated mechanisms. These are two schizomids
(Draculoides anachoretus and D. bythius) that are listed as Vulnerable under the Western
Australian Biodiversity Conservation Act 2016 and three pseudoscorpions (Lagynochthonius
asema, Tyrannochthonius ‘MesaA’ and Ideoblothrus ‘MesaA’) that are informally listed by
the government conservation agency as Priority 1 species (defined as poorly known from
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few locations and potentially under threat). In addition, the troglofauna communities and
their habitats at Mesas A, B and C, as well as nearby mesas in the Robe Valley, are listed
informally by the conservation agency as a priority ecological community, namely the
Priority 1 Subterranean invertebrate communities of mesas in the Robe valley region. Another
Priority 1 troglofauna community, the Subterranean invertebrate community of pisolitic hills
in the Pilbara, occurs immediately west of the mesa community (Figure 2). Priority 1
communities are poorly known but considered to have restricted occurrence and to be
potentially threatened.

At least 58 species of stygofauna have been collected from the Robe 2A and 1A
wells, with 46 species at Robe 2A and 31 species at Robe 1A (Table 2, Figure 5). All
species collected are reliant on groundwater for their persistence at the site, although the
cyclopoid copepod Apocyclops dengizicus is cosmopolitan and would usually be classed
as a stygophile [40]. Twenty-nine of the species are described, largely through taxonomy
funded in association with a large biodiversity survey of the Pilbara [41]. An additional
species, the thermosbaenid Halosbaena sp. PL, is undescribed, but has been well studied
genetically [42]. A lack of diagnostic information for the multiple names used (in different
surveys) for syncarid taxa resulted in them being reduced to two species, Bathynellidae sp.
and Atopobathynella ‘A’. This probably underestimates the number of syncarid species
present. There is also taxonomic and ecological uncertainty associated with oligochaete
records. The Enchytraeus, Phreodrilidae and Tubificidae species names in Table 2 represent
morphological clades to which immature animals are assigned, and each clade potentially
contains multiple species. The groundwater dependence of enchytraeids is uncertain, and
they perhaps should be regarded as amphibious species [43], although collected commonly
in stygofauna sampling in Western Australia and apparently subterranean. Similarly, some
tubificids are stygophiles, and the groundwater dependence of rotifers, nematodes and the
leech is unknown. In total, 48 species are recognised as stygobionts.

Table 2. Stygofauna species collected from wells Robe 2A and Robe 1A. Records with an asterisk
represent identifications above species level. # indicates species are stygophiles, ‡ indicates uncertain
status; all other species are likely stygobionts.

Taxonomic group Family Species 2A 1A

Rotifera - Bdelloidea sp. ‡ �*
Philodinidae Dissotrocha sp. ‡ �*

Nematoda - Nematoda sp. 02 (PSS) ‡ �
Nematoda sp. 03 (PSS) ‡ �
Nematoda sp. 11 (PSS) ‡ �

Annelida - Hirudinea sp. ‡ �*
Enchytraeidae Enchytraeus sp. AP PSS1 ‡ �

Enchytraeus sp. AP PSS2 ‡ �
Phreodrilidae Phreodrilidae sp. AP DVC � �

Phreodrilidae sp. AP SVC �
Tubificidae Tubificidae ‘stygo type 2A’ # �
Nereididae Namanereis pilbarensis Glasby et al., 2014 �

Acarina Arrenuridae Arrenurus sp. nov. 2 (PSS) �
Mideopsidae Guineaxonopsis sp. S01 group � �

Pezidae Peza sp. �*
Unionicolidae Unionicolidae sp. B02 �

Ostracoda Limnocytheridae Gomphodella hirsuta Karanovic, 2006 � �
Candonidae Deminutiocandona aenigma Karanovic,

2007 �
Humphreyscandona fovea Karanovic &

Marmonier, 2003 � �
Humphreyscandona imperfecta Karanovic,

2005 � �
Humphreyscandona pilbarae Karanovic &

Marmonier, 2003 �
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Table 2. Cont.

Taxonomic group Family Species 2A 1A

Humphreyscandona woutersi Karanovic &
Marmonier, 2003 � �

Pierrecandona posteriorrecta Karanovic,
2007 �

Pilbaracandona rosa Karanovic, 2007 � �
Areacandona astrepte Karanovic, 2007 � �

Areacandona cylindrata Karanovic, 2007 �
Areacandona ‘4’ (PSS) �

Areacandona fortescueiensis Karanovic,
2007 �

Kencandona verrucosa Karanovic, 2007 �
Candonidae ‘2’ (PSS) �
Candonidae gen. 4 ‘1’ �

Copepoda Ridgewayiidae Stygoridgewayia trispinosa Tang et al., 2008 � �
Cyclopidae Apocyclops dengizicus (Lepeshkin, 1900) # �

Halicyclops rochai Karanovic, 2006 � �
Orbuscyclops westaustraliensis Karanovic,

2006 �
Diacyclops einslei De Laurentiis et al.,

1999 �
Diacyclops h. humphreysi x unispinosus

(see Karanovic, 2006) �
Diacyclops humphreysi Pesce & De

Laurentiis, 1996 �
Diacyclops h. unispinosus Karanovic, 2006 �
Diacyclops sobeprolatus Karanovic, 2006 �

Ectinosomatidae Pseudectinosoma galassiae Karanovic, 2006 � �
Diosaccidae Schizopera roberiverensis Karanovic, 2006 � �
Ameiridae Megastygonitocrella unispinosa Karanovic,

2006 � �
Megastygonitocrella trispinosa Karanovic,

2006 �
Parastenocarididae Parastenocaris jane Karanovic, 2006 �

Syncarida Bathynellidae Bathynellidae sp. �*
Parabathynellidae Atopobathynella ‘A’ � �

Thermosbaenacea Halosbaenidae Halosbaena sp. PL (see Page et al., 2016) � �
Amphipoda Bogidiellidae Bogidiellidae sp. �* �

Eriopisidae Nedsia ‘mcraei’ King & Cooper, in press � �
Nedsia ‘robensis’ King & Cooper, in press � �
Eriopisidae gen. nov. ‘Helix-AMM006’ �

Neoniphargidae Wesniphargus ‘Helix-AMN004’ �
Paramelitidae Pilbarus sp. �* �*

Isopoda Cirolanidae Haptolana yarraloola Bruce, 2008 �
Kagalana tonde Bruce, 2008 �

Olibrinidae Adoniscus sp. �*
Microcerberidae Microcerberidae sp. �*

Unlike the mesas, which have unique assemblages of species associated with easily
delineated topographic features, the spatial extent of the stygofauna hotspot is unclear.
Of the four wells within 2 km of Robe 2A, only Robe 1A was sampled by the team that
sampled Robe 2A. The other wells yielded few species, but Robe 2A and 1A appear to have
the same rich stygofauna community, with 61% of the species collected at Robe 1A also
found at the better sampled Robe 2A. In addition, five described ostracod and copepod
species, three undescribed ostracods, two undescribed amphipod species, a rotifer and a
nematode not found at Robe 2A were collected from Robe 1A. The amphipods include a
new and distinctive lineage of Eriopisidae that is widespread in coastal parts of the Pilbara
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and the low-lying Fortescue Valley, as well as a species of Wesniphargus, representing a
family (Neoniphargidae) that is relatively uncommon in the Pilbara (Table 2, Figure 5).

 

Figure 5. Stygofauna at Robe 2A and 1A. (A) Humphreyscandona fovea; (B) Wesniphargus ‘Helix-
AMN004’; (C) Namanereis pilbarensis; (D) Kagalana tonde; (E) Microcerberidae sp.; (F) Eriopisidae gen.
nov. ‘Helix AMM006’; (G) Nedsia ‘mcraei’ King & Cooper in press; (H) Halosbaena sp. PL.; (I) Peza sp.
Photos by Jane McRae.

Some described stygobiont species have relatively large linear ranges, e.g., the poly-
chaete Namanereis pilbarensis (c. 500 km), the calanoid copepod Stygoridgewayia trispinosa
(>300 km), the cyclopid copepods Halicyclops rochai (>300 km), Diacyclops species (400–600 km)
and Orbuscyclops westaustraliensis (>800 km), as well as the harpacticoid copepods Pseudecti-
nosoma galassiae (>300 km), Schizopera roberiverensis (c. 300 km), Megastygonitocrella species
(600–700 km) and Parastenocaris jane (600 km, Bennelongia unpublished data). Ostracods
tend to have smaller ranges, e.g., Deminutiocandona aenigma (c. 200 km), Humphreyscandona
species (80–190 km), Pierrecandona posteriorrecta (100 km), Pilbaracandona rosa (120 km)
and Areacandona species (50–60 km). Most other species can be considered short-range
endemics [9].

The relatively small amount of comprehensive genetic work done on stygofauna
(rather than comparisons of individual specimens a few kilometres apart to determine
whether they are conspecific) suggests it is likely that some, if not all, of the stygofauna
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species currently regarded as widespread are, in fact, either cryptic species complexes
or have very high intraspecific variability (or both). For example, what was previously
regarded as Halosbaena tulki is now regarded as comprising up to five different species,
including Halosbaena sp. PL [42].

No stygofauna species from Robe 2A and 1A are listed for protection under conserva-
tion legislation, and neither is the community. However, the community of an area to the
southeast of the mesas, namely the Priority 1 Stygofauna community of the Bungaroo aquifer,
has been listed (Figure 2). It contains at least 17 (30%) of the species present in the Robe 2A
and 1A wells.

5. Discussion

The voids in groundwater aquifers and the vadose zone are amongst the least accessi-
ble continental habitats for fauna. Hence, it is unsurprising they harbour a subterranean
fauna that is not as well characterized as that of streambeds and caves. Sampling yields
are low, especially for troglofauna, where the combination of scraping and trapping often
yields less than one animal per site and one species for every four sites sampled [26].
Net hauling for stygofauna usually yields about 50 animals and three species per site in
areas where stygofauna is abundant [10]. A major contributing factor to these low yields
is the disconnection between the sampler on the surface and the animals many metres
below in a hidden matrix. In this situation, acquiring fine scale habitat and ecological
information to improve sampling yields is difficult. Use of packers and optical viewers [44]
can provide information on habitat preferences in small areas but is too expensive for
large-scale deployment. Despite these difficulties, sampling of wells and drill holes has
enabled documentation of a globally significant number of subterranean fauna species
in the Robe Valley. Altogether, 123 species have been recorded over a distance of 17 km.
Troglofauna sampling was concentrated in an area of approximately 16 km2. The spatial
extent of the stygofauna community documented at Robe 2A and 1A is unknown but
probably <4 km2. Of the 123 subterranean species collected, 61 species are considered
troglobionts and at least 48 species are stygobionts.

When comparing species richness of the Robe Valley with other subterranean fauna
hotspots, some of our assignments of species as troglobionts may seem controversial to
readers who think of subterranean animals outside caves as deep soil fauna. However, all
troglofauna sampling occurred in CID, which is consolidated rock. Unlike caves, where
animals can position themselves along a subterranean gradient according to their ecological
requirements, nearly all species collected in the Robe Valley mesas spend their full life
cycles in environmental conditions typical of the deep sections of caves [5]. This is also
seen in stygofauna, for which there is relatively little overlap in the assemblages of the
hyporheic zone and regional aquifers [45]. We treat the stygofauna species that occur in
both habitats as stygophiles.

Recognition of the Robe Valley as a hotspot for subterranean fauna is not new. The
troglofauna community at Mesa A has previously been identified as a hotspot with
24 troglofauna species [24]. Additional data for Mesa A and the inclusion of Mesas B
and C species explains the much larger number of species recognised in Table 1. The
stygofauna community at Robe 2A has also previously been recognized as a hotspot with
32 stygobiont [25] or 54 stygofauna species [24], depending on how survey data were
interpreted [10]. The stygobiont list [25] excluded rotifers, worms and mites, and the
stygofauna list [24] included some taxa that are treated here as duplicate names. Table 2
includes data from well Robe 1A.

The landscape of the Pilbara region as a whole (approximately 250,000 km2) is esti-
mated to support 1511 troglofauna and 1329 stygofauna species [5], nearly all of which we
classify as troglobionts or stygobionts. The subterranean fauna richness of the Robe Valley
does not stand out in a major way from many other parts of the Pilbara, with a compilation
of impact assessment surveys for troglofauna between 2007 and 2016 showing that the two
major ranges of hills in the Pilbara to the east of the Robe Valley (Hamersley and Chichester)
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are also important for troglofauna [12]. In fact, survey data suggest the richest parts of the
Hamersley Range contain a greater density of troglofauna species than the Robe Valley
(Bennelongia, unpublished data). Broadscale stygofauna survey of the Pilbara between 2001
and 2005 identified nine areas, including the Robe Valley, as important for stygofauna [10].
Subsequent compilation of impact assessment surveys for stygofauna between 2007 and
2016 identified additional areas in the eastern Pilbara as important [12]. Overall, the Pilbara
region appears to have a significance for subterranean fauna similar to that of the Dinaric
karst in Europe, which has historically been regarded as the most speciose region glob-
ally [46,47]. The Pilbara has an estimated 1511 mostly troglobiont species [5] compared
with 995 troglobionts in the Dinaric karst [46], and 1329 mostly stygobiont species [10] com-
pared with 680 stygobionts in the Dinaric karst [46]. The Postojna-Planina cave system, the
richest hotspot in the Dinaric karst, supports 71 stygobiont and 45 troglobiont species [48],
which is similar to the numbers for the Robe Valley hotspot.

As is the case in most areas outside Western Europe and North America [49], especially
when considering fauna outside caves, the majority of troglofauna and stygofauna species
in the Pilbara are undescribed [10,26]. This is less pronounced for stygofauna because of
extensive taxonomic work on ostracods [19] and copepods [50]. With the current state
of taxonomy and the complexities of species delimitation for subterranean species, some
described Pilbara species are known, or likely, to be species complexes in which several
cryptically different species hide under a single name [42,51,52]. On the other hand, the
disjunct occurrence of the well-studied cave eel Ophisternon candidum in the Pilbara and
surrounds [53] highlights that care should be taken when assuming large-range taxa are
species complexes.

The lack of formal species description holds back conservation in two ways. Firstly,
accurately determining the number of species in an area is difficult without sound taxonomy.
A confusion of names arises when relatively little time can be spent during inventory
surveys delimiting near-cryptic species, and when various surveys independently apply
their own codes for the same undescribed species. This confusion can create doubts about
the validity of species counts, which in turn reduces the credibility of calls to conserve areas
or communities. Molecular sequencing is very useful for assigning individual animals,
especially if juvenile or physically damaged, to described or vouchered species for which
sequence information is available. It can also assist with species delimitation, but it does
not replace formal taxonomy or the use of morphology when recognising new species,
especially among subterranean animals where intraspecific genetic distances are highly
variable and often large [18,52,54]. In situations where a species is encountered only once
in an area and is subsequently being compared to a single animal from another area, it
can be difficult to determine genetically whether the animals represent different species,
different evolutionarily significant units, or just a genetically variable species [55]. Only
additional sampling between the two areas or across the possible range of the species can
clarify the issue. Furthermore, different genes seem to work better for different taxa and
over-splitting into different genetic species, rather than lumping of morphologically cryptic
species, seems to be a risk if the ‘wrong’ gene is selected for sequencing [56]. In this context,
we point out that COI sequencing without morphological examination of animals has
produced more taxa than expected for pseudoscorpions at Mesa A (Ideoblothrus, 5 species)
and Mesa B (Chthoniidae, 3 species). While this may have led to a slight overestimate of
troglofauna species richness in the Robe Valley, other factors such as sampling adequacy
are likely to have caused underestimation.

The second way in which lack of species description obstructs conservation is by
hampering the accumulation of ecological knowledge. Species descriptions provide a
framework for the collation of information about the ecology and occurrence of different
subterranean groups. Synthesis of this knowledge enables more informed decision-making
in the environmental impact assessment process and supports future management and
conservation of subterranean fauna [57].
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Recognition of conservation values of subterranean fauna has strongly influenced
land management at Mesas A, B and C, where high conservation values coincide with high
economic value of the subterranean habitat. A compromise between fauna conservation
and economic development means that Mesa A is currently being mined for iron ore,
while future mining of Mesas B and C has been approved by government [58]. However,
at all three mesas an outer ‘shell’ approximately 80–200 m wide will remain un-mined
the full way around the mesa in recognition of the importance of protecting troglofauna
values. These shells should provide a sufficient volume of mesa to ensure persistence of
the troglofauna species restricted to each mesa. There has been extensive monitoring at
Mesa A since mining began (reported to the Environmental Protection Authority) to ensure
that all troglofauna species known from that mesa are persisting in the un-mined shell. The
documentation of stygofauna values has also been important, with early consideration of a
borefield in the vicinity of Mesa 2a and 1A abandoned. These trade-offs are an example of
a process that is likely to become increasingly important worldwide as awareness grows of
the occurrence of subterranean fauna outside caves and, at the same time, there is increased
demand for the products of mining.
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1. Introduction

Riding a wave of interest in biodiversity patterns in surface-dwelling communities,
in 2000, Culver and Sket [1] published a paper listing 20 caves and karst wells with 20 or
more known species. At the time of their study, it was widely recognized that because of
the extremely narrow distribution of most cave specialists, the overall species richness of a
region or country was the result of the accumulation of species from a number of different
caves, and that average single-site species richness (α-diversity) was a minor component of
overall species richness (γ-diversity) [2]. This has since been confirmed in a number of large-
scale studies of subterranean species diversity, especially in Europe [3–6]. Although the
number of studies measuring both α-diversity (local diversity) and β-diversity (between-
site diversity) has grown in the intervening 20+ years, they have largely been confined to
Europe and, to a lesser extent, North America [3–7], mainly because it requires extensive
datasets for about 100 sites for these to be estimated [6,8]. However, it is also well known
that considerable subterranean species α-diversity lies outside these regions, including in
Australia [9,10], Brazil [11,12], China [13], South East Asia [14], and Mexico [15], in part as
a result of a search for additions to the list of hotspot caves reported by Sket and Culver.

The collection of papers in this Special Issue of Diversity—“Hotspots of Subterranean
Biodiversity”—expands and enriches previous hotspot lists [2,14,16,17]. These hotspots
may not capture all regions of high subterranean species richness; all of these hotspot caves
are worthy of study and protection in their own right, and any protection strategy should
include these exceptional sites as well as regional areas of species richness. In total, papers
in this Special Issue cover 13 of 22 sites known to harbor at least 25 obligate subterranean
species. Culver and Sket’s original list of 20 has become too lengthy to be of much use;
thus, we raised the bar to 25. One other cave is included in this Special Issue because of its
special geographical position distant from any other hotspot site—Ganxiao Dong Cave in
China [18]. However, we did not include it in our summary of hotspot caves.

2. Overview of Hotspot Subterranean Sites

In Table 1, we list the 22 known sites with at least 25 obligate subterranean species,
and they are also shown on the map in Figure 1. Two of these sites (Ojo Guareña in Spain
and Sistema Huautla in Mexico) have not been previously noted in any list as hotspot caves.
There may be additional non-cave subterranean sites, particularly in hyporheic habitats,
but these data have for the most part not been assembled into species lists for individual
sites. In addition, there is the difficulty in deciding what constitutes a single site—is it just
one Bou-Rouch pump site or a stream reach (e.g., a riffle)?

Diversity 2021, 13, 487. https://doi.org/10.3390/d13100487 https://www.mdpi.com/journal/diversity
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Figure 1. Map of hotspot sites listed in Table 1. Map prepared by Magda Aljančič, used with permission.

Table 1. All sites with 25 or more stygobionts plus troglobionts. Caves assessed in this special issue are marked with
an asterisk.

Stygo-
bionts Rank Troglo-

bionts Rank Total Rank No. Unde-
scribed

Terrain and
Hydrogeology Latitude Year

Assessed Reference

Temperate
Postojna Planina System

(SLO) * 72 1 45 1 117 1 8 karst 45.7 2021 [19]

Vjetrenica (B&H) 42 7 39 2 81 2 3 karst 42.9 2009 [20,21]
Križna Jama (SLO) * 32 10 28 6 60 4 5 karst 45.7 2021 [22]
Ojo Guareña (ESP) * 46 5 8 54 6 23 karst 43.0 2021 [23]

Logarček (SLO) 28 15 43 9 ? karst 43.5 2000 [1]
Mammoth Cave (USA) * 17 32 4 49 7 0 karst 45.9 2021 [24]

Coume Ouarnède (FRA) * 21 17 38 3 karst 43.0 2021 [25]

Pestera de la Movile (RO) * 13 25 38 4 karst,
chemoautotrophic 37.2 2021 [26]

Cent fonts (FRA) 43 6 0 43 9 7 karst, phreatic 43.6 2006 [27]
Triadou aquifer (FRA) 34 9 0 34 ? karst, phreatic 43.7 2000 [1]
Baget system (FRA) 1 24 9 33 ? karst, phreatic 43.0 2000 [1]

Subtemperate
Walsingham Cave (BER) * 65 2 0 65 3 0 karst, anchialine 32.3 2021 [28]
San Marcos Artesian Well

(USA) * 55 3 0 55 5 16 karst, phreatic,
chemoautotrophic 29.9 2021 [29]

Jameos del Agua (ESP) 40 8 0 40 4 lava tube,
anchialine 28.4 2018 [30]

Cueva de Felipe Reventon
(ESP) * 0 38 3 38 0 lava tube 28.4 2021 [31]

Cueva del Viento-Sobrado
(ESP) * 0 28 6 28 0 lava tube 28.4 2021 [31]

Sub-tropical
Sistema Huautla (MEX) * 0 27 9 27 10 deep karst 18.1 2021 [32]

Undara Basalt Flow (AUS) *2 1 30 5 31 27 lava tube −18.2 2021 [33]
Robe Valley wells (AUS) *3 48 4 0 48 8 18 karst, phreatic −21.6 2021 [34]
Sistema Purificacion (MEX) 3 28 6 31 ? karst 23.8 2019 [14]

Areias system (BRA) 6 22 28 14 karst −24.6 2016 [11]

Tropical
Towakkalak (SUL) * 10 26 10 36 17 karst −5.0 2021 [35]

1 Unpublished records of L. Deharveng show 30 stygobionts and 11 troglobionts from the Baget Basin, including Grotte de Sainte-Catherine.
Two species are undescribed. 2 Numbers are for the Undara Basalt Flow as a whole. Bayliss Cave, the largest cave, has 23 troglobionts
and 1 stygobiont. 3 Clark et al. [34] describe a nearby terrestrial area but it includes both deep soil and MSS (milieu souterrain superficiel)
components, and is not directly comparable to the other sites.

Several additional sites are worth mentioning because it is likely that if further col-
lecting and identification is performed, they will have 25 stygobionts plus troglobionts.
Trajano et al. [12] report a highly diverse troglobiotic fauna in a Brazilian karst region,
with 29 troglobionts reported from 11 caves in a 25 km2 region. This record is noteworthy
both for its geographic position and the fact that the caves are in limestone, even though
no one cave system has 25 troglobionts. No hotspot caves are reported from Africa, but
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Deharveng and Bedos, in an ongoing study, have reported 30 troglobionts and 3 stygo-
bionts known from an Algerian karst area—Djurdjura—in an area no more than 50 km
in length. Especially noteworthy is that there are many species restricted to karstic holes
with permanent snow above 2000 m, especially beetles and Collembola, which exhibit
eye and pigment reduction, most living in caves as well. In Ganxiao Dong in China, a
total of 19 troglobionts and 1 stygobiont have been reported [18], and it is likely that many
more species will be found, especially because multi-taxa collection is in its infancy. The
fauna is noteworthy because of the high level of morphological specialization, especially in
Coleoptera and Myriapoda.

Outside of the Dinaric mountains, none of the sites were highly ranked (i.e., in the
top ten) with respect to both their aquatic fauna and terrestrial fauna. Postojna Planina
Cave system is by far the richest known subterranean site with respect to species richness;
it ranks first with respect to both aquatic and terrestrial species richness [19]. Some sites
had no terrestrial fauna (San Marcos well in Texas, Jameos del Agua in the Canary Islands,
Walsingham Cave in Bermuda, Triadou Aquifer, and Robe Valley wells in Australia) and
others had no aquatic fauna (Huautla in Mexico, Cueva de Felipe Reventón and Cueva del
Viento-Sobrado in the Canary Islands). All continents are represented by at least one site,
except for Africa.

When the aquatic and terrestrial fauna are considered separately, a different pattern
emerges for the two habitats. For aquatic species, the top ten sites include six anchialine
or deep phreatic sites, three sites in the Dinaric mountains, one site in the Cantabrian
Mountains of Spain. The Dinaric and Cantabrian sites are within the ridge of high-diversity
regions in Europe [4,6]. All of these sites are likely to be enhanced in available organic
carbon and nutrients relative to other sites, but historical reasons in the case of the Dinaric
sites may be important as well [4]. In particular, their proximity to the Mediterranean Sea,
a source of colonists, especially during the Messinian salinity crisis, may be important.

For terrestrial species, the sites are more scattered outside the Dinaric mountains,
which is the location of three of the five richest terrestrial caves (Table 1). The lava tubes on
Tenerife in the Canary Islands are the site of two of the ten species-rich terrestrial caves, as
are two caves in Mexico; the other top ten are scattered in Australia, Brazil, Sulawesi, and
the United States. The mesas near the Robe Valley in Australia are very species rich, but the
reported subterranean fauna includes the soil fauna [34], making comparisons impossible.
It is difficult to determine what unites these terrestrial sites, because they are a combination
of lava tubes and karst caves, with very different levels of organic carbon and nutrients. It
is, however, noteworthy that tropical or subtropical sites are relatively more represented
than for aquatic fauna.

The latitudinal distribution of hotspot sites shows an unexpectedly bimodal distribu-
tion (Figure 2). The majority of sites are in the temperate zone, between 40 and 50 degrees
north or south of the equator. This corresponds, at least in the northern hemisphere, to the
region traditionally held to be the area of highest subterranean species richness, a result
often attributed to the effects of repeated Pleistocene glaciations [36]. The second mode is
in the sub-tropical and sub-temperate regions (between 20 and 30 degrees north and south
of the equator). These sites are mostly lava tubes and wells connected to chemoautotrophic
zones (Table 1). None of the sites are located in the arid tropics, also suggesting that food
availability may be an important driver of species richness.
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Figure 2. Distribution distances from the equator of the subterranean hotspot sites listed in Table 1.

3. Caveats and Challenges

3.1. Differences in Working Definitions of Troglobionts and Stygobionts

Although there are many nuances [14,37–39], troglobionts and stygobionts are con-
sidered to be species exclusively found in subterranean habitats, which usually, but not
always, show convergent morphological modification to subterranean life, often called
troglomorphies [40]. Troglomorphies include, but are not limited to, reduced or absent
eyes and pigment. For areas and groups with a well-studied surface fauna, it is possible to
detect species occurring in subterranean habitats with well-developed eyes and pigment,
but absent from the surface. In many, perhaps most cases, these are recent isolates in subter-
ranean habitats. The difficulty is that in areas where the surface fauna is not well studied,
such as most of the tropics, it is impossible to ascertain that such non-troglomorphic species
are troglobiotic (or stygobiotic) species. Therefore, numbers of troglobiotic and stygobiotic
species may be underestimated or overestimated in these sites. Such species may be com-
mon and the uncertainty of the ecological assignment (e.g., troglobiont or troglophile) is a
bias. Deharveng and Bedos [41] report that soil-inhabiting species (especially Collembola
and Diplura) are commonly listed as troglobionts.

Some studies of poorly known fauna may be biased by the inclusion of too many
species as troglobionts and stygobionts if the operational criteria for inclusion are eye-
lessness and lack of pigment. Many litter- and soil-dwelling species are eyeless and
depigmented, and some major taxonomic groups, e.g., Symphyla or the highly diversified
Onychiuridae (Collembola) species, are entirely eyeless and depigmented regardless of
habitat [29,42]. Additionally, some troglophilic species have populations that have reduced
eyes and pigment. Sometimes these are recognized as subspecies [43], but if not, they are
usually not included in the lists.

A strong case could be made that the relevant communities to compare are the perma-
nent, sustaining populations (troglobionts [stygobionts] and eutroglophiles [eustygophiles])
but such lists are rarely available. Eutroglophiles and eustygophiles (see [38] for definitions)
may be hard to delineate from other non-troglobionts and non-stygobionts.

3.2. Differences in Taxonomic Groups, Habitats Sampled, and Sampling Techniques

Differences in taxonomic composition can be because of regional differences in the
composition of the subterranean fauna or because of incomplete sampling and/or taxo-
nomic description. The tropics and arid areas tend to be richer in Arachnida, with some
minor arachnid orders entirely missing at higher latitudes [14,41]. Other cases are clearly
ones of inadequate collection. The waters of epikarst are usually dominated by Harpacti-
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coidea crustaceans, but they have not been sampled or inadequately sampled outside
of Europe (but see [44]), and the fauna can be quite rich, with more than ten species in
some Slovenian caves [45,46]. Among the species listed in Table 1, only Postojna Planina
Cave System [19] and Ojo Guareña [23] have been thoroughly sampled for epikarst fauna.
Other groups may be under-represented due to their small size. Among Collembola, the
Neelidae have several species less than 0.5 mm long [41,47] and are probably much more
common than existing records would indicate. Ostracoda have rarely been sampled, with
only the Postojna Planina Cave System [19], Ojo Guareña [23] and San Marcos well [28]
among the sites in Table 1 having been surveyed. Finally, there are often groups that
are under-collected because they require special preservation techniques or there are no
taxonomists to study them (the Racovitzan and Linnean shortfalls [48]). Planarians are a
good example. Although many records of planarians are known, many, if not most, have
not been identified to species, and few subterranean species have been described recently.

3.3. Described versus Undescribed Species

A particularly vexing problem in the analysis of species numbers in subterranean
sites is the nearly universal problem of undescribed species. Except for Cueva de Felipe
Reventón, Cueva del Viento-Sobrado, Walsingham Caves, and Mammoth Cave, all the
hotspot caves listed in Table 1 include undescribed species, as do Bayliss Cave, Sistema
Huautla, Towakkalak system and Ganxiao Dong included in this Special Issue. The
percentage of undescribed species tends to be highest in tropical countries, with a rich
fauna and a shorter tradition of taxonomic description, such as Brazil, but it is also high in
countries such as Australia (Table 1).

The difficulty is that not all records reported as new species turn out to be new species.
The West Virginia cave fauna provides an example of the problem. In 1976, Holsinger,
Baroody, and Culver [49], listed 27 undescribed stygobionts and troglobionts. In a re-
examination of the West Virginia cave fauna in 2007, Fong et al. [50] found that of the 27
undescribed species listed in 1976:

• 13 were described as new species;
• 6 were assigned to existing known stygobiotic and troglobiotic species;
• 8 remained unstudied.

This suggests a “discount rate” for undescribed species of 68% (13 of 19, because 6
were not new species after all), but this rate is likely to vary from region to region, and
if it were applied to the data in Table 1, it would result in a bias against tropical regions
and any other region with large numbers of undescribed species. Perhaps the best solution
is to list both groups of species in any compilation of species richness but to indicate the
number that remain undescribed, as we have done in Table 1.

Finally, there are questions about the quality of the taxonomic descriptions. This
may be especially problematic for descriptions more than one century old, where the
descriptions were very brief, and the range of diversity of different groups was largely
unknown. This is, for example, a problem with mites described from Mammoth Cave in
the 19th century, some of which have not been recollected [24].

4. Protection of Hotspot Caves

It is difficult to generalize, either about the threats or the level of protection for the
hotspot caves listed in Table 1, at least beyond the existential threat that global warming
poses for subterranean ecosystems [51,52]. In addition, a few generalities are possible.
First, all sites are affected by surface processes. For caves, these inputs include infiltration
through soil and epikarst, direct inputs from sinking streams, and direct human actions,
including tourism.

Secondly, the area of the Earth’s surface that impacts a subterranean fauna is greater
for the aquatic fauna than for the terrestrial fauna. At one extreme is the artesian well at San
Marcos, Texas, which accesses groundwater in the Edwards Aquifer at a depth of 59.5 m,
and the Edwards Aquifer itself, which covers an area of over 10,000 km2 [28]: water quality
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and quantity in the San Marcos well are potentially affected by events occurring through
the Edwards Aquifer. At another extreme are the lava tubes in the Canary Islands. Most, if
not all, of the organic input comes from tree roots as well as organic matter deposited from
small cracks and crevices in the lava tube. In this case, the vulnerable zone is the projection
of the cave onto the surface. In many cases, the limit of the vulnerable zone is unknown.

Thirdly, cave tourism is an important aspect of the state of affairs for a number of
hotspot caves. Two caves in Table 1 have in excess of 100,000 visitors per year (Postojna
Planina Cave System and Mammoth Cave). Others have smaller numbers of visitors,
including wild cave tours (Walsingham Caves, Križna jama, Jameos del Agua, and Cueva
del Viento Sobrado). Although cave tourism is often thought of in negative terms because
of the attendant problems of light pollution, increases in CO2, structural modifications of
the cave, etc., it can have a positive impact in that the economic value of a tourist cave
makes major disruption unlikely. Additionally, the tourist part of the cave is typically a
small fraction of the entire cave.

Furthermore, many of the hotspot caves are protected by some form of designation
as park land, or protected area. Even if there is no official designation, there are often
laws protecting caves in general [53,54]. However, the efficacy of these regulations and
designations is never absolute, and at some level all sites face threats. For example, even
Mammoth Cave, a U.S. National Park, faces a number of problems, ones due to actions
taken outside the park, as well as past actions by the NPS itself [55]. On the obverse side,
some caves are largely protected by their difficulty of access, by their length, as well as by
the secrecy of some of their entrances, such as Sistema Huautla, one of the deepest caves
(>1 km) in the world [56] or Coume Ouarnède [25].

Finally, there is not one template for threats or one prescription for the protection of
subterranean hotspots. What works for a site in the United States probably will not work
for a site in Brazil. Each site must be considered separately and carefully, and upon threat
evaluation. Threat levels are the basic criteria to be used to derive protection measures.
All the sites listed in Table 1 are worthy of protection as well as a source of regional and
national heritage.
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Ecology; Moldovan, O.T., Kováč, L., Halse, S., Eds.; Springer Nature: Cham, Switzerland, 2018; pp. 451–478.
54. Halse, S.J. Conservation and impact assessment of subterranean fauna in Australia. In Cave Ecology; Moldovan, O.T., Kováč, L.,
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