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Abstract

A new blind weevil belonging to the genus Oromia Alonso-Zarazaga, 1987 is described, being found in
the underground of the laurel forest of La Gomera (Canary Islands). Individuals were mainly collected in
a colluvial mesocavernous shallow substratum, besides one specimen collected in the deep humic layer of
soil. This new species has clear diagnostic differences from the other Oromia species. The number of taxa
in this endemic Canarian genus increases to four species, easily identified using the key provided in this
article. New data on other Canarian subterranean weevils are also provided.
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Introduction

The tribe Typoderini Voss, 1965 of the subfamily Molytinae Schoenherr, 1823
(Coleoptera: Curculionidae), is represented in the Canary Islands by three genera:
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Styphloderes Wollaston, 1873, Oromia Alonso-Zarazaga, 1987 and Baezia Alonso-
Zarazaga & Garcia, 1999 (Alonso-Zarazaga et al. 2017). Sgyphloderes is an epigean
genus widely distributed in the Mediterranean and Macaronesian regions, while
Oromia and Baezia are subterranean Canarian endemisms, these two latter genera
being closely related (see comparative diagnosis in Alonso-Zarazaga and Garcia 1999).
Baezia is a more diverse genus occurring in lava tubes and the mesocavernous shallow
substratum (henceforth referred as MSS; see Juberthie et al. 1980; Culver and Pipan
2010), although one species was found under stones in Tenerife (Garcia et al. 2007).

The genus Oromia includes three species to date: O. hephaestos Alonso-Zarazaga,
1987 and O. aguiari Alonso-Zarazaga, 1990 both from Tenerife, and O. thoracica
Machado & Lépez, 2015 from Gran Canaria. These weevils are found in different un-
derground environments: O. hephaestos in a few lava tube caves on the northern slopes
of Tenerife (Alonso-Zarazaga 1987; Machado and Lépez 2015), while O. aguiari and
O. thoracica occur in the MSS (Alonso-Zarazaga 1990; Machado and Lépez 2015),
mainly consisting of colluvia covered by soil (Gilgado et al. 2011).

Oromia species are eyeless, with elongated and rather flattened bodies, slightly
depigmented, all these being typical characters of weevils with a subterranean life style
(Morrone and Hlava¢ 2017). Oromia species are probably rhizophagous, they are usu-
ally found on or very close to roots hanging from the ceiling in lava tubes, and in the
MSS they have always been collected in places with subsoil rich in roots (Machado and
Lépez 2015).

Several individuals of an unknown Oromia species were discovered in the laurel
forest of the Canarian island of La Gomera, and the purpose of the present work is to
provide its description.

Material and methods

Sampling and imaging

The first individual of this new species of Oromia was discovered while sifting soil un-
der a dead laurel stump in La Gomera laurel forest, within Garajonay National Park.
Thereafter, we started a systematic sampling of the MSS in another location of this
forest using subterranean traps especially designed for this environment (Lépez and
Oromi 2010). Traps were revised each three months, being baited indistinctly with
liver or blue cheese. After two years of continuous trapping, we captured several indi-
viduals of this new species.

After the study, the dirt deposited on the individuals was removed with a small
paintbrush and warm water with dish-washing soap. For a comparative morphological
analysis with respect to the other Oromia species, several specimens of O. hephaestos,
O. aguiari and O. thoracica from the collections of the authors were used. Examina-
tion, dissection, measurements, and drawings were completed with the use of a Carl
Zeiss Citoval 2 stereomicroscope with an ocular micrometer. Photographs were taken
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under magnification using a CanonPowershot A650 attached to a Zeiss Stemi 2000
stereomicroscope and processed with the program Zerene Stacker (V. 1.04, Zerene
Systems, LLC., Richland, WA), combining them into a single image using pmax and
dmap methods.

Depositories
The material examined is deposited in the following collections:
HLH Personal collection of Heriberto Lépez Herndndez, Canary Islands, Spain;

IPNA-CSIC Invertebrates collection of the Instituto de Productos Naturales y Agro-
biologia (IPNA-CSIC), Tenerife, Canary Islands, Spain;

POM Personal collection of Pedro Oromi, Canary Islands, Spain;
RGB Personal collection of Rafael Garcia Becerra, Canary Islands, Spain.
Results

Taxonomic acts

Class Insecta Linnaeus, 1758

Order Coleoptera Linnaeus, 1758
Superfamily Curculionoidea Latreille, 1802
Family Curculionidae Latreille, 1802
Subfamily Molytinae Schoenherr, 1823
Tribe Typoderini Voss, 1965

Genus Oromia Alonso-Zarazaga, 1987

Oromia orabhan Garcia & Oromi, sp. nov.
http://zoobank.org/27FED0D7-F748-4427-8BDC-2B487C00F774
Figs 1-3

Type locality. Spain, Canary Islands, La Gomera: Reventén Oscuro, Garajonay Na-
tional Park (28°7'27.08"N, 17°12'58.45"W, 1073 m a.s.L.).

Type material. Holotype: 1 &, La Gomera, Reventén Oscuro, Garajonay Na-
tional Park (28°7'27.08"N, 17°12'58.45"W/, 1073 m a.s.l.), MSS1/1, 3 January 2015,
DNA771, P. Oromi leg. (IPNA-CSIC). Paratypes: same locality as the holotype,
MSS2, 19, 5 February 2009, DNA688, P. Oromi{ leg. IPNA-CSIC); MSS3, 19, 8
June 2010, DNA689, H. Lépez & D. Herndndez leg. (HLH); MSS1, 19, 7 January
2011, DNAG90, P. Oromi leg. (POM); MSS2/4, 1%, 16 November 2013, DNA572, P
Oromi leg. (POM); MSS1/3, 19, 3 January 2015, DNA770, P. Oromi leg. (POM). La
Gomera, Hermigua, Monte de Los Acebifios, Garajonay National Park (28°08'20"N,
17°13'40"W, 1038 m a.s.l.), 1 &, 8 December 2008, R. Garcia leg. (RGB).
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Description. Male. Total length (including rostrum) 3.7-4.9 mm (X= 4.3 mm).
Maximal width 1.1-1.5 mm (X = 1.3 mm). Body reddish-brown to yellowish-brown
(Fig. 1), vestiture glabrous, with tiny setae (68 pm) on elytral interstriae, and on edges
and keels of pronotum; setae longer and more visible on rostral apex, antennae and
legs. Apterous.

Head globose, partially retracted into pronotum, carinated, with thick punc-
tures, eyeless.

Rostrum (average length 1.1 mm) as long as pronotum and 4x as long as wide at
apex. Rostrum dorsally parallel-sided, coarsely punctured and carinulated in basal half;
apical half with a median keel and two pairs of lateral keels, all well-defined; each pair
of lateral keels join at the end of metarostrum forming an elongated, narrow hexagon
through mesorostrum, continuing from here as a single keel along prorostrum. Pro-
rostrum smooth, punctured, with apical setae. In lateral view, metarostrum convex.
Ventrally, rostrum with three carinae, median carina thin and weak, slightly defined or
barely visible beyond the basal half, lateral carinae more robust.

Antennae with short bristles, inserted in apical third of rostral length. Scape
smooth in the basal half, punctated and microreticulated surface in the apical half,
7.3x as long as its maximum width and 1.45x as long as funicule. First funicular an-
tennomere obconical, 2.25x as long as wide; second obconical, 1.5x as long as wide,
narrower than the first and half as long; funicular antennomeres 3 to 5 isodiametric, 5
to 7 slightly transverse. Club globose sub-rhombic, 2x as long as wide and as long as
the last 5-6 funicular antennomeres.

Pronotum 1.1x as long as wide, anterior margin 0.66x as wide as posterior; with
three strong keels from anterior to posterior margin, median one straight and two
paramedian ones sinuous, and in addition two strong lateral keels; in dorsal view,
these lateral keels form a sub-trapezoidal pronotum outline, rounded angles, widest at
level of posterior third; margins between these angles variable, from straight to slightly
sinuous. Surface mat, with well-defined punctation on keels and edges, microreticulate
intervals and some microsetae on keels. Prosternum with three longitudinal keels that
cut transverse prosternal furrow, leaving two well-defined foveae.

Scutellum not visible.

Prterothorax with elytra oblong, elongated, lacking humeral calli, almost parallel-
sided with slight concavity towards middle; with microreticulate surface, punctation
and pubescence similar to that on pronotum; 2.7x as long as pronotum and 1.78x
as long as wide. Interstriae from barely defined to strongly costiform: odd interstriae
strongly costiform, 7* forming marginal border without reaching apical callus; even
interstriae barely defined, resulting in two rows of superficial punctures conforming
striae between each interstria; 8" interstria not defined in the lateral declivity, 9* slight-
ly careniform. Metasternum 3x as wide as long, with dense, deep, rugose punctation.

Abdomen with two first ventrites with shallower sparse punctation, disc of both
depressed. Fifth ventrite with punctation similar to first two and 2.1x as wide as long.

Legs with dense coarse punctation, covered with setae. Procoxae separated by dis-
tance of 0.0125x of their diameter, 1.6x of distance from anterior margin of pronotum
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Figure 1. Habitus of Oromia orahan sp. nov. (female) in dorsal and lateral view.

and 1.5x of distance from posterior margin of pronotum. Mesocoxae separated by dis-
tance of 0.5x their diameter. Pro-, meso- and metafemora respectively 4.7x, 4.4x and
6x as long as their maximum width. Protibiae 5.8x as long as wide at apex (without
counting uncus), almost straight, with external edge irregularly denticulate, and with
dense strip of setae in a slight inner apical concavity. Meso- and metatibiae 5.4x and
6.9x, respectively, as long as their maximum width. First metatarsomere 1.36x as long
as wide; second transverse, 0.66x as long as wide; third strongly bilobed, transverse,
0.87x as long as wide; onychium 3.6x as long as wide, 2/3 of its length projected from
the third metatarsomere.
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Aedeagus. Penis symmetric in dorsal view, parallel-sided and with the apex briefly
pointed (Fig. 2A); dorsal plate strongly chitinised; clearly curved in lateral view, with
acute apex and small callus; internal sac with densely arranged teeth in two longitudi-
nal bands occupying the apical two thirds of tube. Spiculum gastrale robust and bowed
with highly asymmetric arms (Fig. 2B). Tegmen with macrosetae, short manubrium
and short, subparallel, blunt-tipped parameroid lobes (Fig. 2C).

Female. Similar to male, but with total length 5.2-5.5 mm (X= 5.3 mm), maximal
width 1.7-1.8 mm (X = 1.78 mm). Rostrum longer than in males (1.5 mm). Scape
9.6x longer than wide; 6™ and 7* funicular antennomeres 1.25x longer than wide.
Elytra 2.42x as long as pronotum, 1.56x longer than wide. 5* ventrite 2.6x as wide
as long. Pro-, meso- and metafemora respectively 3.6x, 4.3x and 5.4x as long as wide.
Pro-, meso- and metatibiae respectively 6.2x, 6.8x and 7.6x as long as wide.

Spiculum ventrale bilobed bearing about 16 macrosetae (Fig. 2D); manubrium
with short median arm forking into two longer arms forming obtuse angle. Ovipositor
with free conical apical styles, bearing 7—8 macrosetae (Fig. 2E).

Note. All collected individuals of Oromia orahan have the body total o partially
covered by mud or dirt due to their subterranean life style, being often difficult to
observe details of the tegument (scales, pores, keels, etc). The appearance of the in-
dividuals is very different when this dirt is removed (Fig. 3), a common feature in all
Typoderini (Hlava¢, comm. pers.).

Differential diagnosis. Oromia orahan from La Gomera has outstanding mor-
phological differences with respect to O. hephaestos from Tenerife and O. thoracica
from Gran Canaria, regarding to size and shape of pronotum among other characters
(see key to the species). However, O. orahan is close to O. aguiari from Tenerife, from
which it differs by its longer and less curved rostrum, thicker scape, the shape of prono-
tum due the marginal keels (Fig. 4A), deeper general punctation, and the 8" interstria
not marked in the lateral declivity.

Other differences related to the reproductive structures are: i) the aedeagus of O.
orahan has parallel sides while in O. aguiari they are concave (Fig. 4B); ii) the manu-
brium of the spiculum ventrale of O. orahan has a short arm forking into two longer
arms forming an obtuse angle, while in O. aguiari the manubrium is divided into two
arms arising directly from the plate of the spiculum ventrale forming an acute angle
(Fig. 4C); iii) the tegmen of O. aguiari has subtriangular parameroid lobes whereas in
O. orahan the lobes are subparallel, short and with blunt tips (Fig. 4D).

Etymology. Specific name in apposition of Orahan, who was considered as the
supreme god, creator of everything, by the aboriginal people of La Gomera.

Habitat and distribution. The known distribution of Oromia orahan sp. nov. is
restricted to Garajonay National Park, a protected area of approximately 40 km? locat-
ed on the central mountainous region of La Gomera. This National Park includes one
of the best representations of laurel forest in the Canary Islands. This type of vegetation
was thought to be a relict flora from South Europe and North Africa, extinct during
the Tertiary period due to the effects of glaciations and the desertification in these areas
(Cronk 1992; Médail and Quézel 1999; Nakamura et al. 2000), although this has been
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Figure 2. Structures of the male and female genitalia of Oromia orahan sp. nov. A aedeagus in dorsal and

lateral view B spiculum gastrale C tegmen D spiculum ventrale E ovipositor. Scale bars: 1 mm (A=C),
0.8 mm (D), 0.03 mm (E).

recently questioned (Kondraskov et al. 2015). The laurel forest is a humid wood, in
which approximately 15 broad-leaved, evergreen tree species from 10 different families
form the canopy (e.g. genera Laurus, llex, Persea, Picconia). This forest constitutes the
ecosystem with the highest levels of arthropod diversity within Macaronesia (Ferndn-
dez-Palacios et al. 2017). Consequently, it is an interesting habitat for the exploration
of the subterranean biodiversity. For this reason, we selected two localities in the Ga-
rajonay National Park to study the subterranean fauna using two different methods.

In Monte de Los Acebinos we sifted leaf litter and soil under the stump of a dead
laurel, and at other sites we washed soil following the first steps of the technique de-
scribed by Arribas et al. (2016). Besides one individual of O. orahan sp. nov. collected
with the first method, in this locality we found other interesting subterranean coleop-
teran species such as the weevils Laparocerus oromii Machado, 2008 and Torneuma aph-
roditae (Germann & Stiiben, 2006), and the ground beetle Lymnastis gaudini gomerae
Franz, 1965.

In Reventén Oscuro we installed four subterranean traps following Lépez and
Oromi (2010) in the MSS on a steep slope originated by colluviation at the base of
rocky cliffs, but probably also increased by more recent stony debris slipping downslope
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Figure 3. Appearance of mud/dirt covered (A) and clean (B) individuals of Oromia orahan sp. nov.

during the construction of an old forest road. To install the traps, places with 100%
canopy cover were selected, which render a permanent penumbra to the surface and
humidity to the underground layer. This locality was especially rich in subterranean
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A

B’ D D’
Figure 4. Structures of Oromia orahan sp. nov. (letters without asterisks) and O. aguiari (letters with
asterisks) A pronotum B aedeagus C spiculum ventrale D tegmen.

species, in which we collected the ground beetles Pseudoplatyderus amblyops Bolivar,
1940 and Lymnastis gaudini gomerae, the rove beetles Domene jonayi Herndndez &
Medina, 1990 and Micranops subterraneus Frisch & Oromi, 2006, the histerid beetle
Aeletes gemmula (Wollaston, 1865), the scydmaenid Euconnus specusus Vit, 2004, the
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weevils Laparocerus oromii and Torneuma orbatum Wollaston, 1865, an undescribed
woodlouse of the genus Venezillo, and the millipedes Glomeris canariensis Golovatch,
1987 and Thalassisobates emesesensis Enghoft, 2013.

All populations of Oromia orahan sp. nov. are located inside a natural protected
area, well preserved, at least at the epigean level. So we can assume that this species is
under no threat at the moment. However, in recent years we have detected an alarming
correlation between the increase of the non-native polydesmid millipede Brachydesmus
sp. in the subterranean habitats of the National Park and a considerable decrease in
captures of native endogean invertebrates in subterranean traps. Specific studies on the
effect of this polydesmid on the subterranean communities are necessary, to establish
the real conservation status of this new species.

Key to the species of Oromia

1 Pronotum not constricted anteriorly and expanded over the head; ventral
margin of antennal scrobe reaching middle of rostrum; metapleurosternal
sulcus absent (Gran Canaria) ......c.ccoeuenee. O. thoracica Machado & Lépez

- Pronotum constricted anteriorly and not expanded over the head; ventral
margin of antennal scrobe reaching base of rostrum; metapleurosternal sulcus
OS] o P 2

2 Pronotum clearly longer than wide, median, paramedian and marginal-lateral
keels absent; prosternum without keels; elytra large and elliptic, with all inter-
striae costiform, profile serrated (Tenerife)... O. hephaestos Alonso-Zarazaga
Pronotum almost as long as wide, with strong median, paramedian and mar-
ginal-lateral keels; prosternum with three longitudinal keels; elytra large and
oblong, odd interstriae strongly costiform and even interstriae barely marked,
profile NOT SErrated. ....cooveuiriiuiiiiiiricicic s 3

3 Lateral keels of pronotum bilobed, with a marked medial cutout, forming in
dorsal view a bilobed outline; pronotum widest at the level of the apical lat-
eral lobe or at the level of both lateral lobes; 8™ interstria marked in the lateral
declivity (Tenerife) .......ccocoevvvirieciininniicnann. O. aguiari Alonso-Zarazaga

- Lateral keels of pronotum not bilobed, without marked medial cutout,
forming in dorsal view a sub-trapezoidal outline; pronotum widest at lev-
el of posterior third; 8" interstria not marked in the lateral declivity (La
GOIMIETA) .ttt ettt O. orahan sp. nov.

New data on Canarian subterranean weevils

Besides the discovery of new species like Oromia orahan, the active searching of the
fauna in the different subterranean habitats of the Canary Islands, especially in the
subsurface layers, is providing new distributional data for some poorly known spe-
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cies which are worth to be recorded. The databases of biodiversity are very useful for
a research, management, education and communication (Borges et al. 2010), so the
publication of new data about the precise distribution of the species is of great impor-
tance to increase and update the information of these databases. Given the difficulty
of studying the subterranean fauna, these databases usually have little information
about underground species, so it is especially necessary the recording of such data. In
this way, the management of the territory carried out by the governments using these
databases will take into account the underground species, a type of fauna especially
sensitive to the transformation of the habitats.

Subfamily Cossoninae Schoenherr, 1825

Barretonus auarita Garcia & Oromi, 2019

New record. La Palma island. Barlovento, Punta Salvaje (28°49'25.34"N,
17°46'17.29"W, 124 m a.s.l.), 2 exx., 18 October 2019, sieving deep leaf litter under
Euphorbia balsamifera, R. Garcia leg. (RGB).

The Macaronesian endemic genus Barretonus Roudier, 1958 includes four species
from Madeira and two from the Canary Islands. In the recent description of the last
species (Garcia et al. 2019), B. daute from Tenerife was considered to have a few om-
matidia, but this is a wrong statement that has to be amended in that description as
well as in Table 2. Actually, all species of Barretonus are eyeless, since also the statement
by Folwaczny (1972) that B. minor Folwaczny, 1972 and B. major Folwaczny, 1972
had also highly reduced eyes was wrong, which has been confirmed after the revision
of the types by Peter Stiiben (pers. comm.). Recently, we have collected some individu-
als of B. auarita on a new locality situated between other two already known, which
indicates that this species must be well distributed along the eastern and northern coast

of the island.

Subfamily Entiminae Schoenherr, 1823

Laparocerus oromii Machado, 2008

New record. La Gomera. El Cedro, Garajonay National Park (28°7'25.03"N,
17°13'26.88"W, 966 m a.s.l; new grid (500x500 m) for El Cedro in the Biodiversity
Data Bank of the Canary Islands (BDBC)), 2 exx, 17 March 2017, GEEI (Grupo
de Ecologia y Evolucién en Islas) leg. (IPNA-CSIC); Teselinde (28°11'46.35"N,
17°17'15.55"W, 744 m a.s.l.), 2 exx, 18 March 2017, GEEI leg. (IPNA-CSIC).

The speciose genus Laparocerus includes one species from South Morocco and 221
taxa endemic either to Madeira or the Canary Islands (Machado, 2018), several of
them having adapted to the different habitats of the underground as lava tubes, the
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MSS and the soil (Machado 2018). The prospection of MSS and soil in La Gomera has
provided new locations for L. oromii on this island, one of them being the first location
reported for this species outside Garajonay National Park.

Laparocerus dacilae Garcia, 1998

New record. La Palma. Mazo, Lomo Oscuro (28°34'51.83"N, 17°46'53.59"W, 536 m
asl), 1 ex, 11 January 2015; 1 ex. 17 January 2017, R. Garcia leg. (RGB).

This other species of subterranean Laparocerus is endemic to the southern half of
La Palma island, where it has always been collected in caves. We provide a new locality
in which some specimens have been collected under big stones.

Subfamily Molytinae Schoenherr, 1823

Baezia vulcania Alonso Zarazaga & Garcia, 2002

New record. La Palma. El Paso, Cueva de la Torreta Tacande (28°38'21.87"N,
17°52'47.92"W, 677 ma.s.l.), 14 May 2019, eclosion from roots, R. Garcia leg. (RGB).

This small, apparently edaphobiont species is only known from lava tubes of the
southern half of La Palma. The cave where it has been recently found enlarges its dis-
tribution towards northwest, close to the limit of the geologically older northern half

of the island.
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Abstract

‘The surprising discovery of Cycladiacampa irakleiae, a new genus and species, a cave-adapted campodeid
dipluran highlights the paleobiogeographical importance of the insular Aegean cave-ecosystems. This new
dipluran genus inhabits with other noticeable endemic cave-adapted invertebrate species in the isolated
Spilaio Agiou Ioanni cave in Irakleia, a small island in the centre of the Cyclades Archipelago. C. irakleiae
gen. nov. et sp. nov. is related with Sgygiocampa species, a subgenus of Plusiocampa genus, with hereto six
cave-adapted species inhabiting karst areas in Dinaric and the Rhopode Mountains. These species share
similarities such as the absence of mesonotal and metanotal macrosetae, the abundance and shape of uros-

Copyright Alberto Sendra et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



16 Alberto Sendra et al. | Subterranean Biology 35: 15-32 (2020)

ternal macrosetae, as well as the lack of medial posterior macrosetae on mesonotum and metanotum. This
can be explained by a common ancestor that probably originated from Asia and expanded its distribution
to the fragmented Europe since the Eocene-Oligocene, colonizing cave habitats in recent periods. Cycla-
diacampa irakleiae is a remarkable addition to the fauna of the cave of Irakleia and should raise awareness
on the need to enhance the study and conservation of the cave’s natural heritage.

Keywords
Campodeidae, troglobite, fauna, new species, biogeography

Introduction

The Aegean Archipelago, which has more than 9,800 islands and islets in an area of
215,000 km?, is the largest archipelago of the Mediterranean Sea, and it is one of the ar-
chipelagos with the highest number of islands worldwide (Blondel et al. 2020). Stand-
ing at the intersection of Europe, Asia, and Africa, it is characterized by a complex
palacogeographical history and high levels of biodiversity and endemism (Triantis and
Mylonas 2009, Sfenthourakis and Triantis 2017). Soil and cave dwelling dipluran spe-
cies in the Aegean Archipelago (Silvestri 1912, 1933, Pagés 1953, Condé 1984, Sendra
et al. 2020) include 26 species from two of the ten most diverse families of these basal
hexapods: Campodeidae and Japygidae. The family Campodeidae represented by 14
species: six widespread soil species of Campodea Westwood, 1842, two species with lim-
ited range (Edriocampa ghigii Silvestri, 1933 and Eutrichocampa aegea Silvestri, 1933),
and six species of Plusiocampa Silvestri, 1912 (these inhabiting from soil to cave habitats
and including two recently described cave-adapted species Plusiocampa (Plusiocampa)
hoffmanni Sendra & Paragamian, 2020 and Plusiocampa (Plusiocampa) chiosensis Sendra
& Gasparo, 2020). Japygidae are represented by 12 soil-dwelling species from two gen-
era with limited range Megajapyx (Verhoeft, 1904) and Parindjapyx Silvestri, 1933, and
two widespread genera Metajapyx Silvestri, 1933 and Japyx Haliday, 1864.

Within the Aegean Archipelago, Irakleia is a small island (area ~17 km?, max elv.
418 m a.s.l., coastline 29.2 km) of the Cyclades Archipelago situated approximately 33
km south of the port of Naxos Island and 5,3 km from its southernmost coast (cape
Katomeri). There are two settlements (Panagia and Agios Georgios), with 141 inhabit-
ants (2011 national census). The island is dominated by areas with low sclerophyllous
vegetation, followed by sparsely vegetated areas, abandoned terraces, and arable land.
The climate is typically Mediterranean with mild winters and hot, dry summers. The
average annual temperature is 17.7 °C, and the average annual rainfall is 340 mm
(http://penteli.meteo.gr/stations/iraklia/).

No published data on diplurans is available for Irakleia (Cyclades, Greece), but
during a recent survey in a cave a new Plusiocampinae genus and species were col-
lected. This represents a remarkable addition to the astonishing cave fauna of this
small island and a new insight into the colonization of cave-ecosystems in the eastern
Mediterranean karst regions.
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Material and methods

The specimens stored in ethanol 96%, were washed using distilled water, mounted
on slides with Marc André II solution, and examined under a phase-contrast optical
microscope (Leica DMLS). The illustrations were made with a drawing tube, and
measurements were taken with an ocular micrometer. Measure of the body length
was taken on specimens mounted i7 oo, and measured from the base of the frontal
process distal macrochaetae to the abdomen’s supra-anal valve. Two specimens coated
with palladium-gold were used for SEM (Hitachi S-4100) photography and to meas-
ure the sensilla.

The morphological descriptions and abbreviations follow Condé (1956). We use the
term gouge sensilla for the concavo-convexly shaped sensilla on the antennae (Bareth
and Condé (1981). For the position of macrosetae we adopt the abbreviations of Condé
(1956): ma, medial-anterior /z, lateral-anterior, /p. lateral-posterior and post, posterior.

Results

Taxonomy

Class Hexapoda Blainville, 1816
Order Diplura Borner, 1904

Suborder Rhabdura Cook, 1896
Family Campodeidae Lubbock, 1873
Subfamily Plusiocampinae Paclt, 1957

Cycladiacampa Sendra, gen. nov.
http://zoobank.org/06F78C51-13C1-4404-874D-6D36CD614CB1

Type species. Cycladiacampa irakleiae Sendra, sp. nov.

Etymology. Cycladiacampa is a compound name comprising of “Cycladia”, refer-
ring to the large insular landmass created by a major drop of the sea level during last
glacial maximum (23-18 ka) at the site of the modern Cyclades Islands, and the suffix
“-campa’, traditionally used in Campodeidae taxonomy. Gender: feminine.

Diagnosis. On pronotum 1+1 ma, 2+2 /a and 242 bp ,» ON meso- and metano-
tum without macrosetae (Figs 5, 6); one dorsal femoral macrosetae and one sternal
tibial macrosetae; unequal claws in size with lateral-crests (Figs 11-13); thick seti-
form pretarsal lateral processes covered with long barbs except in the final part (Figs
11-14); male and female have thin subcylindrical appendages that carry glandular «,
setae (Figs 15, 16, 18); the male has a large field of glandular g, setae in the slightly
expanded posterior urosternite border (Fig. 16); the female is without this glandular
field (Figs 15, 18). There are up to 1+1 /z and 5+5 post macrosetae on IV-VII uroter-
gites; 11+11-10+10 macrosetae on urosternites I-VII and 2+2 macrosetae on VIII
(Figs 15-17, 19, 20).
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Cycladiacampa irakleiae Sendra, sp. nov.
http://zoobank.org/A1FC59A1-8600-4579-99D8-0850CE7BDS5FD
Figs 1-21; Table 1

Etymology. The specific epithet irakleiae refers to the island it was found on.

Type locality. Greece, Cyclades Islands, Irakleia Island: Spilaio Agiou Ioanni cave
or Irakleia cave, (36°49'43.74"N, 25°26'12.48"E, 110 m a.s.L.).

Type material. Male holotype labelled M1-03400 is from Spilaio Agiou loanni
cave, Notio Aigaio, Irakleia, Irakleia Island, Greece, 22th May 2019, I. Nikoloudakis
leg. Two young males, one young female, and one adult female paratypes are labelled
M2-03400, M3-03400, H2-03400, and H1-03400, respectively; they are from the
same cave, date and collector. Three males and five females paratype labelled M1 to
M3-02817 and H1 to H5-02817, respectively, are from the same cave, but they were
collected using pitfall traps installed between 26™ November 2016 and 26* February
2017, leg. I. Gavalas. All type material was mounted in Marc André II solution, depos-
ited in MZB, Museu de Zoologia de Barcelona, Spain (labelled holotype M1-3400),
Coll. AS, private collection of Alberto Sendra, Valencia, Spain (M1 to M3-02817 and
H1 to H5-02817), and MHNG, Muséum d’histoire naturelle de Genéve (paratypes
M2-03400, M3-3400, H2-03400, H1-03400).

Other studied material. Two specimens from the same cave, and with the same
data and collector as the holotype. These were mounted on two separate aluminium
stages and coated with palladium-gold.

Description. Body. Body length 2.5-3.9 mm (males, n = 6), 3.3-6.1 mm (fe-
males, n = 7) (Fig. 21, Table 1). The epicuticle is smooth under optical microscope,
but under high magnification, it is weakly reticulated, showing irregular and roundish
polygonal structures of variable sizes (Figs 7, 8); the body has slightly long, thin cloth-
ing setae with thin barbs along distal two—thirds of each seta.

Head. Antennae have 47 antennomeres in three completed and intact antennae;
the antennae are approximately ~1.5 times longer than the body’s length, with me-
dial antennomeres two or three times longer than wide and apical antennomere three
times longer than wide (Table 1). The cupuliform organ has about 18 complex olfac-
tory chemoreceptors, and each one has two multiperforated concentric folds around a
coniform central structure (Figs 1, 2). The distal and central antennomeres have two
or three whorls of smooth macrosetae and scattered smooth setae, in addition to a
single distal whorl of 8-10 moderately long gouge sensilla (25-30 pm long), and up to
two very short coniform sensilla 10-12 pm long (Fig. 3). The proximal antennomeres
have typical trichobothria, plus a small coniform sensillum on the third antennomere
in ventral position. The frontal process has a moderate coniform protrusion that is
covered with few tuberculate setac and a few thin barbs (Fig. 4). The three macrosetae
along each side of the insertion line of antennae and x setae have thin distal barbs; The
length ratios of a/i/p/x are 39/28/26/23, respectively, in holotype (Fig. 4). The labial
palps are suboval with small latero-external sensillum, two guard setae, up to six setae
on anterior border, and up to 64 neuroglandular setae in holotype.
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3.00um

20.0um

Figures 1-4. Cycladiacampa irakleiae Sendra, sp. nov. | apical view of last antennomer with cupuliform
2 olfactory chemoreceptor of the cupuliform organ 3 lateral distal view of central antennomer with gouge
sensilla 4 frontal process. (gs= gouge sensillum; cs= coniform sensillum; 2= anterior-macroseta, 7= interme-
diate macroseta, p= posterior-macroseta, X, x-setae).

Thorax. The thoracic macroseta distribution (Figs 5, 6): pronotum with 1+1
ma, 2+2 la2’3, 242 1]’2, , macrosetae; mesonotum and metanotum without macrose-
tae. All macrosetae are long and with thin barbs along basal half to two-thirds of
their length; thin marginal setae double the length of the clothing setae, and both
have thin distal barbs (Figs 5, 6). The legs are elongated, and the metathoracic legs
overpass the end of the abdomen; young adults have relatively longer legs than the
largest adults (Table 1). The tibia is always longer than the femur or tarsus (Table 1,
Figs 9, 10). Femora I-III have one well-differentiated long dorsal macrosetae each
(0.15 mm in holotype) with thin long barbs on the distal four fifths. The calcars
have long, thin barbs all over. Tibia I-III have one well-barbed ventral macrosetae.
Tarsus have numerous setiform setae along and two dorsal subapical setae similar
barbed than clothing setae but much longer (Figs 9—11). The claws are unequal in
size, that is, the posterior claw is longer than the anterior claw (1.4-1.5: ratio pos-
terior/anterior). The claws have large lateral crests and their ventral side are notice-
ably ridged and covered with a micro-granulated surface; the posterior claw is large
with a backward overhang (Figs 11-13). The pretarsus has a thick setiform lateral
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processes covered around with abundant and dense barbs that are bent at the ends
almost all over except in the distal part (Figs 11-14).

Abdomen. Distribution of abdominal macrosetae on tergites: 1+1 /z (exceptionally
0+1 post) on IV; 1+1 la, 1+1 post on V, 141 la, 3+3 (2+3) post, , con V1, 141 la, 5+5
post, con VIL: 7+7 (8+8) post, ,on VIII; and 12+12 (13+13) post on IX abdominal seg-
ment. All tergal abdominal macrosetae are long and well-differentiated with thin barbs
along the distal half to four fifths. Urosternite I with 11+11 well-barbed macrosetae
(Figs 15, 16); urosternites II to VII with 10+10 (11+11) macrosetae (Fig. 17); uroster-
nite VIII with 2+2 macrosetae (Fig. 20); urosternal macrosetae are of medium length
or longer and have long barbs all around along the distal four fifths. The stylus has
an apical, subapical and ventromedial seta completely covered with barbs all around
except at the ending part (Figs 17, 19, 20). The two apparently intact cerci are respec-
tively 2.6 and 2.4 times de body length; they have five and seven primary articles apart
from the multi-divided basal article (Table 1). The length of the cerci increases from
the proximal to distal articles. Each article has a variable number of untidy whorls of
thin barbed macrosetae increasing from proximal to distal primary article. All primary
articles have a distal short, thin, barbed whorl seta.

Figures 5-8. Gycladiacampa irakleiae Sendra, sp. nov. 5 posterior part of the head to anterior part of

mesothorax, left side, with pronotal macrosetae (74, la, lp) 6 lateral left side of prothorax with /z and /p ma-
crosetae 7 detail of the surface of pronotum with insertion of /o, macrosetae 8 detail surface of pronotum.
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Figures 9-14. Cycladiacampa irakleiae Sendra, sp. nov. 9 distal part of tibia, plus tarsus and pretarsus of
metathoracic leg 10 detail of tarsus, lateral side, with a setiform sensillum (ss) 1l pretarsus of metatho-
racic leg, ventral side 12 pretarsus of metathoracic leg, lateral side 13 pretarsus of metathoracic leg, detail

ventral side 14 detail of lateral processes.

Secondary sex characters. Female urosternite I have short coniform appendages,
bearing each up to five glandular #, setae in a apical field (Figs 15, 18).

Male urosternite I have short coniform appendages, bearing each about six glan-
dular 4, setae in a apical field; the posterior edge is slightly enlarged at both sides of the
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100um

Figures 15-20. Cycladiacampa irakleiae Sendra, sp. nov. 15 first urosternite of a female 16 first uroster-
nite of holotype, male, left side 17 fourth urosternite, right side 18 detail of the right appendage of the
first urosternite of a female 19 detail of the fourth urosternite, right side 20 posterior part of seventh and
the complete eighth urosternites.

first urosternite, with a glandular field of up to 190 glandular g, setae arranged from
five in lateral to two in the centre of this posterior glandular field; in addition, in an
anterior position there are about 40 short setae clearly different from clothing setae for

their middle well-barbed part (Fig. 16).
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Cave description

Spilaio Agiou loanni cave is located on the southwestern part of Irakleia Island at
110 m a.s.l. A 2.5 km marked path leads from the Panagia settlement to its entrance.
The entrance is relatively narrow (height: 0.5-0.7 m, width: 1.5-1.7 m) (Figs 22, 24)
and reaches a large chamber (27 m long, 17 m wide and up to 10 m high) (Figs 22,
23). The cave is heavily decorated with a variety of speleothems. There are two main
large chambers and several smaller ones, measuring 170 m in total length and covering
an area of 2,000 sq. m (Petrocheilou 1971) (Fig. 22).

The fauna of Irakleia cave

The fauna of the cave is known from material collected by P. Beron & A. Bartsiokas,
(on 14.09.1981), B. Hauser (on 11.05.1985 and 26.04.1987), 1. Gavalas (in several

Spilaio Agiou loanni
Irakieia Is., Cyclades, Greece
(A. Petrocheilou 1971)

q) 0 5 10 15 20
———

m

o i i N ¢ wies 0 & 5 Y
Figures 21-24. 21 Gycladiacampa irakleiae Sendra, sp. nov habitus (photo: I. Gavalas) 22 map of the
cave of Irakleia, modified from Petrocheilou (1971); most of the specimens of Cycladiacampa irakleiae
n.gen., n.sp. were collected in the western part of the cave 23 the first large chamber of Spilaio Agiou
Ioanni cave (photo: I. Gavalas) 24 the narrow entrance of Spilaio Agiou loanni cave, Irakleia, Cyclades

(photo: I. Gavalas).
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visits between 2016 and 2019), and 1. Nikoloudakis (on 22.05.2019). The findings
have been cited from time to time in: Beron (1985), Andreev (1986), Condé (1987),
Matic and Stavropoulos (1988), Mendes (1988), Osella (1989), Condé (1990), Besu-
chet (1993), Tanasevitch (2011), Beron (2016), Naumova et al. (2016), and Paragami-
an et al. (2018). A checklist is regularly updated in the Cave Fauna of Greece Database
(Paragamian et al. 2020). Despite its small size, the cave Spilaio Agios loannis has a re-
markable fauna of 19 valid invertebrate species recorded so far. At least five species are
endemic to the cave: the troglophile beetle Absoloniella nitidipennis (Osella, 1989), that
probably also occurs outside the cave, and the cave-adapted troglobionts, such as the
palpigrad Eukoenenia naxos Condé, 1990, the staphylinid beetle Antrobythus perplexus
Besuchet, 1993, the zygentoma Protrinemura mediterranea Mendes, 1988, and the
newly discovered Cycladiacampa irakleiae gen. et sp. nov. (Diplura, Campodeidae).
Two of the caves’s other troglobiont species, the peudoscorpion Hadoblothrus aegaeus
Beron, 1985 and Chrhonius schmalfussi Schawaller, 1990, were also found in a cave in
Santorini Island (South Cyclades). Beside the surprising finding of C. irakleiae gen.
et sp. nov., the finding of P mediterranea is noteworthy as there are only three more
species of the genus existing at very disjunctive ranges: one in eastern China, one
in Thailand, and one in Ryukyu Islands (Japan) (Mendes 2018). Furthermore, new
species are expected to be described in the future, as for example the snail Lindbergia aff.
pseudoillyrica (Riedel 1990, 1992), a polydesmid milliped Brachydesmus or Serradium
(Andreev 1986), among others.

Discussion

Phyletic affinities

Surprisingly, a new genus of Plusiocampinae, with a unique combination of setiform and
well-barbed lateral processes on the pretarsus, as well as lacking macrosetae on mesono-
tum and metanotum, has been discovered in an isolated karst area in a small island, Irak-
leia, of the Aegean Sea. Cycladiacampa irakleiae gen. nov. et sp. nov. has Plusiocampinae
features such as pretarsus with lateral crests, abundant posterior urosternal macrosetae,
and the synapomorphic feature of the pronotum with not less than 1+1 ma, 1+1 /z and
2+2 [p macrosetae (Condé 1956, Paclt 1957, Sendra et al. 2020).

The peculiar shape of the lateral processes of the pretarsus in C. irakleiae sp. nov.
(Figs 11-14) has similarities with the recently proposed Whittencampa Sendra & De-
harveng, 2020, a monospecific genus with one highly troglomorphic species from
caves in Guangxi, southern China (Sendra and Deharveng 2020). Nevertheless, Whiz-
tencampa is clearly separated from the new genus due to the processes completely cov-
ered with barbs, the presence of macrosetaec on mesonotum and metanotum (absent
in C. irakleiae), the two dorsal femora macrosetae (one in C. irakleine) and, the 1+1
macrosetae on eighth urosternite (2+2 in C. irakleiae). Also, Hystrichocampa Condé,
1948, a monospecific genus from caves located in Jura karst mountains between France
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and Switzerland, shows some resemblance in the lateral processes but with shorter and
thinner barbs instead of longer barbs. It differs from C. irakleiae by the presence of
abundant mesonotal and metanotal macrosetae, which are absent in C. irakleiae, and
the five dorsal femora macrosetae, against one in C. irakleiae.

At present, Plusiocampinae has 112 species which are assigned to 12 genera (Sen-
dra et al. 2020, Sendra and Deharveng 2020). The pattern of macrosetae in Plusio-
campinae is characterized by a numerical increase of lateral anterior and lateral poste-
rior macrosetae on nota, including frequently on medial posterior and rarely on medial
intermediate and lateral intermediate macrosetae in mesonotum and metanotum; usu-
ally there are abundant posterior macrosetae on urotergites, with several species having
extra macrosetae on the first and less frequently on the second to eighth urosternites
(Condé 1956, Sendra et al. 2020). However, within Plusiocampinae, it can also be
found a less frequent reduction of notal macrosetae in species of Stygiocampa Silvestri,
1934 subgenus of Plusiocampa Silvestri, 1912. At present, only six Stygiocampa species
are known, and they are all cave-adapted and inhabit caves in Dinaric Mountains and
western Stara Planina (Condé 1947, 1959, Condé and Bareth 1996, Denis 1923, Sen-
dra et al. 2020, Silvestri 1931). Such macrosetae reduction is noticeable in C. irakleiae
sp. nov. too, where there are no macrosetae either on mesonotum or metanotums; this
absence was only seen in Plusiocampa (Stygiocampa) christiani Condé and Bareth 1996,
from caves in Beljanica Mountains in eastern Serbia. Several important differences
separate C. irakleiae sp. nov. from P (S.) christiani and all Stygiocampa species, such as
the thick barbed lateral pretarsal process of C. irakleiae, the smooth and setiform in
Stygiocampa; the femora with one dorsal macrosetae in C. irakleiae, which are absent
in Stygiocampa (Figs 15-16, 18). C. irakleiae has some resemblance with some of the
Stygiocampa species, such as the small coniform appendages of the first urosternite, the
extra number of urosternal setae, and the shape of urosternal macrosetae and stylar
setae noticeably barbed. Whichever were to be the closest relation of C. irakleiae, we
suggest that it is either close to Plusiocampinae, without medial posterior thoracic
macrosetae as species of Stygiocampa, Venetocampa Bareth & Condé, 1984 subgenera,
Patrizicampa Condé, 1962 genus and some species of Plusiocampa s. str. Silvestri, 1912
subgenus with paleobiogeographical consequences (Sendra et al. 2020).

Paleogeography and geological setting of Irakleia and its colonization

While the Aegean area is now extensively fragmented by the sea, it was part of a con-
tinuous landmass (Agiis) during the upper and middle Miocene (23—-12 Mya) (Der-
mitzakis and Papanikolaou 1981). After the collision of the African and Arabian Plate
with the Eurasian Plate at the end of the Middle Miocene, a sea channel (Mid-Aegean
trench) started to form and fully completed during early late Miocene (10-9 Mya),
causing the separation of the Aegean islands into western and eastern groups (Creutz-
burg 1963, Dermitzakis and Papanikolaou 1981). After the Messinian crisis (6-5.3
Mya), when the Mediterranean basin dried up, and the opening of the Strait of Gibral-
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tar (5.33 Mya), the Atlantic Ocean refilled the basin and islands formed again (Krijgs-
man et al. 1999). For the next 3 Mya, further sea expansion and landmass isolations
took place in the Aegean. During Pleistocene orogenetic, eustatic, and volcanic events
resulted in a continuous changing of the landscape and formation of several islands.

The Cyclades plateau was part of Agiis and its complex geological and palaeogeo-
graphical history. The most recent fragmentation of the Cyclades plateau started at the
last glacial maximum (LGM, 23-18 ka; Van Andel and Shackleton 1982, Lambeck
1996, Perissoratis and Conispoliatis 2003, Lykousis 2009). During the maximum of
the LGM a major drop in the sea level (115-130 m) created a large insular landmass
(Cycladia) of approximately 6,000 km* and several versions of the recent islands be-
longing to the modern Cyclades. By the beginning of the Holocene, Cycladia was
replaced by new islands with small land-bridge between Greater Paros and Naxos.
Irakleia was one of the last islands separated from Mikres Cyclades a few thousand
years ago (Fig. 25).

The Irakleia island is dominated by a thick sequence of variegated and white calcite
marble interleaved with mega-boudins of dolomitic marble (Seckel 2004, Behrmann
and Seckel 2007). Metapelitic-schists intercalated with marbles are exposed on the cen-
tral and southwestern parts of the island, while numerous metabauxites and laterites
are preserved at the top of the thick sequence of the variegated marbles in the north-
west part of the island (Brodhag et al. 2003, Seckel 2004, Behrmann and Seckel 2007).
The main lithological units from bottom to top (Laskari 2018) include a) a basement
of quartz-mica schists interlayered with lenses of orthogenessic bodies, which is under-
lying all other layers and is exposed only in the centre and southern part of the island;
b) white ultramylonitic marble overlain by a thick sequence of coarse-grain variegated
marble covering most of the island, ¢) quartz-mica schists intercalated with thin bed-
ded marble exposed in the eastern part of the island, and d) Neogene sediments, which
comprise mainly sandstones with cross-bedded layers and conglomerates. As in the rest
of the Cyclades islands and in continental Greece (Riedl and Papadopoulou-Vrinioti
2001), the Plio/Pleistocene — Late Pleistocene generation of karst basins dominate in
the Irakleia island (Figs 26, 27). An earlier colonization of Agiis by the ancestors of
Cycladiacampa irakleiae from Eastern Laurasia was possible and they dispersed on the
European islands since the Eocene—Oligocene, when the closing of the Turgai Strait
allowed the European—Asian connection (Decourt et al. 2000). Before this period, the
western European islands were occupied by Campodeinae (Podocampa Silvestri, 1932
and Litocampa Silvestri, 1933 genera) and the tachycampoid phyletic group that still
survives mostly in the Iberian Peninsula, Occitania region and western Mediterranean
islands (Sendra et al. 2020). The wave of these ancestors without medial posterior tho-
racic macrosetae, would include the subgenera Stygiocampa, Venetocampa, the genera
Patrizicampa, and Cycladiacampa and part of the Plusiocampa s. str. subgenus. These
taxa probably descending from this first dispersal wave are currently distributed in the
Dinaric Mountains, the isolated carbonate platform in Apulia (Italy) and the later-
fragmented eastern microplates of the Iberian Peninsula (Sendra et al. 2020), and in
Irakleia, in the middle of the Aegean Sea. The Laurasian origin was recently explained
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Figure 25. The fragmentation of Cycladia caused by the sea level rise followed the last glacial maximum
(after Lambert 1996, modified).

by the newly found diversity of Plusiocampinae in Asia (Sendra et al. 2017; Sendra
and Deharveng 2020). This distribution pattern is more evident for the cave-adapted
species Plusiocampinae in the Euro-Mediterranean basin, and it highlights the phy-
logenetic proximity of Stygiocampa and Cycladiacampa. The presence of C. irakleiae
is an unexpected surprise due to the periods of fragmentation of the Cyclades plateau
and the isolation of the small short karst areas pin the Irakleia Island. A second wave
of Plusiocampinae colonizers, with medial posterior thoracic macrosetae, could have
entered through Anatolia during the Late Miocene, reaching the new lands on the
Balkan Peninsula and the Aegean islands, Italian Peninsula, Rhone Valley, and Western
Mediterranean, including the islands and the Pre-Baetic Mountains in the south of the
Iberian Peninsula. This is the case for the six Plusiocampa species of the Aegean Islands,
with the exception of Plusiocampa (Plusiocampa) solerii Silvestri, 1932, but including
the two cave-adapted representatives recently described from Chios Island, 2 (2) chio-

sensis and Crete, P (P) hoffmanni.
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Figures 26,27. 26 Cyclades islands and the location of Irakleia 27 lithological map of Irakleia (redrawn
from Laskari 2018).

Human activities and conservation

The presence of humans in the cave dates back to the beginnings of the Early Cycladic
period (second half of the 4th millennium BC) and continues up to Modern time
(Mavridis et al. 2018). The cave has been officially declared an archaeological site and is
situated within the Wildlife Refuge “Nisos Irakleia” (OGG 1052/B/2000), the Special
Area of Conservation “GR4220013 — Mikres Kyklades: Irakleia, Schoinoussa, Koufon-
isia, Keros, Antikeria Kai thalassia zoni”, and the Special Protection Area “GR4220021
— Nisos Irakleia, Nisoi Makares, Mikros and Megalos Avelas, Nisida Venetiko Irakleias”
(Law 3937/2011 & Joint Ministerial Decision 50743/2017)

Despite its legal protection status, the cave is not protected and several hundred
people are visiting it every summer. The cave is dedicated to St John the Prodrome,
celebrated every year on the 28" of August. We hope this contribution will raise aware-
ness on the need to protect the cave due to, among other reasons, the exceptional
importance of its cavernicolous fauna and the current addition of the remarkable new
genus and new species Cycladiacampa irakleiae.
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Abstract

Pseudonannolene is a neotropical genus of millipedes distributed in Brazil, Argentina, Paraguay, Uruguay
and Bolivia. Generally, species of Pseudonannolene are considered troglophilic, i.e., they can establish a
source population in both subterranean and superficial habitats. Among the 60 species known, 49 are
found in Brazil; out of these, 25 occur in caves but only three are considered troglobitic (source population
exclusively subterranean). This study aims to describe the fourth troglobitic species of Pseudonannolene
from Brazil, and the first one from the region of Serra da Canastra, in the southeastern part of Brazil.

Keywords
diplopod, hypogean, neotropical, troglomorphism, Serra da Canastra

Introduction

Pseudonannolene Silvestri, 1895 (Spirostreptida, Pseudonannolenidae) is a neotropical
genus of millipedes distributed in Brazil, Argentina, Paraguay, Uruguay and Bolivia
(Schubart 1944; Mauriés 1987; Enghoff et al. 2015). The diagnostic feature of this

Copyright J. S. Gallo, M. E. Bichuette. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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genus is the presence of a longitudinal division of the promentum of the gnathochilar-
ium (Enghoff et al. 2015). Generally, species are considered troglophilic (Trajano et
al. 2000; Enghoff et al. 2015), i.e., they can establish a source population in both
hypogean (subterranean) and epigean (superficial) environments with individuals that
can move between these habitats, thus promoting the flow of selected genes in both
environments (Trajano 2012; Trajano and Carvalho 2017).

Among the 60 species known, 49 were reported in Brazil and 25 among these
occur in caves, while three are considered troglobitic (Iniesta and Ferreira 2014) i.e.,
the source population is exclusively subterranean (Trajano and Carvalho 2017). Most
of the described species are in the states of Minas Gerais and Sao Paulo (Gallo and
Bichuette 2019). In Brazil, the known troglobitic species include P spelaea Iniesta &
Ferreira, 2013, from Pard state, P ambuatinga Iniesta & Ferreira, 2014, and P lundi In-
iesta & Ferreira, 2015; these last recorded in the Minas Gerais state. For these species,
the troglomorphisms, 7.e., modifications in morphological characteristics associated
with subterranean isolation (Christiansen 1962), include reduction in body pigmenta-
tion, variation in number of ommatidia, body size, and antennae elongation (Iniesta
and Ferreira 2015).

Despite little knowledge about this group, two cave species, P ambuatinga and P
spelaea, are included in the List of Brazilian Threatened Fauna under Critically En-
dangered (CR) and Endangered (EN) categories, respectively (Chagas Jr et al. 2018a,
b). This classification is based on the IUCN (International Union for Conservation of
Nature) rules and adapted to the Brazilian criteria.

This study aims to describe the fourth troglobitic species of Pseudonannolene from
Brazil and the first one from the region of Serra da Canastra in southeast Brazil and
discuss its troglomorphisms and conservation status.

Materials and methods

Study area

The Gruta do Tesouro cave (Figure 1) is located in the municipality of Sao Roque de
Minas, in the region of Serra da Canastra, Minas Gerais state, 350 km away from the
capital Belo Horizonte. The climate of the region, according to Képpen’s classification,
is Cwa with dry winters and warm summers (Alvares et al. 2013), with rainy season oc-
curring from October to April and dry season from May to September. The vegetation
is composed of Cerrado (savanna-like) with riparian and mesophilic forests (Batista et
al. 2018).

The Gruta do Tesouro cave is composed of limestone rock belonging to the Bam-
bui geomorphological unit and has 1,320 m of passageways (Figure 2A). The cave is
outside the Serra da Canastra National Park (PNSC) and its surroundings are affected
by the pastures adjoining the cave entrance (Figure 2B); uncontrolled tourism is anoth-
er factor impacting the cave-dwellers. The specimens occur on the riverbank substrate
in an aphotic zone, i.e., in complete darkness (Figure 2C) with bat guano piles close by.
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Figure 1. Study area A Gruta do Tesouro geographical location (DM von Schimonsky) B cave map; the
star corresponds to the entrance used to access the cave in this study (Grupo Bambui de Pesquisas Espele-
olégicas) C satellite image; the star shows the entrance of the cave (Bing).

Collections

The specimens were manually captured by active search and placed in a non-toxic plas-
tic container and taken to the Laboratério de Estudos Subterrineos at Universidade
Federal de Sao Carlos (LES/UFSCar). The specimens were observed daily for seven days
and photographed alive at laboratory. The specimens were then fixed in 70 % ethanol
and photographed. The images were captured on a Leica DFC295 camera coupled to
a Leica M205C stereomicroscope with Planapo 1.0x lens and produced by mounting
multiple images using the LAS software (Leica Application Suite) V3.7. The holotype
was analyzed using a Scanning Electron Microscope (FEI Quanta 250, FEG-SEM) in
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Figure 2. Study Area A principal cave entrance B riverbank substrate where the specimens were found

C landscape view of Gruta do Tesouro cave surroundings. (Photos a and ¢ DM von Schimonsky).

Table 1. Species deposited at the Museu de Zoologia da Universidade de Sao Paulo (MZUSP).

Species Collection number
P, imbirensis Fontanetti, 1996 MZUSP1094
P tocaiensis Fontanetti, 1996 MZUSP1095
P, halophila Schubart, 1949 MZUSP1096
P maritima Schubart, 1949 MZUSP1098
P leucomelas Schubart, 1947 MZUSP1099
P tricolor Brolemann, 1902 MZUSP1100
P chaimowiczi Fontanetti, 1996 MZUSP1101
P, leucocephalus Schubart, 1944 MZUSP1102
P, ophiiulus Schubart, 1944 MZUSP1103
P silvestris Schubart, 1944 MZUSP1105
P urbica Schubart, 1945 MZUSP1106
P meridionalis Silvestri, 1902 MZUSP1115
P albiventris Schubart, 1952 MZUSP1116
P sebastianus Brolemann, 1902 MZUSP1118
P, paulista Brolemann, 1902 MZUSP1121

a low-vacuum mode. All individuals that did not present pairs of legs in all segments of
the body, that is the growth zone, were considered juveniles (Makarov 2015). The go-
nopods and the first leg-pair of the male were drawn with the program Adobe Illustrator
CC 2014 and the map prepared in the QGIS program version 3.4. The studied mate-
rial was deposited in the zoological collection at the LES / UFSCar. We examined the
species deposited at the Museu de Zoologia da Universidade de Sao Paulo (MZUSP)
(listed in Table 1); besides, the original descriptions of all species of Pseudonannolene

(eg. Schubart 1944, 1945, 1947, 1949, 1958, 1960; Silvestri 1895, 1897,1902; Brole-
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man 1902, 1929; Mauriés 1974, 1987; Fontanetti 1996a, b, 2000; Iniesta and Ferreira
2013a, b, ¢, 2014, 2015) were used. Thus, we use the terminology used by Schubart
(1944, 1945, 1947, 1949, 1958, 1960) and Fontanetti (19964, b) to refer to the com-

ponents of the diagnostic structures (gonopod and first leg-pair of male).

Results

Taxonomy

Order Spirostreptida Brandt, 1833

Family Pseudonannolenidae Silvestri, 1895
Genus Pseudonannolene Silvestri, 1895

Pseudonannolene canastra Gallo & Bichuette, sp. nov.
http://zoobank.org/D1CDA013-785D-4800-A746-87BF93FE48C8
Figs 3—6

Materials Examined. Holotype: Brazil ® &' Gruta do Tesouro cave, Sio Roque de Mi-
nas, Minas Gerais, Brazil; 26.1X.2017; Fernandes CS, Gallo JS, von Schimonsky DM
leg.; LES15282. Paratypes: Brazil ® 39 (two adults and one juvenile); same locality;
15.VII1.2014; by Bolfarini MP and Zepon T leg.; LES15283 @ 1 29 (juveniles);
same locality, data and collectors as for holotype; LES15284.

Etymology. The name “canastra” is in allusion to a kind of an ancient chest. This
name is also used to refer to the region where the Gruta do Tesouro cave is locate, Serra
da Canastra, that is characterized by a chain of mountais shaped like canastra. Here,
we use Canastra as a noun in apposition.

Diagnosis. Pseudonannolene canastra sp. nov. has wide coxa of gonopods resem-
bling those of P microzoporus Mauri¢s, 1987, while its solenomerite shape is similar
to that of P maritima Schubart, 1948. However, P canastra sp. nov. differs from these
species in characteristics such as the round shape of the gonopod coxa, the telopodite
with a wide base, reduced dentiform processes, different number of spines in the inner
part of the coxa (three in the left coxa and four in the right coxa in caudal view), and a
divergent pre-femoral process with reduced and flaky pre-femur prolongations. Exter-
nally, these species are quite distinct. Pseudonannolene microzoporus, considered troglo-
philic, has a uniform light brown pigmentation (Mauries 1987) while 2 maritima, re-
corded only in epigean environment, is brownish or brownish-black, and the head and
the first two segments are always lighter, with nearly yellowish color (Schubart 1948).

Holotype description (male). Body length 36.26 mm, ring diameter 1.98 mm,
with 59 rings (counting the collum and the telson) (Table 2) without anterior or pos-
terior tapering of the body; the prozonite is shorter (0.04 mm) than the metazonite
(0.33 mm); metazonite has thin striae in the ventrolateral portion of all the rings; the
gnathochilarium is typical of the genus Pseudonannolene with longitudinally divided
promentum (Enghoff et al. 2015); head has a posterior suture from the collum to the
line of the eyes.



38 J. S. Gallo & M. E. Bichuette | Subterranean Biology 35: 33—47 (2020)

400 pm

/

//_
"
b

/

7

/
\\‘1

N\

—— Om—— 500 pm

50 pm

Figure 3. Gonopod an Fist pair of holotype legs by Scannig Electron Microscope (SEM) A caudal view
of gonopod B detail of the internal spines and dentiform process € detail of solenomerite e telopodite
D caudal view of male first pair of legs E detail of pre-femural process. Photo: LBR Fernandes.
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Table 2. Morphological data of all the specimens analyzed for description. H: holotype, P: paratype, Ad:
Adult, Jv: juvenile, F: female, M: male, R: right, L: left, O: oval, T: triangular, NO: could not be observed.

Pseudonannolene canastrasp.nov. H P001  P002 P003 P004 P005 P006  P007
Age Ad Ad Ad Jv Jv Jv Iv Ad
Sex M F F F F F M F
Length (mm) 36.23  44.82 5449  30.47 1724 20.13  34.66  46.20
N° of rings 59 58 67 NO 43 46 56 60
N° of ommatidia R:22 R:20 R:24 R:22 R:8 R:11 R:19 R:18
L:24 L:20 L:28 L:14 L:8 L:11 L:16 L:22
Shape ¢} O O (¢} o/T O/IT ¢} ¢}
Anal plate setae 2+2 NO NO NO 2+2 2+2 2+2 2+2

Pigmentation: In life, the pigmentation of the head, antenna, legs, and body rings
is light yellow with no difference in the coloration of the prozonite and metazonite;
the ommatidia and ozopores are reddish (Figure 4). Pigmentation in 70 % ethanol:
The head, rings, and legs darken after fixation (brown coloration), the eyes become
brown like the head by losing the reddish coloration. Only the antenna maintained
the original color (Figure 5).

Antenna: Slender (2.3 mm length), covered by fine white setae almost transparent,
with some setae larger than others; antennomeres longer than width; the third anten-
nomere is the largest; the sixth antennomere is the widest with a round shape and four
sensory cones in the end. The antenna length ratio to the head 1.7 (from the beginning
of the suture from labrum) while diameter ratio 1.17.

Eyes: oval-shaped lateral eyes area 0.09 mm?, lengths 0.44 mm and 0.43 mm
(right and left, respectively); width 0.3 mm; twenty-two ommatidia (Richter et al.
2010) on the right side and 24 ommatidia on the left side (Table 2).

Gonopodium (Figure 6A-D): The coxa is round, 0.45 mm long and 0.34 mm
wide; the dentiform processes reduced in number and size (Figure 3A) with three inter-
nal spines (or processes, Iniesta and Ferreira 2013) on the left side and four on the right
side (Figure 3B, one of the spines is not visible in the figure); the solenomerite end
rounded and scaly (Figure 3C) (0.24 mm long, 0.12 mm wide), corresponding to 0.54
and 0.35 of the coxa length and width, respectively; the telopodite smaller than the so-
lenomerite in length (0.122 mm) but larger in width (0.139 mm) and corresponds to
0.51 and 1.17 of the solenomerite length and width respectively; it measures 0.15 mm
in length and has a wide base (with thin setae) that narrows gradually (Figure 3D).

First pair of legs (Figure 6 E-F): coxa longer than wide (0.58 mm length, 0.28
mm width); setae are concentrated in the distal region of the coxa and few setae are
found in the proximal region (Figure 6 D); the coxa base is slightly narrow; the pre-
femur wider (0.18 mm) than length (0.15 mm); strong setae concentrate on the in-
ner side of the pre-femur; pre-femoral process divergent, as small, rounded and scaly
extensions in the base of the pre-femur (Figure 3E); femur (0.27 mm), post-femur
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Figure 4. Pseudonannolene canastra sp. nov. live specimens A, B specimens in natural environment C
at laboratory, specimen darkened after contact with artificial light. Photos: A DM von Schimonsky and
C D] Tomaz.

Figure 5. Pseudonannolene canastra sp. nov. in left lateral view, preserved in ethanol 70%. Photo:
LBR Fernandes.
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Figure 6. Gonopods and first pair of legs of Pseudonannolene canastra sp. nov. A, B scheme and stereomi-
croscopic photograph of the gonopods in caudal view C, D scheme and photograph in stereomicroscope
of the gonopods in oral view E, F schematic and stereomicroscopic photograph of the first pair of legs in

oral view. Photo: LBR Fernandes.
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(0.15 mm), tibia (0.13 mm), and tarsus (0.22 mm) with thick, elongated setae; the
tarsal claw is 0.15 mm long.

Walking legs (mean values): total length 1.79 mm; coxa (0.21 mm), pre-femur
(0.26 mm), femur (0.33 mm), post-femur (0.27 mm); tibia (0.23 mm); tarsus (0.34
mm) with setae on the inner side; all podomeres longer than wide; the tarsal claw 0.14
mm length.

Telson: The anal valve has 2 + 2 setae, no sulcus; the pre-anal sclerite does not ex-
tend beyond the anal valve; the subanal plate lacks projection (Table 2).

Distribution. An endemic species of Gruta do Tesouro cave, Sio Roque de Minas,
Minas Gerais, Brazil.

Observations. The juveniles, 7.e. individuals that did not present pairs of legs in all
segments of the body (Makarov 2015), show symmetry in the number of ommatidia;
eyes are more triangular than oval. The other characteristics of the body are the same as
those of the adults. For this species, the females are larger than the males.

Discussion

Pseudonannolene canastra sp. nov. is a Spirostreptidan troglobitic millipede restricted to
the Gruta do Tesouro cave, with non-occurrence on epigean (surface) habitats, reduc-
tion in pigmentation and displaying a classical troglomorphism i.e., the convergence
in morphological traits related to isolation in the subterranean environment (Chris-
tiansen 1962). Millipedes are a conservative group (Causey 1960) and “pre-adapted”
(sensu Arnold 1994) to subterranean habitats. Thus, the inference of morphological
modifications associated with the isolation in subterranean environment for the Bra-
zilian Pseudonannolene millipedes is observed to a lesser extent. Only nine troglobitic
(i.e. exclusive to the subterranean realm) millipedes have been identified from Brazil:
five of them belonging to the order Polydesmida (Dobrodesmus mirabilis Shear, Ferreira
& Iniesta, 2016; Leodesmus yporangae (Schubart, 1946); Phaneromerium cavernicolum
Golovatch & Wytwer, 2004; Peridontosmella alba Schubart, 1957; and Yporangiella
stygius Schubart, 1946), three from the order Spirostreptida (P ambuatinga, P lundi
and P spelaea), and one from the order Glomeridesmida (Glomeridesmus spelaeus Ini-
esta & Wesener, 2012).

Adult millipedes generally have dark pigmentation, while the juveniles can be
lighter because of the ecdysis process (Makarov 2015). However, P canastra sp. nov.
maintains light pigmentation in adult stage. The reduction of integument pigmenta-
tion was observed in the troglobitic species R ambuatinga, P lundi, and P spelaea.
Darkening of the pigmentation of P canastra sp. nov. was also observed when they were
exposed to artificial lighting. This darkening has already been reported for 2 spelaea
(Iniesta and Ferreira 2013).

Some cave-dwelling species of the genus Plusioglyphiulus (Spirostreptida, Cambalop-
sidae) present ommatidia varying from four to 13; this was not considered as a troglo-
morphic trait (Golovatch et al. 2009). Some examples of troglobitic species belonging
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to the order Spirostreptida are Cambala speobia Chamberlin, 1953; C. reddelli inornatus
Causey, 1964; and Mexicambala russelli Causey, 1964; they have been identified from
caves in North America. These species show troglomorphic traits such as lack of eyes (C.
speobia and M. russelli) or reduced number of ommatidia ca. 27 (C. reddelli inornatus).
The species of the Pseudonannolenidae family have four to 45 ommatidia; they are
rarely absent (Enghoff et al. 2015). Following this pattern, we do not consider that 2
canastra sp. nov. has a reduced number of ommatidia. Besides, ommatidia are absent in
the pseudonanolenid Typhlonannolene adaptus Chamberlin, 1923, an epigean species,
which reinforces the idea that the reduction (until its complete absence) in the number
of ommatidia is not simply related to the isolation in the subterranean environment.
Therefore, it is difficult to infer if this character-state truly represents a troglomorphism.

There are some gaps in the description of the Pseudonannolene species. One of
them is related to the antenna measurements. Forty-one percent of descriptions do
not mention the exact measurement or only report that the antenna is long. For the
remaining 59% of the described species, the ratio between the antenna length and the
body diameter ranges from 0.59 for P maritima to 1.55 for P tricolor — the last species
is considered troglophilic. Considering the troglobitic species — P spelaea, P ambuat-
inga and P lundi, the ratio ranges from 0.86 to 1.04 (P ambuatinga), 1.03 to 1.08 (P
lundi), and 0.93 to 1.06 (P spelaea). The antenna length of 2.3 mm in P canastra sp.
nov. is 1.17 of its body diameters, the largest for the troglobitic species. However, this
ratio is also large in the troglophilic species 2 microzoporus (1.27), P strinatii (1.23 to
1.5) and P #ricolor (1.52 to 1.55), for example, even larger than that observed in the
troglobitic species.

Considering the body dimensions, the order Spirostreptida ranges from 0.6 to
20 mm in body diameter (Enghoff et al. 2015). The troglobitic species Cambala red-
delli inornatus, M. russelli and C. speobia have a body diameter of 1.0, 1.3, and 1.9 mm,
respectively. For the Pseudonannolenidae family, the body is considered slender com-
pared to the other spirostreptidians, with diameters varying from 0.7 to 6 mm (Eng-
hoff et al. 2015); most of the Pseudonannolene species have a diameter ranging from
2 to 5 mm. The adult P canastra sp. nov. shows a body diameter of 1.97 mm and is
thinner when compared with the other two troglobitic species 2 ambuatinga (2.4 to
3.36 mm), and P lundi (2.4 to 2.8 mm). However, it is slightly larger than the troglo-
bitic P spelaea (1.74 to 1.88 mm) in body diameter. Some troglophilic species like 2
leucocephalus and P taboa show their body diameter ranging from 1.4 to 2.2 mm and
5.5 to 6.1 mm respectively. So, we cannot infer whether the body diameter observed in
P canastra sp. nov. is a reduction and consequently a troglomorphism or not.

Endemism and conservation

The Serra da Canastra is known for its scenic beauty with large rocky walls, waterfalls,
and its biological richness of fauna and flora ICMBio 2018). However, the Serra da
Canastra National Park (PNSC) is the only protected part of this region. The Gruta
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do Tesouro cave is outside the perimeter of the PNSC and located on private property,
therefore, it is unprotected. The farm owners manage tourist activities, and no manage-
ment plan is implemented.

Pseudonannolene canastra sp. nov. is the first troglobitic species described for Serra
da Canastra. The present species is geologically isolated from the other species de-
scribed for the genus Pseudonannolene due to their occurrence inside the caves. The
Municipality of Sao Roque de Minas is in the geomorphological unit of Bambui, spe-
cifically in the formation of Paraopebas (Karmann and Sanchéz 1979). The nearest
described species are from the Pains region located about 85 km from Sao Roque de
Minas, inserted in the Sete Lagoas formation (another formation of the Bambui geo-
morphological unit) (CODEMIG 2003).

Pseudonannolene canastra sp. nov. is mostly found in a specific substrate (the bank
of a river) with high humidity; any change in its habitat is dangerous. This species is
endemic to the Serra da Canastra region and restricted to the Gruta do Tesouro cave,
which is threatened by uncontrolled tourism and deforestation for pasture. Samplings
in other caves in the region were made and this species were not found. This can be
justified by the limited dispersal power of millipedes (Hopkin and Read 1992; Golo-
vatch and Kime 2009) resulting in a high degree of speciation, and the evolution of
many endemic species (Hopkin and Read 1992). The troglobitic species described
were found in very moist microhabitats in the caves, associated with drainage or spele-
othems and, bat guano and vegetable debris as food resources (e.g. Iniesta and Ferreira
2015). Because of these conditions, we carried out a preliminary evaluation concerning
the status of conservation of this species following the IUCN (International Union of
Conservation of Nature) classification. Pseudonannolene canastra sp. nov. was classified
as Critically Endangered (CR) with the criteria Blab (iii): B being the restricted geo-
graphical area; B1 the occurrence extension of the taxon (<100 km? according ITUCN,
the present species has 51.9 km?); a represents one location and b(iii) represents the
continuous decline of habitat quality. In addition to 2 canastra sp. nov., two more sub-
terranean species are known from the Serra da Canastra (different taxonomic group)
that has been sampled by LES team (Laboratério de Estudos Subterraneos) since 2009
(Gallao and Bichuette 2018). This shows the potential and biospeleological impor-
tance of the region, as well as the need for adequate protection and management of
the cave, its surroundings, the watershed and landscape (Gallao and Bichuette 2018).
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Abstract

Inventories of cave species and in-depth understanding of cave ecosystems are essential for informing con-
servation approaches for the unique and vulnerable cave fauna. Gewihaba cave is the largest cave in Bot-
swana but its ecology is poorly understood. This study set out to provide the first quantitative survey of the
cave’s terrestrial macroinvertebrates. Macroinvertebrates were collected from sample sites at 10 m intervals
into the cave from the cave entrance. At each site, macroinvertebrates on the cave floor were collected by
quadrat sampling while macroinvertebrate from cave walls were collected by visual opportunistic searches.
Moisture content, pH and electrical conductivity of the cave floor substrate were measured at each site to
examine the influence of the floor properties on the distribution of macroinvertebrates on the cave floor.
Twelve species in 10 families and 8 orders of terrestrial macroinvertebrates were collected. The occurrence of
taxa varied across the sites, with most taxa occurring in the light and twilight sectors of the cave (within 30
m), whereas the dark sector (beyond 30 m) was dominated by cave cockroaches (Gyna sp.). The abundance
of the cave cockroaches, darkling beetles (Tenebrionidae, Zenebrio sp.) and cave wasps (Sphecidae) positively
correlated with floor substrate of high moisture content and high electrical conductivity, which became in-
creasingly common with distance into the cave. The abundance of other taxa from the cave floor positively
correlated with a floor substrate of high pH and low moisture, which was common near the cave entrance.
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Introduction

Ecological studies of cave ecosystems are essential for understanding, conserving and
managing subterranean ecosystems (Schneider and Culver 2004). Conservation of cave
ecosystems is crucial not only because they support unique and vulnerable biodiversity
Mammola 2019), but also because their stable environments (Culver and Pipan 2013)
serve as natural laboratories to study evolutionary processes such as adaptation and
speciation. Nonetheless the importance of having a standardised data to be compared
in the long term is crucial for species conservation assessment (Lunghi et al. 2020).

Macroinvertebrates are an important component of the cave biota because of their
relatively high diversity compared to the vertebrate biota, and because of their signifi-
cant roles in cave ecosystem functions (Moseley 2009). They are crucial for nutrient
cycling in the cave. For example, carbon inputs into caves from bat guano, and organic
matter from surface floods, are preliminarily broken into smaller pieces by macroinver-
tebrates facilitating further break down by microbes. Some macroinvertebrates, such as
cave crickets, serve as key trophic links between the surface ecosystems and the cave as
they forage on the surface during the night and return to the cave at daytime (Lavoie
et al 2007). The diversity of cave invertebrates is therefore important for maintaining
cave ecosystem functions, necessitating an inventory of cave invertebrate species and
an understanding of their niche separation.

Gewihaba cave, in the remote area of northern Botswana, is the largest in the
country but ecologically poorly understood. Few studies at the caves include a non-
comprehensive survey of its bat species (Seamark and Pretorius 2018). There is no
published literature on macroinvertebrate assemblages of the cave despite their crucial
role in cave ecosystem functions (Cooke and Baillieul 1974; Dandurand et al. 2019).
A quantitative survey of the cave’s macroinvertebrates is necessary for inventory of the
cave’s macroinvertebrates taxa and for improving the ecological understanding of the
caves, and hence inform conservation priorities (Wynne et al 2019).

The current study surveyed terrestrial macroinvertebrates of Gewihaba cave and
examined their distribution against distance into the cave to identify environmental
drivers of their community structure and dynamics. The distance from cave entrance
into the cave is associated with gradients of environmental variables such as light, tem-
perature and humidity, which can potentially influence the distribution of macroinver-
tebrates within the cave (Lungi et al. 2015; Mayer et al. 2016). This study presents the
first quantitative survey of the cave’s terrestrial macroinvertebrates.

Methods

Study area

Gcewihaba cave (also known as Drotsky’s cave) is in the north west part (Ngamiland
district) of Botswana, along the border with Namibia. It is located under one of the five
low-lying dolomite hills in the Gewihaba Valley, the Gewihaba hills (20°01'30.2"S,
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Figure 1. Location of Gewihaba hills in Botswana indicated by a red triangle (Reprinted from Robbins
etal. 1996 with permission from Lawrence Robbins).

21°21'27.5"E and 20°1'26.4"S, 21°21'14.4"E) (Figure 1). The habitat surrounding
the hills is a semi-arid, dense, shrub savanna, referred to as the Kalahari Thirstland
(Pickford and Mein 1990). The climate of the arid Kalahari is characterised by hot
summers with warm nights, and warm winters with cold nights. The fieldwork trip
to the cave for this study was undertaken in July 2019 when night temperatures were
about 6 °C and daytime temperatures were about 25 °C.

The cave is mainly horizontal and has two entrances in the steep and rocky western
slope of the Gewihaba hills (Figure 2). The Gewihaba cave is an underground maze
of chambers with secondary flowstone and dripstone formations including stalactites,
stalagmites and pillars. Some of the cave chambers are about 10 meters high while oth-
ers range between 3 to 5 m in height.

Sampling

Terrestrial macroinvertebrates were collected from the cave between 10am and 3pm,
from the 6* to the 10™ of July 2019 (4 days), by a team comprising two cave guides,
the principal investigator and a research assistant. The samples were collected from
the cave floor and walls at approximately 10 m distance intervals (sample sites) into
the north east chamber, starting from the South entrance (Figure 2). The sample
sites were numbered 1 to 6 from the entrance (Figure 2), with site 1 at the cave
entrance, sample sites 2 and 3 in the twilight sector and sites 4 to 6 in the dark sec-
tor. At each survey site, macroinvertebrates on the cave floor were collected from
three positions (sampling points): at the base of each wall and in the middle of the
chamber. Samples were collected by placing a 1 m? wooden quadrat of height 0.2 m
and then visually collecting macroinvertebrates from the surface within the quadrat
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Figure 2. The plan view of Gewihaba cave (also known as Drotsky’s cave) showing its chambers, the
approximate position of cave sites surveyed for this study and other internal features (Modified from
Dandurand et al. 2019, with permission from Gregory Dandurand).

for 20 minutes using tweezers. Where there were guano piles, macroinvertebrates
were searched in the guano within a depth of 5cm. Macroinvertebrates on the cave
walls were collected by opportunistic visual searches concurrently with each quadrat
collection, thus making a total duration of one-hour wall survey time at each sur-
vey site. To ensure a consistent sampling effort the same collectors were maintained
throughout the survey. All collected specimens of macroinvertebrates were put into
a labelled vial containing 70% ethanol. The collected macroinvertebrates were then
identified using the morphospecies approach (Derraik et al. 2002).

To measure cave floor cave properties, namely pH, electrical conductivity (EC)
and moisture content, triplicate 20g samples of cave floor substrate were collected into
labelled plastic bags at each survey site. Each sample was collected from where the
quadrat was placed for macroinvertebrate collections. All the substrate samples were
kept in a cool dark container prior to analyses.The cave floor substrate was mainly soil
at the cave entrance but at other sample sites, it was mixture of soil and bat guano with
the proportion of bat guano generally increasing with distance into the cave. The cave
floor properties were measured as described in Ferreira et al. (2007) within a week of
collection. Based on the procedure, the parameters were measured from 2.5 g subsam-
ples from each sample. The subsamples were homogenised in 20ml distilled water and
then measured for pH and EC. Moisture content was determined as weight loss of
sample after drying 10g of each subsample at 100 °C for 24 h.

Statistical methods

Abundance frequencies of each taxa at the sample sites were compared using Chi Square
(x?) tests. Simpson diversity index was computed for samples from each survey site and
used to compare macroinvertebrate diversity across the sample sites. Relationships be-
tween the measured substrate variables were examined using the Pearson Correlation
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test. Canonical correspondence analysis (CCA) was used to examine the associations
between the measured variables and macroinvertebrate taxa collected from the cave
floor. CCA requires that species data should be unimodal and there was evidence from
preliminary detrended correspondence analyses (DCA) that the macroinvertebrate
data exhibited unimodal responses (length of first axis was 4.46; Lep$ and Smilauer
2003). All statistical tests were performed in SPSS version 25 (IBM Corp. 2017) and
R software, version 3.6.1(R Core Team 2019) using a significance level of 5%.

Results

Terrestrial macroinvertebrates of Gecwihaba cave and their distribution within the cave

A total of 12 macroinvertebrate taxa including 8 orders and 10 families were collected,
amongst which 10 taxa were identified to genus level. The common macroinvertebrate
taxa in Gewihaba cave (those collected from four sample sites or more) were cave cock-
roaches (Gyna sp.), cave crickets (likely Spelaciacris sp.), darkling beetles (Eurychora sp.)
and violin spiders (Loxosceles sp.) (Figure 3).

All the cockroaches (Blaberidae) were collected from the cave floor. Other taxa
mostly found on the cave floor include pseudoscorpions (Withiidae), darkling beetles
(Ienebrionidae.), assassin bugs and sphechid wasps (likely Sphex sp.). Violin spiders
(Sicariidae), thread-legged bugs (Emesinae), moth larvae (Actiidae), flat spiders (Se-
lenopidae.) and cellar spiders (Pholcidae.) were found more on the cave wall than on
the cave floor. The number of cave crickets (Rhaphidophoridae) and darkling beetles
(Tenebrionidae) collected from the cave floor was similar to that collected from the
cave wall (Table 1).

Sample sites differed significantly in terms of the overall number of macroinverte-
brate specimens collected (y* (5), = 638.4, p < 0.001), the overall number of specimens
collected from the cave floor and walls generally increased with distance into the cave,
although the site at 40 m had a lower number of specimens than the site at 30 m and
the site a 50 m (Figure 4). The increase in the number of collected macroinvertebrates
with distance into the cave did not correspond with an increase in the diversity of the
macroinvertebrates as there was an overall general decrease in macroinvertebrate diver-
sity corresponding with increasing distance into the cave (Figure 4). Abundance and
diversity of macroinvertebrates collected from the cave floor also showed this general
trend (Figure 4). The diversity of cave floor macroinvertebrates sharply decreased at
30 m and then remained almost constant across sample sites at 40 and 50 m meters
into the cave. Unlike macroinvertebrates collected from the cave floor, the number of
macroinvertebrates from cave walls were greater at sample sites close the cave entrance,
with a progressive increase from 30 specimens at the cave entrance to 54 specimens
at 20m, whereas at sample sites beyond 20m the number of specimens fluctuated be-
tween 6 and 26 (Figure 4). For both macroinvertebrates collected from the cave floor
and from cave walls, the number of specimens collected at sample sites further than
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Figure 3. Common macroinvertebrate taxa found in Gewihaba cave (photos by R. Mazebedi). A Cave

Cave beetles

cockroach (Gyna sp.) in family Blaberidae B cave cricket (likely Spelaciacris sp.) in the family Rhaphido-
phoridae C darkling beetle (Eurychora sp.) in the family Tenebrionidae D violin spider (Loxosceles sp.) in

the family Sicariidae.

Table I. Taxa collected from Gewihaba cave, Botswana. For each taxon, the overall number of individu-
als collected (Total count), the number of individuals collected from the cave floor (Floor count) and the

number of individuals collected from cave walls (Wall count), are shown.

Order Family/Subfamily (common name) Genus/Species Total count Floor count Wall count
Blattodea Blaberidae (Cave cockroaches) Gyna sp. 444 444 0
Orthoptera Rhaphidophoridae (Cave crickets) — Spelaeiacris sp. 55 25 30
Coleoptera Tenebrionidae (Darkling beetles) Eurychora sp. 34 14 20
Araneae Sicariidae (Violin spiders) Loxosceles sp. 33 4 21
Hemiptera Reduviidae/Emesinae (thread legged 14 2 12

bugs)
Coleoptera Tenebrionidae (Darkling beetles) Tenebrio sp. 14 11 3
Pseudoscorpiones Withiidae (Pseudoscorpion) 11 11 0
Hemiptera Reduviidae (Assassin bugs) 6 5 1
Lepidoptera Arctiinae 5 0 5
Hymenoptera Sphecidae (wasps) Likely Sphex sp. 4 4 0
Araneae Pholcidae (Cellar Spiders) Smeringopus sp. 4 1 3
Araneae Selenopidae (Flat spiders) Selenops sp. 3 0 3

20 m into the cave was lowest at 40m. As for macroinvertebrates collected from the
cave floor, the diversity of macroinvertebrates from the cave walls generally decreased
with distance into the cave.
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Figure 4. Variation of the abundance and diversity of terrestrial macroinvertebrate samples with respect
to distance into Gewihaba cave, including all samples collected at each site, samples collected only from
the floor at each site and samples collected only from the cave walls at each site.

The four most abundant macroinvertebrate taxa; cave cockroaches, cave crickets,
darkling beetles and violin spiders were not evenly distributed along the 50m transect.
The cave cockroach abundance increased with distance into the cave (y* (5), = 72.7,
p < 0.001) (Figure. 5). The number of cave crickets, cave beetles and violin spiders
collected also varied across sample sites along the 50m transect into the cave, (x* (5),
=46.9, p <0.001, x* (5), = 46, p < 0.001, and y* (5), = 15.5, p < 0.001 respectively).
The relative abundance of macroinvertebrate taxa was greater near the cave entrance
but decreased with distance into the cave. The proportion of the three taxa decreased
strongly after the 20m distance into the cave, with the relative abundance of cave
crickets and violin spiders reducing from over 20% each to less than 10%. Among the
four most abundant taxa, darkling beetles were the most collected at the cave entrance
(37%) but were not collected at sample sites past 30 m into the cave (Figure 5).
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Figure 5. Proportion of the four most abundant macroinvertebrate taxa along a 50 m transact into

Gcewihaba cave.

Environmental variables

Among the measured variables in the cave, pH ranged between 4.9 and 7.0, with a
mean of 6.2. Electrical conductivity (EC) of the cave floor substrate ranged from 1179
to 12180 pS/cm with a mean of 6075 pS/cm. Moisture content of the cave floor sub-
strate ranged from 15% to 35% with a mean of 12%. Moisture content of the floor
substrate increased with distance into the cave (Figure 6) and was positively correlated
with its EC levels (t = 7.07, df = 19, p < 0.001). Substrate pH decreased progressively
with distance into the cave until it reached a minimum of 4.9 at 40m before slightly
rising to 6.15 pH at 50m (Figure 6). The pH was negatively correlated with levels of
substrate moisture (t = -4.39, df = 19, p < 0.001) and EC (t=-2.87,df = 19, p = 0.01).

Relationships between environmental variables and cave floor macroinvertebrate
taxa in Gewihaba cave

The total variation explained by the measured variables was 46% of which 36.8% was
explained by canonical axis 1 (CCA) (Table 2). Distance into the cave had the greatest
loading on axis 1 (0.83), followed by moisture content of the cave floor substrate (mois-
ture) (0.63) and electrical conductivity (EC) of the floor substrate (0.56) (Table 2).

Based on CCA analysis, the abundance of cave cockroaches (Blaberidae), darkling
beetles (Tenebrionidae, Zenebrio sp.) and cave wasps (Sphecidae) was positively as-
sociated with axis 1, with cave cockroaches showing the strongest association with
the axis. The adult cave cockroaches were strongly associated with floor substrate with
high moisture levels whereas the abundance of the cockroach nymphs showed strong
association with distance into the cave and EC levels of the floor substrate. (Figure
7). The abundance of other macroinvertebrate taxa from the cave floor was negatively
associated with axis 1 (Figure 7). The abundance of the taxa thus showed negative cor-
relations with distance into the cave, moisture and EC levels of the cave floor substrate,
but showed a positive correlation with the pH level of the cave floor substrate. The taxa
that showed the greatest negative correlation with the first axis were the moths (Arctii-
nae) and spiders (Selenopidae and Pholcidae) (Figure 7).
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Table 2. Proportion of variation in the distribution of cave floor macroinvertebrate explained by meas-
ured variables and the loadings of the variables to CCA axes 1-4.

Total CCA1 CCA2 CCA3 CCA4
Variance explained 46% 36.8% 5.3% 3.9% 0.06%
pH loading -0.38 -0.44 -0.60 0.55
EC (pS/cm) loading 0.56 -0.065 0.50 0.66
Moisture (% in 10g) 0.63 -0.51 0.43 0.38

Distance (m) 0.83 0.36 -0.17 -0.39
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Discussion

The macroinvertebrate fauna that was collected from Gewihaba cave during the cur-
rent study include taxa which were previously collected from other caves in northwest
Botswana. Macroinvertebrate groups such as cave cockroaches (Blaberidae) and as-
sassin bugs (Reduviidae) were also collected by Du Preez et al. (2013) in Bone cave,
which is about 19 km from Gcewihaba cave. The total number of families from each
cave sampled in that study varied, but was always less than the total number (10) found
in the current study; Bone cave (6 families), Diviner’s cave (5 families) and Blue cave
(3 families all from Areneac). Factors that can explain the greater number of macroin-
vertebrate taxa in Gewihaba cave compared to Bone cave is bat presence and cave size.

Despite the collected samples indicating greater diversity of terrestrial macroin-
vertebrates for the cave compared to other caves in Botswana’s north west region, the
macroinvertebrate diversity observed in our study is likely an underestimate of the
total macroinvertebrate diversity that exist Gewihaba cave. There is evidence that some
macroinvertebrate species that occur in the cave were missed, for example a cave beetle
(Ptinus peringueyi) previously reported by Philips and Smith (2016) in the dark zone
of the cave was not collected during our survey. Our preliminary survey collected mac-
roinvertebrates from only the northeast chamber of the cave, a more comprehensive
survey will likely reveal a greater number of taxa. Other macroinvertebrates that may
potentially be present in the cave include those collected in other caves within the
north west region of Botswana. These inculde groups which were collected by Du Preez
etal. (2013) such as ants (Formicidae), true crickets (Gryllidae) soft ticks (Argasidae) at
Bone cave and centipedes (Cryptopidae), woodlice (Platyarthridae), japynids (Diplu-
rans) and termites (Termitidae) at Diviner’s cave.

In general, the collected macroinvertebrates taxa are those which can be expected
from a cave in southern Africa. According to Sharratt et al. (2000), macroinvertebrate
faunas of most caves in southern Africa consist of cave cockroaches, crickets, tenebroid
beetles, reduviids and ants; these are among the groups which were collected in this
study except for ants. Generally, there are few recorded troglobitic species for African
caves, likely because of relatively high fluctuations of weather conditions in the caves
(Sharratt et al. 2000). Another factor that may be contributing to the low records of
troglobitic species in African caves is the low sampling efforts. A recent discovery of
a new species of troglobiont pseudoscorpion (Botswanancus ellisi) in Diviner’s caves
(Harvey and Du Preez 2014) was the first troglobitic species recorded in Botswana.
In our collections, no troglobiont species have been confirmed yet but troglomorphic
features (Christiansen 2005) were observed in the collected pseudoscorpions (Withi-
idae), which had slightly elongated legs and pedipalps and possibly, albeit perhaps less
likely, cave crickets (Spelaeiacris sp.) which had pale coloration.

Generally, cave systems have low macroinvertebrate diversity because of the limited
variety of food sources at the base of their food webs (Venarsky and Huntsman 2018).
Therefore, the low number of macroinvertebrate taxa (10 families) was to be expected
especially in an arid landscape of Botswana which may limit the quantity and variety
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of allochthonous food sources into the cave. Compared to other caves in Africa and
beyond, the number of collected taxa is comparable to caves with similar climatic and
environmental settings. For example, the number of macroinvertebrate taxa reported for
caves of Ghana, the majority of which are formed under hills, similar to the Gewihaba
cave, range from 3 to 16 morphospecies with an average of 9 morphospecies (Philips et
al. 2016). Some macroinvertebrate taxa which were found to be abundant in Gewihaba
such as Gyna sp. (cave cockroaches) and Tenebrionidae (darkling beetles) were also found
to be abundant is some of the caves studied by Philips et al. (2016). Three spider species
were found in this survey, which given the low species richness is as expected. Spiders
are prevalent in caves with more than a 1000 troglobionts and many more troglophile
and trogloxenes (Mammola and Isaia 2017). However, while web-building spiders in
general, and orb spiders in particular, are common in the entrance and twilight zones
of temperate caves (Rector 2009; Mammola et al. 2017; Hesselberg et al. 2019), none
of the three species found in Gewihaba cave build complex webs. A similar lack of
orb web-building spiders is reported from other African caves (Sharratt et al. 2000;
Dippenaar-Schoeman and Myburgh 1997). While the reason for this difference is not
known, it could be related to lower proportions of smaller flying prey and the general
drier environment in these caves. Gewihaba cave for example have a humidity between
60% and 70% rH (Dandurand et al. 2019), while spider-rich European caves have rela-
tive humidities above 80% rH (Manenti et al. 2015; Hesselberg and Simonsen 2019).

The diversity of macroinvertebrates collected from the cave floor decreased with
distance into the cave likely responding to environmental variables associated with
proximity to the cave entrance. The measured abiotic variables, including pH, EC and
moisture content of the cave floor, showed distinct trends that were associated with dis-
tance from the cave entrance (Figure 5). Cave floor pH deceased (became more acidic)
with distance into the cave likely due to greater quantities of bat guano in deeper sites
since bat guano has acidic pH (Sikazwe and De Waele 2004). Greater diversity of
macroinvertebrates has been shown to occur in higher soil pH closer to cave entrance
(Kurniawan et al. 2018). Decomposition of bat guano releases ions (Sikazwe and De
Waele 2004) into the cave floor which can explain greater EC at deeper sites where bat
guano is more abundant. Moisture content of the cave floor substrate increased with
distance into the cave likely because of lower rates of air circulation in deeper sites. The
sample sites located further into the cave generally support fewer species because of
minimal air circulation, high humidity, limited or no light and minimal fluctuation of
environmental conditions (Culver et al. 2013).

Cave macroinvertebrate communities are generally food limited; their diversity
can therefore be expected to be greater near the cave entrance where food resources
are likely more diverse (Prous et al. 2015) as was generally the case in this study. Cave
cockroaches (Blattodea) notably dominated the deeper sites of the cave, where there are
fewer taxa, likely because they exploited the greater quantities of guano at sites as food
and habitat resources (Bell et al. 2007). In addition, the cave entrance zone provides
intermediate climatic conditions between the epigean environment and the subter-
ranean environment, enabling taxa from both environments to thrive in the cave zone
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(Prous et al. 2015). Surface dwelling macroinvertebrates are likely to accidentally enter
the cave when they crawl near the cave entrance. Some of the less abundant species
found near the entrance in this study could have entered the cave accidentally or to
temporally find shelter.

Conclusions

This study is the first quantitative survey of Gewihaba cave macroinvertebrates and
has identified 12 species in 10 families and 8 orders of terrestrial macroinvertebrates.
The macroinvertebrate diversity of the cave was found to decrease with distance into
the cave with the deeper sites being dominated by cave cockroaches. Properties of
the cave floor soil showed trends corresponding with distance into the cave; pH pro-
gressively decreased with distance into the cave whereas soil moisture content and
electrical conductivity progressively increased. The environmental gradients may have
played a role in the observed patterns of macroinvertebrate distributions in the cave.
While the number of collected macroinvertebrates is comparable to that collected in
other southern African caves, the number of macroinvertebrate taxa collected may be
an underestimate of Gewihaba macroinvertebrate diversity since they were collected
from the cave’s north east chamber only. The preliminary survey is, however, an im-
portant contribution to our knowledge about cave biodiversity in arid regions, as it
provides a baseline on which to build a future programme. Surveying further into the
cave and conducting a more comprehensive macroinvertebrate survey is therefore rec-
ommended especially examining seasonal variability of the invertebrate fauna as the
strong seasonality of the surrounding desert landscape is likely to influence seasonality
in cave biodiversity.
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Abstract

A new species of cavernicolous Collembola belonging to the genus Hypogastrura Bourlet, 1839 from
“Sima Miguel Angel Blanco” (Jaén, Spain) is described: Hypogastrura herrerosvelai sp. nov. belongs to
the H. monticola group of species within the genus and is easy to distinguish from its three relatives, Hy-
pogastrura monticola Stach, 1946, H. hispanica Steiner, 1955 and H. dasiensis Selga, 1966, by the dorsal
chaetotaxy. On the other hand, the presence of the species Hypogastrura socialis (Uzel, 1890) in the Iberian

Peninsula is confirmed.

Keywords
Arthropoda, biospeleology, Hypogastruridae, Hypogastrura herrerosvelai sp. nov., Hypogastrura socialis,

taxonomy

Introduction

The genus Hypogastrura Bourlet, 1839 is a widespread and highly diverse Collembola
genus. A total of 170 species are currently known (Bellinger et al. 1996-2020), in
which 19 in Spain (Jordana et al. 1997; Deharveng and Fjellberg 2013) although

there are no Hypogastrura records in Andalusian caves. They have been divided into

Copyright J.l. Arbea,T. Pérez Ferndndez. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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some species groups based on morphology by Yosii (1960), Christiansen and Bellinger
(1980), Babenko et al. (1994) and Thibaud et al. (2004). Presently, seven groups are
used in the taxonomy of the genus: crassaegranulata, manubrialis, monticola, sahlbergi/
packardi, socialis/nivicola, trybomi, and viatica (Skarzynski 2009).

In the course of our study of cavernicolous Collembola from Jaén (Andalucia,
Spain), we discovered one new species of Hypogastrura belonging to the H. monticola
group as well as specimens of Hypogastrura socialis (Uzel, 1890), so that the presence of
this species in the Iberian Peninsula is confirmed. A description of the former species
and a descriptive note on the taxonomic status of the latter are given. The present pa-
per expands the known Hypogastruridae diversity of Andalusian caves by adding one
newly recorded genus and two species.

Material and methods

Study area

The shaft “Miguel Angel Blanco” is located in the “Morron del Cerezo” peak, Sierra
de las Villas, municipality of Villacarrillo, in Jaén province (Spain) (Fig. 1A). The en-
trance is located at 1377 m a.s.l. coordinates 38°03'43.02"N, 2°54'19.85"W. This area
is characterized by the intercalation of dolomites and limestones from the Jurassic
Period (Lias-Dogger), together with green clays from the Cretaceous (Fig. 2A) (Pérez
Ferndndez and Pérez Ruiz 2014). It has got a small entrance and only one well with
-20 metres depth, that makes a total development of -30 metres (Fig. 1B). The verti-
cality of this cavity and the continuous precipitation throughout the year, results in a
very active level of geological formations (Pérez Ferndndez and Pérez Ruiz 2014). The
bottom of that well has got a lot of stones from the exterior as well as organic materials.
In this part of the cavity pitfall traps were applied to capture the springtails mentioned
in this paper (Fig. 2B).

Preparation and analysis

Specimens were cleared in Nesbitt’s fluid, subsequently mounted on slides in Hoyer’s
medium for compound microscope observation in phase contrast. Figures were drawn
with a camera lucida.

Terminology

The terminology for the description follows that given in Christiansen and Bellinger

(1980), Fjellberg (1984, 1999), Jordana et al. (1997) and Thibaud et al. (2004).
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Figure 1. “Miguel Angel Blanco” shaft A location map of Morrén del Cerezo peak, Sierra de las Villas,
where the shaft is located B shaft profile, and location of the pitfall traps at -20 m bgl (after G.E.V.).

Figure 2. “Miguel Angel Blanco” shaft A environment in the Sierra de las Villas karst (Photo by G.E.V.)
B sampling work in the shaft (Photo by G.E.V.).
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Abbreviations used: a row, m row, or p row = anterior, mid, or posterior row of
body dorsal chaetae; Abd. I-VI = abdominal terga I-VI; Ant. I-IV = antennal seg-
ments [-IV; PAO = postantennal organ; s = sensory chaeta/sensillum; Th. I-III = tho-
racic terga I-1II; G.E.V. = Speleological Club of Villacarrillo, MNCN = National
Museum of Natural Sciences at Madrid, Spain.

Results

Family Hypogastruridae Bérner, 1906
Genus Hypogastrura Bourlet, 1839

Hypogastrura herrerosvelai sp. nov.
http://zoobank.org/F219FD66-C556-4898-B1CD-79826906CECS
Figs 3, 4

Type locality. Spain, Jaén: Sierra de las Villas karst of Villacarrillo, Sima Miguel Angel
Blanco, 38°03'43.02"N, 2°54'19.85"W, 1377 m elevation.

Type material. Holotype female mounted on slide: Spain, Jaén, Villacarrillo, Sier-
ra de las Villas karst, Sima Miguel Angel Blanco, 13 April 2019, G.E.V. leg. Paratypes:
1 male and 11 females mounted on slides, same data as for holotype. Holotype and
paratypes deposited in MNCN.

Etymology. Dedicated to our colleague Alfonso Carlos Herreros Vela, founding
partner of the Villacarrillo Speleology Group (G.E.V.).

Distribution. This species is known only from the type locality.

Description. Body length (excluding antennae) of adults: holotype 1.0 mm, male
1.1 mm, females 0.9-1.3 mm. Habitus typical of genus. Color dark bluish-black, pal-
er ventrally, eye-patches dark. Granulation fine and uniform, 7-10 granules between
chaetae p1 on Abd. V (Fig. 4F).

Ant. IV with simple apical vesicle, subapical organite (or), microsensillum (ms),
two lateral and three dorsal long thin and curved blunt sensilla (S7, S8 + S1, §2, S3 in
Fig. 4A). Ant. III-organ with two long (outer) and two short (inner) sensilla (Fig. 4A).
Microsensillum on Ant. III present. Ant. I with eight chaetae (chaeta p’ present).

Ocelli 8 + 8. Postantennal organ 1.5-1.8 larger than neighboring ocellus, with four
subequal lobes of which anterior pair larger than posterior one. Accessory boss present
(Fig. 4B). Labrum with four distinct apical papillae (Fig. 4E). Labral chaetae 5, 5, 4,
prelabrals 4. Maxillary head of the H. rullbergi type (Fjellberg 1984) and labium as in
Fjellberg (1999) (Fig. 4C). Outer lobe of maxilla with two sublobal hairs (Fig. 4D).

Tibiotarsi I, II, III with 19, 19, 18 chaetae respectively. Apical chaeta Al long
pointed or blunt. Claws with small inner tooth. Empodial appendage with broad basal
lamella and apical filament reaching slightly beyond inner tooth of unguis (Fig. 4]).

Chaetotaxy of head typical of genus, with complete set of v-chactae (Fig. 3A).
Chaetae short and smooth. Body sensilla (s) about two times longer than ordinary
chaetae, fine and smooth. Dorsal chaetotaxy as in Fig. 3A, B. Th. I with 3 + 3 chaetae.
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Figure 3. Hypogastrura herrerosvelai sp. nov A, B dorsal chactotaxy C, D ventral chaetotaxy. Scale: 0.2 mm.

Th. II with chaetae m2, m3, m4 and m5 present, m6’ and m6 absent. Th. III with
chaetae m3, m4 and m5 present, m2 and m6’ absent and chaeta m6 usually absent
(rarely present). Abd. IV with chaetae p3 and p7 present, and with chaetae m1 to m6
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Figure 4. Hypogastrura herrerosvelai sp. nov. A ant. III-IV chactotaxy B PAO and eyes C labium
(A-E labial papillac) D maxillary palp E labrum F axial chaetotaxy and granulation on Abd. V G, H anal
spines in lateral (G) and dorsal (H) view | Dens and mucro ] Tibiotarsus and claw III. Scales: 0.03 mm
(10, 12, 14-19), 0.02 mm (11, 13).

present. On Abd. V chaetae p2 present (2+2 chaetae between s-chaetae) and m-chaetae
absent. Subcoxael of legs I, II, III with 1, 3, 3 chaetae respectively. Microsensillum on
Th. II present.

Ventral chaetotaxy as in Fig. 3C, D. Ventral tube with four chaetae on each side.
Retinaculum with 4 + 4 teeth.
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Furca well developed (ratio dens+mucro/inner edge of claw III 2.5-3.5). Dens
without tooth-like granules and ventro-apical swelling. Dorsal side of dens with fine
granulation (the granules become enlarged towards apex) and seven chaetae. Mucro
with relatively high outer lamella. Ratio dens/mucro 3.5-4.5 (Fig. 4I).

Anal spines small, situated on high basal papillae (Fig. 4G, H), ratio anal spine/
basal papilla 0.5-0.7, ratio anal spine+basal papilla/inner edge of claw III 0.9-1.0.

Hypogastrura socialis (Uzel, 1890)
Figs 5, 6

Material examined. Spain, Jaén: Villacarrillo, Sierra de las Villas karst, Sima Miguel
Angel Blanco, 13 April 2019, G.E.V. leg. 15 females and three males mounted on slides.
Description. Body length (excluding antennae) of adults 1.1-1.5 mm. Habitus
typical of the genus. Color dark bluish-black, paler ventrally, eye-patches dark. Granu-
lation fine and uniform, 6-8 granules between chaetae p1 on Abd. V (Fig. 6K).

Ant. IV with simple apical vesicle, subapical organite (or), microsensillum (ms), (6)—
8—(9) lateral and three dorsal curved blunt sensilla (S7, S8, S9, 3-6 S9” + S1, S2, S3 in
Fig. 6A-H). Ant. III-organ with two long (outer) and two short (inner) sensilla (Fig. 6A).
Microsensillum on Ant. III present. Ant. I with eight chaetae (chaeta p’ present).

Ocelli 8 + 8. Postantennal organ slightly shorter than neighboring ocellus, with
four subequal lobes; accessory boss present (Fig. 6I). Labrum with four distinct apical
papillae (Fig. 6]). Labral chaetae 5, 5, 4, prelabrals 4. Maxillary head of the H. rullbergi
type (Fjellberg 1984) and labium as in Fjellberg (1999). Outer lobe of maxilla with
two sublobal hairs.

Tibiotarsi I, II, III with 19, 19, 18 chaetae respectively. Apical chaeta Al long
clavate. Claws with small inner tooth. Empodial appendage with broad basal lamella
and apical filament not reaching the inner tooth of unguis; ratio empodial appendage/
inner edge of claw about 0.5 (Fig. 60).

Chaetotaxy of head typical of the genus, with complete set of v-chaetae (Fig. 5A).
Chaetae short and smooth. Body sensilla (s) about 1.5 times longer than ordinary chae-
tae, fine and smooth. Dorsal chaetotaxy as in Fig. 5A, B. Th. I with 3 + 3 chaetae. Th.
IT with chaetae m1-6 present, m6 absent. Th. III with chaetae m1, m3-6’ present, m2
and m6 absent. Abd. IV with chaetae p1-7 present, and with chaetae m1-5 present.
On Abd. V chaetae p2 present (2+2 chaetae between s-chaetae) and m-chaetae absent.
Subcoxae I, II, IIT with 1, 3(4), 3 chaetae respectively. Microsensillum on Th. II present.

Ventral chaetotaxy as in Fig. 5C, D. Ventral tube with five chaetae on each side.
Retinaculum with 4 + 4 teeth.

Furca well developed (ratio dens+mucro/inner edge of claws III 2.7-3.1). Dens
with tooth-like granules and ventro-apical swelling, and seven chaetae. Mucro with
relatively high outer lamella. Ratio dens/mucro 2.9-3.3 (Fig. 6M, N).

Anal spines small, situated on low basal papillae (Fig. 6L), ratio anal spine/basal
papilla 1.5-2.0, ratio anal spine+basal papilla/inner edge of claw III 0.3-0.4.
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Taxonomic note. The specimens from Jaen fits the description of H. socialis
sensu Stach (1949), Babenko et al. (1994), and Fjellberg (1998). H. socialis sensu
Jordana (1980) and Jordana et al. (1997) (winter form from Quinto Real, West

Figure 5. Hypogastrura socialis A, B dorsal chaetotaxy C, D ventral chaetotaxy. Scale: 0.2 mm.
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Figure 6. Hypogastrura socialis A, B ant. III-1V chaetotaxy in dorsal (A) and ventral (B) view C-H outer
sensilla in different specimens | PAO and eyes ) labrum K axial chaetotaxy and granulation on Abd. V
L anal spines M, N dens and mucro O tibiotarsus and claw III. Scale: 0.03 mm.

Pyrenees) in fact represents a species different from H. socialis (see Skarzyriski and
Kaprus’ 2009). They differs by the number of sensilla on Ant. IV and the dorsal
chaetotaxy (see Table 2).
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Discussion

The following features place the new species in the monticola group (Skarzynski 2009):
Ant. IV with weakly differentiated sensilla arranged in two groups: 3 dorsal and 2 lat-
eral, PAO 1.5-2 times larger than the adjacent ocelli, labrum with papillae, empodial
appendage with a broad basal lamella, tibiotarsi with one tenent hair, retinaculum with
4+4 teeth, dens with 7 chaetae and without tooth-like granules and ventro-apical swell-
ing, mucro without distinct subapical tooth and ventral tube with 4+4 chaetae. From
among the members of this group Hypogastrura monticola Stach, 1946, H. hispanica
Steiner, 1955 and H. dasiensis Selga, 1966 seem to be most similar to H. herrerosvelai
sp. nov. by the sensillar chaetotaxy on Ant. IV (3+2 sensilla) and fine cuticular granula-
tion on dens, but they differ in the dorsal chaetotaxy (m6 chaeta on Th. II absent in
the new species vs m6 present in the other species; m-chaetae absent on Abd V in the
new species vs 2+2 or 3+3 m chaetae in the other species). The main diagnostic features
of the new species which distinguish it from other members of the H. monticola group
are summarized in Table 1.
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Abstract

The troglophilic spider subspecies Nesticus latiscapus kosodensis Yaginuma, 1972 is compared with its nom-
inal species N. latiscapus Yaginuma, 1972 using an integrated taxonomic approach. Both morphological
and molecular analysis suggest the two taxa are distinct, rejecting the status of subspecies. In the light of
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Introduction

Defining the boundaries among species is a key factor in modern systematics (Wiens
2007). Due to its arbitrariness across different taxonomic groups, the correct separa-
tion between geographic forms in polytypic species (= subspecies) from closely related
but distinct congeners may be tricky. Although the use of subspecies is accepted by
the International Code of Zoological Nomenclature (ICZN 2012), their use in spider
taxonomy has decreased substantially during the last century; they are often limited to
old descriptions from the first half of the 20* century or earlier (Kraus 2000; Nentwig
et al. 2019). Revisiting established spider subspecies using a more modern approach
is necessary to confirm their taxonomic status as local variants of the same species or,
alternatively, to include them in a different taxonomic rank (e.g. a separate species).

Nesticidae Simon,1894 is a family of spiders (16 genera and 278 species, World
Spider Catalog 2020) with a worldwide distribution. Most nesticids inhabit caves or
subterranean environments, but some are found in other places characterized by rela-
tively uniform conditions of temperature and humidity along the year (e.g. deep cracks
in rocks, humid and shadowed valleys, tropical forest litter, etc.). In Japan the nesticid
fauna appears to be particularly diverse, with five genera and 59 recorded species and
subspecies, the wide majority of which (54 taxa) are included in the genera Nesticus
Thorell, 1869 and Cyclocarcina Komatsu, 1942 (Tanikawa 2020). Most of the Japanese
nesticid species show high levels of endemism being often restricted to one of few caves
and consequently can be considered good candidates for species conservation. Never-
theless, among the Japanese Nesticus and Cyclocarcina species 10 of them (-20% of the
total) are currently considered subspecies, all of which were established in the 1970s by
Prof. Takeo Yaginuma: Cyclocarcina floronoides komatsui Yaginuma 1979; C. floronoides
notoi Yaginuma 1979; C. floronoides tatoro Yaginuma 1979; Nesticus akiyoshiensis ofuku
Yaginuma 1977; N. latiscapus kosodensis Yaginuma 1972; N. longiscapus awa Yaginuma
1978; N. longiscapus draco Yaginuma 1978; N. longiscapus kiuchii Yaginuma 1978; V.
tosa iwaya Yaginuma 1976; and N. rosa niyodo Yaginuma 1976. The validity of these
interspecific names has not yet been tested using more recent taxonomic techniques.

During field trips in central Japan (Yamanashi and Tokyo Prefectures), we col-
lected several fresh specimens of the subspecies Nesticus latiscapus kosodensis Yaginuma,
1972 and its nominal species N. latiscapus Yaginuma, 1972. These spiders are found
in caves and similar environments within a relatively restricted area in central Japan.
Due to their presumed morphological similarities and close geographic distributions,
N. latiscapus kosodensis has long been considered a variant of V. latiscapus. The aim of
this study is to compare the morphology and genetic distances of these two taxonomic
units, and test the concept of subspecies among Japanese cave spiders.

Materials and methods

Collecting sites were centred in Yamanashi and Tokyo Prefectures, central Japan. Spider
samples were predominantly collected from caves, but some were found under rocks.
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Specimens were preserved in 95% ethanol for molecular and morphological analysis.
Specimen morphology was examined using a Nikon SMZ1270 stereomicroscope (for
N. latiscapus) or a Nikon AZ100M stereomicroscope (for N. kosodensis stat. nov.), and
photographed with a Canon EOS Kiss x8i digital camera attachment. Photos were
combined using the image stacking software Helicon Focus 6.7.1. and further pro-
cessed with Adobe Photoshop CC 2015. Epigynes were dissected using a sharp scalpel,
and cleared by boiling them in a 20% KOH solution for several minutes until clear. Leg
measurements are reported in the text as total length (femur, patella, tibia, metatarsus,
tarsus). All measurements are in millimeters. The following abbreviations are used in
text or figures: Be = bulge of embolus; Co = copulatory opening; Dp1-3 = dorsal pro-
cesses of paracymbium; Di = distal process of paracymbium; E = embolus; Id + Fd =
insemination and fertilization ducts; Ma = median apophysis; P = paracymbium; Pc1-3
= processes of conductor complex; S = spermatheca; Sc = scapus; St = subtegulum; T =
tegulum; Ta = tegular apophysis; Vp = vulval pocket; Vpp = ventral process of paracym-
bium. Specimens used in this study are stored in the following collections: FBPC = E.
Ballarin personal collection; YSPC =Y. Suzuki personal collection; NSMT = National
Museum of Nature and Science, Tokyo, Japan; TSPC: T. Suguro personal collection.

Molecular analysis

Fresh specimens were identified at species level and subsequently stored at -20° at
the Systematic Zoology Laboratory, Department of Biological Sciences, Tokyo Met-
ropolitan University, Japan (TMU). DNA extraction and Polymerase Chain Reac-
tion amplification (PCR) of the samples were performed in the same institute. Total
genomic DNA was extracted using a Qiagen DNeasy Blood & Tissue Kit following
the standard protocol suggested by the manufacturer. A fragment of the mitochon-
drial gene Cytochrome c oxidase subunit I (COI) was selectively amplified using the
primers LCO1490 (forward) GGTCAACAAATCATCATAAAGATATTGG (Folmer
etal. 1994) and C1-N-2776 (reverse) GGATAATCAGAATATCGTCGAGG (Hedin
& Maddison 2001). PCR amplifications were performed using a SimpliAmp Ther-
mal Cycler (Thermo Fisher Scientific, U.S.) with a final volume of 11pl under the
following protocol: 94°(2°); [98°(107), 45°(30”), 68°(10”)] x5; [94°(107), 50°(30”),
68°(45”)] x40; 68°(7’). Purified PCR products were submitted and sequenced by Eu-
rofins Genomics Company, Tokyo branch. Final sequences were aligned using the on-
line version of MAFFT v.7.450 (Katoh et al. 2019) under the G-INS-i. algorithm and
translated to proteins using MEGA X v.10.0.5 (Kumar et al. 2018) to check for poten-
tial errors. A maximum likelihood (ML) analysis, under a GTRGAMMA nucleotide
substitution model as suggested by JModelTest 2 v.2.1.7 (Darriba et al. 2012), was
performed using the online version of RAXML v.8.2.12 (Stamatakis 2014) on CIPRES
Science Gateway v.3.3 (Miller et al. 2010, available at: https://www.phylo.org/). One
thousand replicates of rapid bootstrap were performed twice under a GTRGAMMA
model. Uncorrected pairwise-distance genetic divergences between the species were
retrieved using MEGA X under a bootstrap method, with 1000 replications. The list of
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species used in the analysis, and related GenBank accession numbers of the sequences,
are reported in Table 2.

In order to evaluate the genetic distance between the taxa discussed in this study
and other close related congeners from the same geographical area, a total of 13 Nesti-
cus specimens belonging to four species were included in the analysis: V. kosodensis stat.
nov. (4 specimens), N. latiscapus (7 specimens), N. shinkaii Yaginuma, 1979 and V.
gondai Yaginuma, 1979 (1 specimen each). The latter two species were preferentially
selected on the base of their geographic distribution and results of our preliminary
studies on the phylogeny of the genus Nesticus. The phylogenetic tree was rooted using
the species Cyclocarcina floronoides tatoro (Yaginuma 1979), since our preliminary re-
sults also suggest a close phylogenetic relationship between Cyclocarcina and the Japa-
nese components of the genus Nesticus. The final alignment was 663 nucleotides long.

Results

Phylogenetic analysis

Maximum likelihood analysis (Fig. 9) confirms a close phylogenetic relationship be-
tween V. latiscapus and N. kosodensis stat. nov., with these taxa belonging to two sister
clades. However, the two clades have relatively long branches, indicating a rather high
difference in the number of substitutions per site. Such genetic distance is even higher
than the distance among other valid species of the same genus included in the analysis,
thus rejecting the hypothesis of V. latiscapus and N. kosodensis stat. nov. being conspecif-
ics. The pairwise distance analysis (Table 1) further supports this clear separation, report-
ing a genetic distance of ~10% from each other, and between them and other congeners.

Table |. Uncorrected genetic p-distance between Nesticus latiscapus, N. kosodensis stat. nov., and the other
outgroup species based on the COI partial sequence discussed in the text.

1 2 3 4 5 6 7 8 9 10 11 12 13

Cy185 Nesticus latiscapus

Cy184 Nesticus latiscapus ~ 0.002

Cy401 Nesticus latiscapus ~ 0.000 0.002

Cy405 Nesticus latiscapus ~ 0.000 0.002 0.000

Cy408 Nesticus latiscapus ~ 0.002 0.000 0.002 0.002

Cy077 Nesticus latiscapus ~ 0.002  0.000 0.002 0.002 0.000

Cy044 Nesticus latiscapus ~ 0.000 0.002 0.000 0.000 0.002 0.002

Cy190 Nesticus kosodensis ~ 0.103 0.102 0.103 0.103 0.102 0.102 0.103

Cy041 Nesticus kosodensis ~ 0.106 0.105 0.106 0.106 0.105 0.105 0.106 0.027

10 Cy042 Nesticus kosodensis ~ 0.106 0.105 0.106 0.106 0.105 0.105 0.106 0.027 0.000
11 Cy406 Nesticus kosodensis ~ 0.102 0.100 0.102 0.102 0.100 0.100 0.102 0.002 0.026 0.026

=R R e N AR NS VI S R

12 Cy191 Nesticus gondai 0.092 0.091 0.092 0.092 0.091 0.091 0.092 0.097 0.095 0.095 0.095
13 Cy189 Nesticus shinkaii 0.095 0.094 0.095 0.095 0.094 0.094 0.095 0.106 0.103 0.103 0.105 0.068
14 Cy183 Cyclocarcina 0.085 0.083 0.085 0.085 0.083 0.083 0.085 0.100 0.100 0.100 0.098 0.041 0.073

Sfloronoides raroro
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Table 2. Localities and related GenBank accession numbers of the specimens used in the molecular

analysis. New sequences are indicated by an asterisk.

Code Species COI Locality
Cy184 | Nesticus latiscapus | MT524181* | Japan, Yamanashi Prefecture, Minamitsuru-gun, Fujikawaguchiko-machi,
Saiko Bat Cave (V4 ¥ i l5 77)
Cyl185 | Nesticus latiscapus | MT524180* | Japan, Yamanashi Prefecture, Minamitsuru-gun, Fujikawaguchiko-machi,
Ryugu Doketsu Cave (i =/ 7X)
Cy401 | Nesticus latiscapus | MT524182* | Japan, Yamanashi Prefecture, Minamitsuru-gun, Fujikawaguchiko-machi,
Narusawa Ice Cave (5K Q)
Cy405 | Nesticus latiscapus | MT524183* | Japan, Yamanashi Prefecture, Minamitsuru-gun, Fujikawaguchiko-machi,
Fugaku Wind Cave (&&E70
Cy408 | Nesticus latiscapus | MT524184* | Japan, Yamanashi Prefecture, Minamitsuru-gun, Fujikawaguchiko-machi,
surroundings of Saiko Bat Cave (75l iz /)
Cy077 | Nesticus latiscapus | MT524185* | Japan, Yamanashi Prefecture, Minamitsuru-gun, Fujikawaguchiko-machi,
Narusawa area

Cy044 | Nesticus latiscapus | MT524186* Japan, Yamanashi Prefecture, Minamitsuru-gun, Narusawa-mura,
unnamed lava tunnel

Cy190 | Nesticus kosodensis | MT524187* | Japan, Tokyo Prefecture, Nishitama-gun, Okutama-machi, Nippara,
Nippara Cave (H J5$ 3L1F)

Cy406 | Nesticus kosodensis | MT524190* Japan, Tokyo Prefecture, NishitamA-gun, Okutama, Nippara,
surroundings of Nippara Cave (H Ji § 7LIF)

Cy041 | Nesticus kosodensis | MT524188* | Japan, Yamanashi Prefecture, Kitatsuru-gun, Kosuge-mura, under stones
Cy042 | Nesticus kosodensis | MT524189* | Japan, Yamanashi Prefecture, Kitatsuru-gun, Kosuge-mura, under stones
Cy189 | Nesticus shinkaii | MT524192* | Japan, Tokyo Prefecture, Akiruno-shi, Yozawa. Otake Cave (K% FL,1)
Cyl191 | Nesticus gondai | MT524191*% | Japan, Gunma Prefecture, Annaka-shi, Sakamoto, Matsuida-machi,
Kirizumi-gawa river valley, near Kirizumi onsen

Cy183 Cyclocarcina MG201049 Japan, Gunma Prefecture, Tano-gun, Kanna-machi, Kagahara, Mt.
Sfloronoides raroro Tatoro, Tatoro Cave (37.50L 111§ L)

Taxonomy

Family Nesticidae Simon, 1894
Genus Nesticus Thorell, 1869

Nesticus kosodensis Yaginuma, 1972, stat. nov.
Figures la—c, 2—4, 8a, b

Nesticus latiscapus kosodensis Yaginuma, 1972: 295, f. 20-23 39).
N. latiscapus kosodensis Yaginuma, 1977: 315, pl. 2, f. 4 (.
N. latiscapus kosodensis Yaginuma, 1979: 265, pl. 7, f. 2, 4 39).

Material examined. Holotype. Jaran — Honshu Island * &5 Yamanshi Prefecture,
Kitatsuru-gun, Tabayama-mura, Kosode Limestone Cave (R FLIA); [35.7938N,
138.9722E]; 3 Feb. 1969, Akama H. leg.; NSMT-Ar 70 (as N. latiscapus kosodensis).

Paratype. JaraN — Honshu Island * 19; same data as the holoype; NSMT-Ar 71
(as V. latiscapus kosodensis).

*

For the complete list of references see the World Spider Catalog 2020.
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Figure 1. Habitus of Nesticus kosodensis stat. nov. and . latiscapus. a,b N. kosodensis stat. nov. adult male

c ditto, adult female d N. latiscapus, adult male e ditto, adult female. Scale bars: 1 mm.

Other material. Japan — Honshu Island * 433, 39 Q; Kitatsuru-gun, Kosuge-mura,
Hashitate, Odaki (Z); 35.74476N, 138.88462E; 10 Nov. 2019, Suzuki Y. leg.; under
stones; YSPC, FBPC ¢ 4% ©; Tokyo Prefecture, Nishitama-gun, Okutama-machi, Nippara,
Nippara Limestone Cave (H JR$EFLIA); 35.8524N, 139.0407E; Ballarin F leg.; FBPC.

Diagnosis. Species closely related to Nesticus latiscapus, but both sexes can be
distinguished by the morphology of the genitalia. Male V. kosodensis stat. nov. can be
separated from male N. latiscapus by the following combination of characters: Dp2
and Dp3 close to each other (separated from each other in N. latiscapus, see Fig. 3b
vs. 6b); Di narrower, lacking a serrated edge (Di wider and bearing a serrated edge
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Figure 2. Male palp of V. kosodensis stat. nov. from Odaki area: a ventral view b dorsal view ¢ ventro-
retrolateral view d retrolateral view e ventro-prolateral view. Scale bars: 0.2 mm.

in N. latiscapus, see Fig. 3d vs. 6d); Ma weakly protruding (Ma strongly protruding
in V. latiscapus, see Fig. 3e vs. 6e); Be present (Be absent in V. latiscapus, see Fig. 3a,
b vs. 6a, b); Ta weakly developed but present (lacking in V. latiscapus, see Fig. 3a, e
vs. 6a, e). Females V. kosodensis stat. nov. are distinguished from females V. latiscapus
by the different shape of scapus, narrower towards the tip and with convergent edges
in V. kosodensis stat. nov., almost of the same width or slightly wider towards the tip,
with slightly divergent edges and lobate corners in V. latiscapus (Fig. 4 vs. Fig. 7). The
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Pc2
a Be § Pc3 b

A /5]

Figure 3. Male palp of N. kosodensis stat. nov. (illustrated): a ventral view b dorsal view ¢ ventro-retro-

lateral view d retrolateral view e ventro-prolateral view. Scale bars: 0.2 mm.

shape of copulatory openings is also different between the two species: the edge of the
opening is curved and slanted compared to the edge of the scapus in V. kosodensis stat.
nov., but straight and parallel to the edge of the scapus in V. latiscapus (Fig. 4 vs. Fig. 7).

Redescription. Male. Total length: 4.00-4.29, carapace: 1.77-2.01 long, 1.04—
1.75 wide (based on three males).

Habitus as in Fig. 1a, b. Carapace light yellowish brown, midline and lateral edges
darker. Chelicera, labium and sternum light yellowish-brown without any markings.
Legs yellowish-brown with dark bands. Leg measurements as follows (based on one

male): [ 15.60 (4.34, 0.83, 4.62, 4.21, 1.61), 11 12.10 (3.48, 0.77, 3.32, 3.18, 1.34),
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Figure 4. Female genitalia of N. kosodensis stat. nov. from Odaki area. a, ¢ Epigyne, ventral view b,
d vulva, dorsal view. Scale bars: 0.2 mm.

111 8.55 (2.60, 0.58, 2.25,2.14, 0.98), IV 11.70 (3.68, 0.70, 3.09, 2.97, 1.25). Dorsum
of abdomen whitish-yellow with narrowly spaced pairs of black markings posteriorly.

Palp as in Figs 2, 3, 8a. Paracymbium with five processes: ventral process recurved,
dorsal process 1 sharp and weakly curved when the palp is observed ventrally and lat-
erally, dorsal process 2 short and straight, dorsal process 3 very small and close to the
basal part of dorsal process 2, hidden behind ventral process when the palp is observed
ventrally. All dorsal processes strongly sclerotized. Distal process of paracymbium sharp
with a smooth edge. Embolus with a well-developed bulge, median apophysis weakly
protruded, tegular apophysis small and triangular.

Female. Total length: 3.73-3.90, carapace: 1.61-1.73 long, 1.46-1.47 wide
(based on two females).
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Habitus as in Fig. lc. Color and markings as in the male. Legs measurements as
following (based on one female): I 12.80 (3.76, 0.71, 3.53, 3.30, 1.48), 11 9.57 (2.77,
0.69, 2.55, 2.40, 1.16), I1I 6.34 (1.96, 0.58, 1.62, 1.38, 0.80), IV 9.51 (3.03, 0.67,
2.48,2.27, 1.006).

Epigyne and vulva as in Figs 4, 8b. Scapus prolonged posteriorly, narrower towards
the tip, with slightly convergent edges and bearing a U-shaped groove. Edge of copula-
tory openings rounded and slanted compared to the edge of the scapus. Insemination
and fertilization ducts reaching spermathecae with a short and convoluted trait. Sper-
mathecae oval. Vulval pockets strongly wrinkled, located above spermathecae.

Distribution. Endemic to central Honshu, Japan (Yamanashi and Tokyo Prefec-
tures). See Fig. 10.

Nesticus latiscapus Yaginuma, 1972
Figures 1d, e, 5-7, 8¢, d

Nesticus latiscapus Yaginuma, 1972: 291, f. 16-19 A39).
N. latiscapus Yaginuma, 1979: 264, pl. 7, £. 1, 3 (3'9).”

Material examined. Holotype. Jaran — Honshu Island * &5 Yamanashi Prefecture,
Minamitsuru-gun (former Kamikuishiki-mura), Aokigahara, Shoji-o-ana cave, Nichi-
do cave (FFIEEI 7 Hli); [35.4709N, 138.6385E]; 2 Nov. 1969, Ueno S. & Kato K.
leg.; NSMT-Ar 61.

Paratype. JaraN — Honshu Island * 19; same data as the holotype; NSMT-Ar 62.

Other material. Jaran — Honshu Island * 14, 29 @; Fujikawaguchiko-machi, Saiko
Bat Cave (PGl 7); 35.4942N, 138.6714E; 09 Oct. 2014; Ballarin E leg.; FBPC
13, 29 9; same locality, Ryugu Doketsu Cave (i€ = 1 7X); 35.4855N, 138.6683E;
09 Oct. 2014; Ballarin E leg.; FBPC ¢ 19; same locality, Narusawa Ice Cave (M IROK
7X); 35.4745N, 138.6665E; 10 Oct. 2014; Ballarin E leg.; FBPC ¢ 19; same locality,
Fugaku Wind Cave (& 1% E7V); 35.4775N, 138.6571E; 10 Oct. 2014 « 333, 299,
Narusawa-mura, unnamed lava tunnel; 35.4749N, 138.6831E; 01 Apr. 2019; Ballarin
E leg.; FBPC ¢ 13, 19; Narusawa area, 18 Aug. 2017, Suguro T. leg; TSPC.

Diagnosis. See diagnosis of IV. kosodensis stat. nov.

Redescription. Male. Total length: 3.86-4.30 carapace: 1.87-2.02 long, 1.58—
1.81 wide (based on three males).

Habitus as in Fig. 1d. Coloration and shape as in V. kosodensis stat. nov., some
specimens with light-colored midline and lateral edges of carapace. Leg measurements
as following (based on one male): I 16.16 (4.31, 0.83, 4.77, 4.57. 1.68), 1I 12.21
(3.38,0.81, 3.37, 3.27, 1.38), 111 9.17 (3.01, 0.65, 2.16, 2.36, 0.99), IV 12.23 (3.84,
0.70, 3.18, 3.26, 1.25).

Palp as in Figs 5, 6, 8c. Paracymbium with five processes: ventral process recurved,
narrower at the basal part, dorsal process 1 sharp, weakly curved when observed lat-

** For the complete list of references see the World Spider Catalog 2020.
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Figure 5. Male palp of N. latiscapus from Saiko Bat Cave. @ Ventral view b dorsal view ¢ ventro-retrolat-
eral view d retrolateral view e ventro-prolateral view. Scale bars: 0.2 mm.

erally and ventrally, dorsal process 2 short and straight, dorsal process 3 small, distal
process wing-shaped, with a serrated edge. Bulge of embolus absent, median apophysis
lobate, strongly protruded prolaterally, tegular apophysis absent.

Female. Total length: 3.91-4.43, carapace: 1.68-1.72 long, 1.47-1.59 wide
(based on three females).

Habitus as in Fig. le. Coloration and shape as in V. kosodensis stat. nov., some
specimens with abdomen dorsal markings large and fused, giving a general darker col-
oration. Legs measurements as following (based on one female): I 15.67 (4.44, 0.94,
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Figure 6. Male palp of N. latiscapus (illustrated). a Ventral view b dorsal view ¢ ventro-retrolateral view
d retrolateral view e ventro-prolateral view. Scale bars: 0.2 mm.

4.60, 4.04, 1.65), 11 11.78 (3.38, 0.81, 3.16, 3.04, 1.39), 11l 8.68 (2.77, 0.75, 1.90,
2.10, 1.16), IV 11.99 (3.81, 0.81, 3.07, 2.97, 1.33).

Epigyne and vulva as in Figs 7, 8d. Scapus prolonged posteriorly, duck beak-
shaped, almost the same width or slightly wider towards the tip, ending with slightly
divergent edges and lobate corners. Edge of copulatory openings straight, paral-
lel towards the edges of the scapus. Insemination and fertilization ducts reaching
spermathecae with a short and convoluted trait. Spermathecae oval. Vulval pockets
wrinkled, located above spermathecae.

Distribution. Endemic to the Fuji Mountain area in central Honshu, Japan
(Yamanashi Prefecture). See Fig. 10.
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Figure 7. Female genitalia of V. latiscapus from Saiko Bat Cave. a, ¢ Epigyne, ventral view b, d vulva,
dorsal view. Scale bars: 0.2 mm.

Discussion
Remarks on autoecology of Nesticus kosodensis stat. nov. and N. latiscapus

Although lacking deep morphological adaptations to a strict hypogean lifestyle, both
N. kosodensis stat. nov. and N. latiscapus share a clear preference for troglophilic habi-
tats, being mainly found in the twilight zone of caves or other similar environments. /V.
latiscapus inhabits the lava tubes located in the Aokigahara area and other surroundings
northwest of Mount Fuji, thus apparently preferring this typology of basaltic super-
ficial caves rather than the more common limestone caves. V. kosondensis stat. nov.
seems to dwell in a wider range of subterranean or semi-subterranean habitats along
the southern area of Okuchichibu Mountains Region, from large limestone caves to
deep rocks cracks and large, empty spaces under stones and screes. Despite neighbor-
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Figure 8. Type material of the species discussed in this work. Nesticus kosodensis stat. nov.: a palp of the
holotype, ventral view b epigyne of the paratype, ventral view; V. latiscapus: c palp of the holotype, ventral
view d epigyne of the paratype, ventral view. Scale bars: 0.2 mm.

ing each other, these species seem to have an allopatric distribution, their ranges being
approximately 30 km far from each other (Yaginuma 1972, 1979). Known records of
N. kosodensis stat. nov. and N. latiscapus are reported in Fig. 10.

Impact of species/subspecies delimitation on conservation of Japanese cave fauna

All Japanese nesticids subspecies are currently know from sporadic records only, being
limited to one cave (C. floronoides notoi, C. floronoides tatoro, N. longiscapus awa, N.
longiscapus draco, N. tosa iwaya, N. tosa niyodo) or just few localities from a restrict-
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Figure 9. Phylogenetic relationship among Nesticus latiscapus (= red), N. kosodensis stat. nov. (= green),
and other closely-related species from the same geographic area (=black) inferred from ML analysis of

COI partial sequence. Branch lengths are scaled in relation to the number of substitutions per site. Num-
bers at nodes denote maximum likelihood bootstrap support.

ed area (C. floronoides komatsui, Nesticus akiyoshiensis ofuku) (Yaginuma 1976, 1978,
1979). They apparently share small differences in the morphology of genitalia and a
parapatric or allopatric distribution with widely distributed conspecifics from the same
area. Furthermore, their attribution to an intraspecific rank rather than a separate,
well-defined species was mainly based on traits which are not clearly distinguishable
(Yaginuma 1979). Thus, it is unclear if such spiders should be considered as real en-
demic or just local variations of widely distributed species.

Endemic subterranean organisms, including cave spiders, are considered a priority
target for species conservation since they are prone to extinction due to local or global
environmental changes (Mammola et al. 2018). Nevertheless, our ability to correctly
separate species and subspecies may have an impact on the establishment of protective
actions for cave fauna.

Incorrectly defining a valid species as a subspecies may underestimate the biodiver-
sity of a cave, and thus fail to identify biodiversity hotspots and potentially endangered
species. In turn, efforts spent for their protection may be insufficient, potentially caus-
ing the loss of endemic organisms even before they are discovered. On the other hand,
correctly evaluating the existence of geographic variants of widely-distributed species
may enable more efficient and effective prioritization in conservation projects. Widely-
distributed organisms are often less vulnerable than endemic taxa, and have lower con-
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Figure 10. Distribution of Nesticus kosodensis stat. nov. (green dots) and N. latiscapus (red dots) in Japan.

Stars show the type localities of the species.

servation priority (Primack 2006). Using limited economic resources to protect least
concern species may distribute funding away from more threatened species.

Revising the taxonomic position of long-established and uncertain subspecies, like
in the case of the Japanese nesticid spiders, can therefore be worthwhile in terms of
conservation, especially in countries hosting several unique endemic species like Japan.

Conclusions

Both morphological and molecular analysis suggest that V. latiscapus is distinct from
N. kosodensis stat. nov., rejecting the status of subspecies for V. kosodensis stat. nov. In
the light of these results, the elevation of V. kosodensis stat. nov. to the rank of species is
herein proposed. Our results further highlight that future work should investigate the
remaining Japanese nesticid subspecies, as well as other spider subspecies, including
from a conservation perspective.

It is likely that new, detailed studies involving both morphological and molecular com-
parison may lead to the rise of more of these interspecific ranks to valid species, thus
further increasing the already high diversity of the family Nesticidae in Japan, and
Japanese cave fauna in general. Such result may also help to promote new and more
correct conservation plans to preserve the endemic cave spider fauna in Japan.
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Abstract

Critical swimming speeds of four trichomycterid fish species from epigean and hypogean environments
were analyzed and compared: Zrichomycterus itacarambiensis and Ituglanis passensis, both troglobitic from
underground rivers; Trichomycterus brasiliensis, from epigean rivers; and ltuglanis sp., an undescribed
troglophilic species from an underground stream. Swimming tests were conducted with a non-volitional
apparatus in which fish swim against a progressive incremental water velocity until they longer resist the
flow. Total length was significantly related to critical speed for only 7. itacarambiensis. The critical speed
obtained by each species, in decreasing order, with values in lengths per second (lengths/s), were: 1. passen-
sis (3.61), 1. itacarambiensis (3.49), T. brasiliensis (3.11) and ltuglanis sp. (1.89). Swimming performance
differed between the congeners 7. itacarambiensis and 1. brasiliensis, but did not differed between 1. pas-
sensis and Ttuglanis sp. The greater speed for the troglobitic species compared to that of the troglophilic
and epigean species is probably related to seasonal flooding pulses that can be extremely severe in caves.
Furthermore, during the tests, fish were observed using their mouth and/or barbels to fasten themselves
to the substrate to avoid high flows.

Copyright FA. C. Sampaio et al.. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Fish belonging to the order Siluriformes Cuvier, 1817, usually possess broad geo-
graphical distributions, with different species occurring in both freshwater, marine and
brackish environments (Froese and Pauly 2019). Among the families of this order that
occur in freshwater, Trichomycteridae Bleeker, 1858, stands out as one of the richest,
with around 330 species (Fricke et al. 2020) and 42 genera distributed throughout
South America, Costa Rica and Panama (de Pinna 1998; Froese and Pauly 2019). Spe-
cies from this family possess high plasticity in colonizing different environments and
are particularly diverse among Neotropical fish (Wosiacki and de Pinna 2008) with
representatives in both surface and subterranean waters.

Trichomycterus Valenciennes, 1833, is one of the richest genera within the fam-
ily Trichomycteridae, with more than 240 described species (Wosiacki and de Pinna
2008; Nelson et al. 2016; Froese and Pauly 2019). Species of the genus occur in a
variety of habitats, from rocky substrates in small streams with strong currents such as
headwaters (Arratia 1983) to extremely diverse habitats such as semi-temporary pud-
dles and streams at high altitudes (Wosiacki and de Pinna 2008).

The genus ltuglanis Costa & Bockmann, 1993, also of the family Trichomycteri-
dae, is considered the sister group of Trichomycterus (Costa & Bockmann, 1993). Spe-
cies of the former are distributed throughout South America in epigean and hypogean
watercourses (Trajano et al. 2010). There are at least 11 troglobitic species of the family
Trichomycteridae in Brazil, three of which belong to the genus 7richomycterus, includ-
ing an undescribed species (Proudlove 2010; Bichuette and Rizzato 2012), and six to
the genus Jruglanis (Proudlove, 2010; Rizzato and Bichuette 2014). Furthermore, both
Trichomycterus and Ituglanis contain species with subterranean populations, with many
of them possessing troglomorphic traits (e.g. reduction of ocular structures and me-
lanic pigmentation) (Ferndndez and Bichuette 2002), and are the two genera that best
represent the family Trichomycteridae in hypogean environments (Trajano et al. 2010).

Many catfish species, but especially trichomycterids, are mainly found in basin-
level streams and vadose tributaries, sometimes also occurring in subterranean aquatic
environments, as previously mentioned. However, subterranean environments present
particular hydraulic conditions with fast changes in water flow, which varies sharply ac-
cording to the intensity and frequency of rainfall (Culver and Pipan 2009; Gabrovsek
et al. 2018). According to cave morphological traits and variation in the amount of
water that enters these environments, internal water lows can occur under the effects
of atmospheric pressure or pressures higher than atmospheric (functioning as a forced
duct). Furthermore, changes among these two flow regimes can occur markedly in
these environments (Hawes 1939; Culver and Pipan 2009).
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Studies of swimming capacity in Neotropical fish species are rare (Santos et al.
2007; Santos et al. 2008, 2012; Castro et al. 2010), and even more scarce for under-
ground species (Sampaio et al. 2012). From an ecological and behavioral perspective,
such studies can contribute to a better understanding of the specializations possessed
by subterranean species for dealing with the hydraulic conditions of cave environ-
ments. Under these conditions, species that have higher swimming capacities or are
prone to resist flow would possibly be favored, but these aspects have never been evalu-
ated. In this sense, the objective of this work was to compare the swimming capacity of
hypogean and epigean fish species of the family Trichomycteridae by estimating their
critical speeds and observing any behaviors that may favor their resistance to flow in
subterranean environments.

Materials and methods

Studied species, field collection and transportation

Four catfish species of the family Trichomycteridae that occur in Brazil were analyzed:
two troglobitic, one troglophilic and one epigean. Twenty-four individuals (N=24) of
the species Trichomycterus brasiliensis Liitken, 1874, which occurs in superficial streams,
were caught with a trawl in the city of Lumindrias (21°30'52"S, 44°52'29"W), in the
state of Minas Gerais (MG). Seventeen individuals (N=17) of the troglophilic species
Ituglanis sp., which occurs in both superficial and subterranean streams, were collected
inside the cave Loca d’Agua (20°25'23"S, 45°41'32"W) in the city of Pains, MG.
Ten individuals (N=10) of Trichomycterus itacarambiensis Trajano & de Pinna, 1996,
a troglobitic fish which lives only in subterranean environments, were collected in the
cave Olhos d’Agua (15°07'00"S, 44°10'00"W), in the city of Iracarambi, MG. Ten
individuals (N=10) of the troglobitic /ruglanis passensis Fernindez & Bichuette, 2002,
were collected inside the cave Passa Trés (13°45'00"S, 46°22'00"W), which is located
in the Sao Domingos karst area of the state of Goids. Cave fish were collected using
PVC traps containing chicken liver as bait, from May to July 2008. Authorization for
collecting fish was granted by Brazilian Institute of the Environment and Renewable
Natural Resources (IBAMA; numbers 13295-1 and 10327-1).

Collected specimens were sedated and transported in a plastic box with aeration for
approximately seven hours, after which they were transferred to climate-controlled aquar-
iums at the laboratory. Testing started 48 hours after the arrival of the fish at the laborato-
ry. Adult individuals of different size class were selected and tested in order to analyze fish
swimming behavior and critical speed for as wide a size range of fish as possible (Fig. 1).

After testing, the specimens were sedated with eugenol, measured and kept in
the aquariums. Individuals that died from natural causes were fixed in formalin and
preserved in 70% ethanol. Voucher specimens were properly deposited in the fish col-
lection of Colecio Ictiolégica da Universidade Federal de Lavras, Minas Gerais State,
Brazil (CIUFLA 0068; 0144; 0145).
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Trichomycterus brasiliensis Trichomycterus itacarambiensis
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Figure |. Number of specimens according to total length (cm) classes.

Apparatus and experimental procedures

The experimental apparatus (Fig. 2) was similar to a Brett respirometer (Brett 1964)
and its design followed that proposed by Santos (2007). In the apparatus, the fish
specimen swims against water flow created by a centrifugal pump.

During the first 5 minutes (time interval), the mean water velocity in the testing
section was maintained at 0.05 m/s and the fish was inserted. The flow velocity was
then increased incrementally by 0.05 m/s at a time intervals of 5 minutes. The test fin-
ished when the fish experienced complete fatigue, which was assumed with the absence
of swimming movements and confinement at the downstream screen. All swimming
behaviors were monitored and noted during the tests.

Temperature and dissolved oxygen of the water were monitored once before, dur-
ing and after the tests (Fig. 2G). Water was maintained at temperatures similar to
those of the natural environment where the fish were sampled using a portable cooler
(Fig. 2H). We considered a valid test for critical speed to be when the specimen swam
for at least 5 minutes (a single time interval), and for swimming behavior when the
specimen attached for at least 25 minutes (five time intervals). Specimens that refused
to swim or remained attached were not considered in the critical speed analysis.
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¥
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Figure 2. Experimental apparatus for testing fish swimming capacity and resistance to flow: A centrifu-
gal pump which creates the water flow B central testing section € connection for fish entrance to and
removal from the central testing section D screens to keep fish in the central testing section E flow rate
gauge F frequency converter which was used to change pump rotation and, consequently, the flow velocity
in the central testing section G water tank and H water cooler.

Data analysis

Absolute critical velocity for each specimen was calculated by the Brett equation (1):

Vet =V, +mx AU
At

(1)

where V' is the maximum velocity obtained by the fish specimen (m/s), #__is the
maximum swimming time before complete fatigue (s), Az is the time interval (300 s)
and AU is the velocity increment (0.05 m/s).

After this calculation, the swimming velocity must be corrected V., ) due to

fish obstruction of the effective area for water movement. Equations 2 and 3, which
were proposed by Pope and Rae (1966), provide the corrected critical velocity:
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Vmeaxured K3z-l ( VOh/lme)
I/correcred = C}/z (2)
Volume = 0,45¢*L 3)

where V' is specimen critical velocity (m/s), K, is a coefficient that depends
on the ratio between fish width (¢ in cm) and fish total length (Z in ¢cm) and may be
obtained following Pope and Rae (1966), T, is a factor which depends on the cross
sectional shape (for circular shape we adopted 0.8), C'is the area of the cross section of
the central testing section (cm?), Volume is fish volume (cm?) and ¢ is calculated as the
average between the maximum width and fish length (cm).

Linear regression provided the relationships between critical speed and other vari-
ables for each species: fish total length, fish standard length, water temperature and
dissolved oxygen. Factorial Analyses of Variance (ANOVA) compared critical speed
among the studied species, for which relative critical speed (body length/s) was utilized
(i.e., critical velocity corrected by fish standard length). This speed relativization allows
comparisons of swimming speed to be made between different specimens and species
and is based on the influence of fish body size on swimming capability. Relative critical
speed was also compared for pairs of species of the same genus using the Levene test.
The significance level was 0.05 (p-value) for all tests and the statistical analyses were
conducted using Statistica 7.0.

Results

Tests starting with a water velocity of 0.05 m/s and with progressive increments of 0.05
m/s every 5 minutes revealed that at velocities under 0.5 m/s all fish remained active,
swimming normally and sometimes remaining still over the acrylic surface (Fig. 2B).
With velocities greater than 0.6 m/s, some individuals did not swim, but instead re-
sisted the flow by attaching themselves to the steel screen using their mouths, barbels
or even odontoids, and reaching high values of critical speed (Table 1). Some fishes also
exhibited short and fast swimming bursts, with strong propulsions against the flow.

No significant relationships (p > 0.05) were observed between critical speed and
water temperature and dissolved oxygen for any of the tested species. Only for 77
itacarambiensis was critical speed related to total and standard lengths, the latter with
greater explanatory power (Fig. 3).

Despite not being significantly related to critical speed, temperature and dissolved
oxygen values were maintained as close as possible to the respective environments of
origin of the fish during the tests (Table 2).

Absolute critical speed differed among the tested species (F = 7.72; p <0.01), with
Ituglanis sp. having the lowest swimming capacity (Table 3).



Swimming speed of Brazilian cave Trichomycteridae 103

Table I. Attributes related to attaching behavior of each tested species.

T, brasiliensis T, itacarambiensis Ttuglanissp L p

Species habit Epigean Troglobitic Troglophilic Troglobitic
Number of tested individuals 24 10 17 8
Attaching behavior (number of individuals) 3 0 3 2
Maximum water velocity endured by attaching (length/s) 9.94 - 4.62 9.20

T. itacarambiensis
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Figure 3. Relationship between absolute critical speed (In) and total length and standard length, for 7
itacarambiensis.
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Table 2. Temperature and dissolved oxygen values during testing.

Species Temperature (°C) Dissolved oxygen (mg/L)
Mean Min. Max. SD Mean Min. Max. SD
T itacarambiensis 18.4 18.0 19.3 0.44 8.4 8.2 8.6 0.15
T brasiliensis 23.2 22.0 24.0 0.97 8.3 8.2 8.6 0.16
1. passensis 19.7 19.0 21.3 0.93 8.2 - - -
Truglanis sp 19.7 18.5 20.6 0.70 8.2 - - -

Table 3. Relative and absolute critical speeds for the tested species considering specimens that swam in

at least one time interval.

Species Relative Critical Speed (Lenght/s) Absolute Critical Speed (m/s)
Mean Min. Max. SD Mean Min. Max. SD
T itacarambiensis 3.496 2.208 5.213 0.980 0.240 0.211 0.288 0.023
T brasiliensis 3.115 1.872 5.486 0.947 0.228 0.132 0.324 0.045
1. passensis 3.615 2.583 5.532 1.275 0.233 0.176 0.343 0.071
Ttuglanis sp 1.896 0.739 3.387 0.838 0.137 0.063 0.236 0.056

When comparing pairs of congeneric species, ltuglanis sp. had lower speeds
(p <0.01) and smaller variance in its relative speed (F = 2.87; p = 0.002) than did
Ituglanis passensis. For the species of Trichomycterus, T. itacarambiensis had higher abso-
lute speeds and lower variation (F = 4.65; p = 0.03) than did 7. brasiliensis (Figs 4, 5),
however, there was no significant difference between their relative speeds (p = 0.31).

Discussion

The behavioral capability to resist flow without active swimming, as observed in this
experiment for three of the four evaluated species, can be considered an important
pre-adaptation to subterranean environments. This ability has already been described
for a number of groups of fish, including Cryprotora thamicola (Kottelat, 1988), a cave
species that can climb waterfalls in its habitat through a distinct type of locomotion
and a modified pelvic girdle (Flammang et al. 2016). Other ways to resist flow include
the use of pelvic fins (Schoenfuss and Blob 2003) or the mouth (Gerstner 2007) as an
adhesion disc, or pectoral fins and their rays (Buckup et al. 2000) or the operculum. In
the case of the studied trichomycterids, is related to the ability to remain fixed to the
bottom substrate, even during periods of higher flow (Braga 2004).

The ability to adhere to the substrate, as observed for three of the studied species,
may represent a pre-adaptation to the cave environment. Some similar behaviors that
also support this idea have been verified in troglobitic fish that dig and bury themselves
in the substrate (Romero 1987), such as Trichomycterus conradi (Eigenmann, 1912),
which remains under rocks and between cracks (Brown 1996), as does Troglichthys
rosae (Eigenmann, 1898), or that hide in the gravel (Schubert et al. 1993), such as
Tiphlichthys subterraneus Girard, 1859. Such behaviors denote flow resistance and even
energy savings in these environments.
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Trichomycterus itacarambiensis was the only species that did not resist flow using
the mouth or the operculum in the experiments of the present study. Even so, Trajano
(1997) observed a similar behavior in a specimen that, despite the fact that it could
have been dragged by a strong flood in the underground environment, remained in the
same place perhaps due to anchoring with opercular odontoids and hiding behavior.
Ecological opportunities and physical challenges of fast-water habitats have dramati-
cally shaped the evolution of freshwater fish all over the world (Lujan and Conway
2015). The capability to resist flow was probably an important mechanism that allowed
colonization and persistence by fish in subterranean rivers. This aspect is especially rel-
evant for catfish of the family Trichomycteridae, which inhabit vadose systems where
most of the troglobitic species of this family are found (Mattox et al. 2008). In fact, of
the 33 troglobitic fish described for the Neotropics (Niemiller and Soares 2015), 20
belong to the genera Trichomycterus and Ituglanis (Rizzato & Bichuette, 2014).

Trichomycterus itacarambiensis was the only species to show a significant relation-
ship between critical speed and total and standard length. Total length is considered
a variable of strong explanatory power for the swimming capacity of fish (Watson
and Balon 1984; Wikramanayake 1990), as verified for Pimelodus maculatus Lacépede,
1803, and Megaleporinus reinhardti (Liitken, 1875), two Neotropical species found in
Brazilian rivers (Santos et al. 2007; Santos et al. 2008), and for the troglobic Brazil-
ian species Stygicthys typhlops Brittan & Bohlke, 1965 (Characiformes) (Sampaio et
al. 2012). This relationship between speed and length suggests a greater capacity for
movement. 7ichomycterus itacarambiensis is the least sedentary species compared to
other cavefish, being capable of undertaking movements over a distance of more than
100 meters in periods of one to five months in a study carried out with recapture of
troglobitic fish in Brazil (Trajano 1997, 2001).

On the other hand, the higher speeds observed for the troglobitic species, in com-
parison to their epigean relatives, may be directly related to selection exercised by the
hydraulic cave environment where they live. It is important to note, however, that un-
derground habitats do not always exercise the same type of hydraulic selection. As an
example, the troglobitic species S. #yphlops presented a lower critical swimming speed
than the other related epigean species tested, Piabina argentea Reinhardt, 1867, Piabar-
chus stramineus (Eigenmann, 1908) and Hemigrammus marginatus Ellis, 1911 (Sampaio
etal. 2012). This was probably due to the fact that this species is associated with phreatic
habitat, which is characterized by the lack of directional flow that would impose strong
hydraulic pressures (Sampaio et al. 2012). Differences observed on the speed of troglo-
bitic Siluriformes and Characiformes indicates the great variability of hydraulic habitats
that exist underground. The development of a swimming capability sufficient to resist
flood pulses throughout the isolation period may have guaranteed catfish survival in
subterranean streams and, thus, was incorporated into the populations over time.

In addition to extreme events arising from large flow pulses (Gabrovsek et al. 2018),
high water speeds and slightly reduced space availability also characterize subterranean
streams (Ford and Williams 2013). Such characteristics can provide environments with less
complexity when compared to surface streams (Culver and Pipan 2009). Furthermore, the
scarcity of organic substrates commonly found in such environments (Ratton et al. 2018)
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contributes to their homogenization, since the presence of such substrates at the surface
determines more heterogeneous environments with lower flow rates (Entrekin et al. 2008).

Selection favoring specimens with higher swimming capability would also explain
the less variation in this ability observed in cave species. Such a pattern would fit the
definition of directional selection, when fitness consistently increases (or decreases)
with the value of the characteristic, reducing the variation in a population (Kingsolver
and Pfennig 2007). Some similar adaptations observed in cave fish belonging to dis-
tinct taxa suggests that adaptation to the subterranean environment may be a process
resulting from similar selective pressures (Niemiller and Soares 2015).

In contrast, less variation in the swimming capability of cave species could also
be explained by stabilizing selection, in which the average values of a give trait in
the population (in this case, swimming capability) have greater aptitudes than the
extremes, which are negatively selected (Ridley 2009). In this case, average swimming
values would be favored, reducing extremes that could be disadvantageous and costly
in an oligotrophic environment, as suggested by Sampaio et al. (2012) to explain the
limited intraspecific variation observed in the swimming capacity of S. #yphlops. It
should be noted, however, that part of the differences observed in the present study
may be related to the small number of tested troglobitic individuals.

The type of swimming performed by a species has direct implications on its habitat
use (Wainwright et al. 2002) and the range of swimming speeds exhibited by the fish
species in the present study is consistent with the water speed found in each of their origi-
nal environments. This indicates a close relationship between this swimming speed and
environmental traits (Fulton et al. 2005), suggesting adaptation to the habitat in which
the fish occur. The critical swimming speeds observed in the present study contribute to
increasing the knowledge of each of the studied species. In addition, they enable a better
understanding of the functioning of the hydraulic environment with which the species are
associated, especially for cave species whose habitats are not always easily accessible. Some
behaviors observed in this study, such as the ability to adhere to the substrate, as well as
the higher critical swimming speed of the troglobitic species, must constitute, respectively,
pre-adaptation and response to the peculiar hydraulic conditions of the cave environment.
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