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Abstract

The transition from carnivory to omnivory is pootly understood. The ability to feed at more than one
trophic level theoretically increases an animal’s fitness in a novel environment. Because of the absence
of light and photosynthesis, most subterranean ecosystems are characterized by very few trophic levels,
such that food scarcity is a challenge in many subterranean habitats. One strategy against starvation is
to expand diet breadth. Grotto Salamanders (Eurycea spelaea (Stejneger, 1892)) are known to ingest bat
guano deliberately, challenging the general understanding that salamanders are strictly carnivorous. Here
we tested the hypothesis that grotto salamanders have broadened their diet related to cave adaptation
and found that, although coprophagous behavior is present, salamanders are unable to acquire sufficient
nutrition from bat guano alone. Our results suggest that the coprophagic behavior has emerged prior to

physiological or gut biome adaptations.
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Introduction

Coprophagy is a feeding strategy commonly found in invertebrates (Weiss 2006), but
much less so in vertebrates. Coprophagy sometimes exists in mammals such as rodents
and lagomorphs, and to a lesser degree in pigs, horses, dogs and nonhuman primates
(Thacker and Brandt 1955; Soave and Brand 1991; Marinier and Alexander 1995;
Aitken 2003; Krief and Hladik 2004). In amphibians, coprophagy is rare but when
present may influence larval development of some species with herbivorous larvae.
For example, herbivorous tadpoles regularly feed on feces of conspecifics in captivity
(Gromko et al. 1973; Steinwascher 1978; Pryor and Bjorndal 2005), even when other
food sources are available ad libitum (Pryor and Bjorndal 2005). Herbivorous tadpoles
have digestive morphologies and physiologies similar to other herbivorous vertebrates
that rely on hindgut fermentative digestion (Pryor and Bjorndal 2005) and ingest feces
to inoculate their digestive tracts with beneficial microbes (Steinwascher 1978; Beebee
1991; Beebee and Wong 1992). Growth rates are slower when feces are removed from
the diet (Steinwascher 1978) suggesting that herbivorous tadpoles benefit nutritionally
from coprophagy even though feces are lower in energy (Gromko et al. 1973).

The literature is scarce when it comes to coprophagy in predatory amphibians (Fe-
nolio et al. 2006). However, faces consist of a readily available food resource for animals
living in energy-limited environments, such as caves. Food and nutritional resources in
caves are derived from surface inputs and can be limited both temporarily and spatially
within these systems (Culver and Pipan 2014). Likewise, foraging in aphotic habitats
of caves presents significant challenges for animals that potentially may go weeks to
months between feeding bouts. Guano produced by seasonally roosting bats represents
an important food source for both terrestrial and aquatic invertebrates (Howarth 1983;
Poulson and Lavoie 2000), which in turn are prey for fishes and salamanders (Poulson
and Lavoie 2000; Graening 2005; Niemiller and Poulson 2010; Fenolio et al. 20006,
2014). Salamanders have been known to be strictly carnivorous but Fenolio et al. (2006)
showed that obligate cave-dwelling Grotto Salamander larvae (Eurycea spelaea (Stejneger,
1892), Fig. 1) ingests bat guano. This behavior is not incidental to the capture of aquatic
invertebrate prey. Stable isotope signatures suggest nutrients from bat guano could be
incorporated into salamander tissues, and nutritional analyses revealed that bat guano is
comparable to potential prey items in nutritional and energy content, suggesting that bat
guano could be a viable alternative food source in some energy-poor cave systems. Since
the relative importance of guano in the diet of subterranean salamanders is unknown, the
aim of this study was to determine whether subterranean salamander larvae could persist
on an exclusive guano diet compared to the typical carnivorous diet of salamanders.

Materials and methods

All experiments were conducted under the approval of animal protocol #15022 by the
Rutgers Newark Institutional Animal Care and Use Committee that handles NJIT re-
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Figure |. Eurycea spelaea showing troglobitic characters, lack of pigmentation and microphthalmy.
Scale bar: 0.5 cm.

search. We collected 46 specimens of Eurycea spelaea from January-Stansbury Cave lo-
cated in the Ozark Plateau National Wildlife Refuge in Delaware County, Oklahoma.
Salamanders were housed individually in mesocosms submerged in the cave stream.
Each mesocosm consisted of a 500 ml plastic bottle with small holes so that the sala-
manders had continuous access to fresh cave water. All lids were connected to a central
line via a short string. Salamanders were collected June 6th but the study did not un-
til June 22", salamanders were fed amphipods until the start of the study. During the
study, salamanders were fed every four days either a strict diet of live amphipods, bat
guano, or nothing. We collected amphipods and bat guano fresh on the day of feeding
from the cave. The cave is inhabited by a maternity colony (ca. 15,000 individuals) of
federally endangered Gray bats (Myotis grisescens A.H. Howell, 1909) from late April
through early November (Fenolio et al. 2006, 2014). Salamanders were randomly as-
signed to a negative control group, or one of two prey types and one of four feeding
treatments based on percentage of initial body mass: 0% (control) 2.5%, 5%, and
10%. Salamanders were massed before feeding to track body mass loss or gain and fed
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the corresponding percentage of initial body mass of amphipods or guano. We used
a milligram- accuracy scale (Ohus, Parsippany, NJ, USA). Care was taken to remove
any food remnants before the next feeding, although in most cases salamander ate all
the food. Salamanders that lost 230% of initial body mass were removed the study. We
used ANCOVA to compare body mass of the different treatments in MatLab with an
alpha level of 0.05. Normality of ranked data was verified via the Kolmogorov-Smirnov
test. Salamanders were released back into the cave after the study per permitting regu-
lations.

All data associated with this study are available from the figshare digital repository:
https://doi.org/10.6084/m9.figshare.4805656

Results

Loss of body mass in treatment groups: All treatment groups lost some body mass dur-
ing the study (34 days; Fig. 2). Animals in the control group (n = 10) were removed
from the study earlier (27 days) than the other groups (34 days) due to body mass loss.
Salamanders in the control group experienced the steepest loss of body mass. In gen-
eral, salamanders fed guano lost more body mass than salamanders fed amphipods, and
at 34 days, most guano-fed salamanders had reached the 30% loss limit. Body mass
was more variable in amphipod-fed groups with both gains and losses. Salamanders
fed 2.5% of initial body mass (IBM) lost an average of 31.3% (+14.3%) body mass
eating guano compared to an average of 9.6% (+36.0%) eating amphipods. Salaman-
ders fed 5% IBM lost 30.2% (+4.8%) body mass when eating guano compared to
7.9% (+28.1%) eating amphipods. Body mass loss was least for salamanders fed 10%
IBM, and guano-fed salamanders lost 28.3% (+4.4%) body mass compared to 7.6%
(£11.5%) for the amphipod group.

Comparisons of weight loss: For salamanders fed 2.5% IBM, body mass loss rates
for guano-fed and amphipod-fed groups were slower than the control group (Guano-
fed: F=6.82, P=0.01; Amphipod-fed: F= 12.14, P = 0.0007) but not different from
each other (F=2.86, P = 0.09). For salamanders fed 5% IBM, guano-fed animals lost
body mass at a slower rate than amphipod-fed animals (¥ = 11.05, P = 0.0012) and
control animals (¥ = 14.75, P = 0.0002), while amphipod-fed animals lost body mass
similarly to control animals (¥ = 0.07, P = 0.795). For salamanders fed 10% IBM,
the amphipod-fed group lost body mass slower than the guano-fed group (£ = 6.4,
P =0.131) and control group (F=26.26, P = 1.09¢-6), while the guano-fed group was
similar to the control group (7= 8.02, P =0.005).

Discussion

All amphipod groups had individuals that lost and gained weight within the period of
the study. The variability in body mass was smaller in the 10% amphipod IBM com-
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Figure 2. Regression lines based on body mass loss of different diet types and amounts. Salamanders
were fed nothing (green), live amphipods (red) or guano (blue). Groups were fed every four days based
on their initial body weight, with 2.5% (A), 5% (B) or 10% (C). The calculated regression lines were as
follows: Control -1.16x+96.01 R? = 0.54, n = 10; 2'50/03mphipod -0.26x+98.49, R = 0.39, n = G; 2.5%guam
0.70x+93.58, R = 0.02, n = 6; 5%, -0.28x+102.22, R = 0.03, n = 6; 5%, -1.12x+98.89, R’
=0.77,n=6; 10% -0.35x+103.36, R> = 0.21, n = G; IOO/Oguam -0.70x+96.01, R?> = 0.53, n = 6.

amphipod
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pared to the 5% and 2.5%, but a few individuals lost weight making the overall average
mass at the end of the study slightly less than the IBM. The large variability in the 5%
and 2.5% amphipod groups suggests that individuals may be behaving differently or
some individuals may be stressed in the mesocosm. Nonetheless, since guano groups
resemble more closely control groups we conclude that amphipods are a better food
source for the salamanders.

Shifts in habitat are often linked with dietary shifts, as environmental changes
frequently cause organisms to alter foraging behaviors (Rosalino et al. 2005; McMeans
et al 2015). The transition from surface to subterranean habitats involves dramatic
morphological, physiological, and behavioral changes associated with life in complete
darkness and often limited energy resources, including a predicted increase in dietary
breadth (Culver 1982, 1994; Holyoak and Sachdev 1998; Fenolio et al. 2006). In
subterranean salamanders, the evolution of coprophagy may be an unusual foraging
strategy to exploit a nutritious and seasonally abundant resource (i.e., bat guano)
in an otherwise food-limited environment. While it has been demonstrated that
Grotto salamander larvae will regularly employ coprophagy of calorically-rich bat
guano (Fenolio et al. 2006), our study suggests that Grotto salamander larvae are
unable to thrive on a guano-exclusive diet for a prolonged period. So in this case the
coprophagous behavior has emerged in evolution prior to the necessary physiological
changes to gain nutrition from it.

The apparent disagreement between coprophagous behavior in Grotto salaman-
ders and the lack of apparent absorption may have several possible explanations. First,
Grotto salamander larvae, and salamanders in general, do not possess the morpho-
logical and physiological digestive traits necessary to exploit guano as a food resource.
Salamanders in general are strict carnivores with short digestive tracts and have buc-
cal enzymes with low amylolytic activity (Stevens and Hume 2004). In contrast, co-
prophagy is most often associated with herbivory, which predominately utilize post-
gastric (hindgut) fermentation and the consumption of feces increases the absorption
of nutrients and inoculate the hind gut with microbes (Clauss et al. 2007). The selec-
tive consumption of predigested material is a form of omnivory. We know relatively
litcle about the adaptive advantages of and the selective drivers that favor omnivory,
and by proxy coprophagy, in vertebrates (but see Diehl 2003). Coprophagy requires
the evolution of not only a coprophagous behavior but also the evolution of morpho-
logical and physiological digestive traits to process feces. It is unknown whether these
traits are linked, but theoretically behavioral evolution can precede physiological and
morphological evolution. Second, since Grotto salamanders are ingesting feces with
high protein content (54%; Fenolio et al. 20006) of insectivores (bats) rather than feces
from herbivores, a vastly different gut microbiome is needed to efficiently digest feces.
So in addition to lacking the morphological and physiological traits, Grotto salaman-
ders may not possess the necessary gut flora to digest and fully process the contents
of bat guano. Ley et al. (2009) found that diet can impact gut microbiome diversity
in mammals, which increases with evolution from carnivory to omnivory. Digestive
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evolution in amphibians, as well as their gut biomes and the gut’s propensity for evolu-
tion, is yet to be examined in detail. Finally, coprophagy may reflect mistaken identity
due to an innate feeding response for moving prey. In subterranean habitats, aquatic
salamanders and cavefishes rely heavily on mechanosensation to detect and capture
moving prey. Guano falling into a pool and settling on the substrate may elicit a simi-
lar feeding response as crustaceans and other aquatic invertebrates. Guano may not be
immediately rejected but ingested instead because of the high protein and fat content
of the insectivorous guano. Alternatively, guano may possess a micronutrient, vitamin
or mineral otherwise scarce in the subterranean habitat (see Fenolio et al. 2006). While
guano may not prevent a loss in mass, it may still offer some nutritional benefi.
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Abstract

The taxonomy of the genus Spariolenus Simon, 1880 in Iran is revisited by describing three new species:
Spariolenus fathpouri sp. n. (male & female) from Pebdeh cave ecosystem (Khuzestan Province), S. mansourii
sp. n. (male and female) a more widespread species discovered in the Pataveh and Nezel Caves entrances
(Kohgiluye-va-Buyer Ahmad Province), and S. hormozii sp. n. (female) from the Geno Biosphere Reserve
(Hormozgan Province). Notes on the current status of the explored caves are given. The recently erected
species, S. khoozestanus is redescribed based on the examination of the holotype and an additional diagnosis
is provided. The Iranian plateau can be considered as the hotspot diversity for this genus in the world by
hosting 8 out of 13 known species.

Keywords
New species, Middle East, Cave, taxonomy, huntsman spiders

Introduction

Members of the genus Spariolenus Simon, 1880 are medium to large huntsman spiders
living underground both in caves and/or other karstic substrates close to active water
stream systems (Moradmand and Jager 2011, per obs.). These spiders are active hunters
in caves or nocturnal hunters close to the cave entrances and karstic regions (pers obs.).

Copyright Majid Moradmand. 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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Moradmand and Jager (2011) revised Spariolenus and gave extended diagnosis for
a better understanding of its taxonomy in addition to describing four new species.
Molecular phylogeny recovered Spariolenus in the “true” Heteropodinae clade and as
the sister taxon of Heteropoda Latreille, 1804 (Moradmand et al. 2014). Spariolenus
khoozestanus Zamani, 2016 was described from a single female specimen from Iran. It
is here redescribed and illustrated.

Materials and methods

The specimens new to science in this paper (except S. hormozii sp. n.) were recently col-
lected by the author from different subterranean habitats in Iran (2015-2017). The male
specimens, collected as immatures, were subsequently reared in captivity, in some cases
over one year to get mature and ready for description and a more reliable taxonomic deci-
sion over their identity as new species. Morphological characters were studied and illus-
trated using Leitz Wetzlar and Olympus SZX12 stereomicroscopes equipped with a draw-
ing tube. For this purpose, specimens were submerged in 75% ethanol. The description
style follows Moradmand and Jager (2011) and Moradmand (2013). Measurements are
given in millimetres. The size classes of specimens follow Jager (2001) [small (3—10), me-
dium (10-20), large (20-30)]. The spination pattern is given according to Davies (1994):
sum of all spines (prolateral, dorsal, retrolateral, ventral), the latter is only listed if present.

The following abbreviations are used throughout the text: AB — anterior band of
epigynal field; ALE — anterior lateral eyes, AME — anterior median eyes; BRB — ba-
sal retrolateral bulge; C — conductor; CO — copulatory opening; DE — distal part of
embolus; EF — Epigynal field; EP — epigynal pit; ET — embolus tip; FC — first coil of
vulva; FD — fertilisation duct; LID — lumen of internal duct system; MEP — margin
of epigynal pit; PET — prolateral part of embolus; PLE — posterior lateral eyes; PME —
posterior median eyes; RET — retrolateral part of embolus; RTA — retrolateral tibial
apophysis; SD — sperm duct, T — tegulum; SC — second coil of vulva; SD — tissue
sample for spider DNA catalogue number deposited in ZMUI; 8§ — slit sensillum;
TC - third coil of vulva; I-IV — 1* to 4™ leg.

Depositories. SMF — Senckenberg Research Institute, Frankfurt am Main, Germa-
ny (Julia Altmann, Peter Jiger). ZMUI — Zoological Museum, Department of Biology,
University of Isfahan, Isfahan, Iran (Majid Moradmand).

Results

Family Sparassidae Bertkau, 1872
Subfamily Heteropodinae Thorell, 1873
Genus Spariolenus Simon, 1880

For description and diagnosis see Moradmand and Jiger (2011).
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Spariolenus fathpouri Moradmand, sp. n.
http://zoobank.org/4221312C-BFB7-4B28-9CD8-65E86D04C5EF
Figs 1, 2, 3A

Type material. Holotype: &, IRAN: Khuzestan Province: N of Lali, Pebdeh Cave,
32°26.50'N, 42°13.35'E, 11 April 2015, SD 111, M. Moradmand, F. Moin, Sh. Es-
mailbegi, A. Bagheri leg. (SMF). Paratypes: 15 and 29 @ with same data as for holo-
type (18, 19 ZMUI; 1Q SMF)

Etymology. The species is named in honour of Dr Hossein Fathpour, retired as-
sociate professor of Zoology (University of Isfahan), who first perceived and supported
the author’s enthusiasm for investigating the world of arthropods; genitive case.

Diagnosis. The male can be distinguished from other congeners by its bifurcated
ET (similar to S. zagros and S. mansourii sp. n.) but differ from the two later by the
crescent shape of the prolateral ET (PET) having a notch (Fig. 1A-D). The female
vulva can be distinguished by having unique expansion in EP anteriorly, constructing
a marsupial-like structure (Fig. 2B).

Description. Male: Measurements. Medium-sized Sparassidae; holotype: total
length 14.0, carapace length 6.7, width 5.5, anterior width 3.6, opisthosoma length
7.3, width 4.3. Anterior eye row slightly recurved, posterior eye row straight (Fig. 1F).

Chelicerae. With 3 anterior and 4 posterior teeth, cheliceral furrow with 10-15
intermarginal denticles; retromargin with two bristles at base of fang (Fig. 1E).

Eyes. AME 0.27, ALE 0.70, PME 0.48, PLE 0.76, eye inter distances: AME-AME 0.17,
AME-ALE 0.06, PME-PME 0.28, PME-PLE 0.53, AME-PME 0.34, ALE-PLE 0.52.

Legs. Leg formula: IITIV III. Palp 10.8 [3.6, 1.5, 2.2, 3.5],147.0 [12.2, 4.6, 13.5,
13.2,3.5], 1151.2 [13.8, 4.5, 15.5, 14.2, 3.2], 111 38.0 [10.8, 3.7, 11.2, 9.7, 2.6], IV
39.9[11.1,3.5,11.2, 11.3, 2.8].

Spination. Palp 131, 101, 1013; Legs: Femur I-III 323, IV 321; Patella I-IV 101;
Tibia 1222(10), I1 222(10), III 1218, IV 3236; Metatarsus I 0004, II-II1 2024, IV 3036.

Palp. As in diagnosis, with cymbium 1.5 times longer than tibia, BRB present,
RTA short, dRTA pointed and vRTA blunt in retrolateral view, both are blunt and the
same length in ventral view, PET shorter than RET, PET cover proximal half of RET
partially in ventral view. Conductor hyaline and not extending beyond or roughly the
same length of ET (Fig. 1A-D).

Female: Habitus as in Fig. 3A. Measurements. Large-sized Sparassidae; total length
27.6, carapace length 13.6, width 11.7, anterior width 6.5, opisthosoma length 14.0,
width 8.0.

Chelicerae. With 3 anterior and 5 posterior teeth, cheliceral furrow with 15-20
intermarginal denticles.

Eyes. AME 0.51, ALE 1.1, PME 0.70, PLE 1.3, eye inter distances: AME-AME 0.23,
AME-ALE 0.11, PME-PME 0.48, PME-PLE 0.97, AME-PME 0.67, ALE-PLE 0.95.

Legs. Leg formula: IIT IV III. Palp 19.8 [5.7, 3.0, 4.5, 6.6],171.3 [18.2, 8.2, 20.4,
19.5,5.0],1179.3 [21.4, 8.9, 22.8, 21.2, 5.0], 111 66.6 [18.2,7.3,17.2, 17.3, 6.6], IV
68.7 [18.7,7.3,17.9, 19.5, 5.3].



14 Majid Moradmand | Subterranean Biology 24: 11-25 (2017)
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Figure 1. Spariolenus fathpouri sp. n., male holotype, Khuzestan, Pebdeh Cave, Iran (SMF). A-C left
palp (A prolateral B ventral C retrolateral) D bulbus, ventral E chelicerae, ventral F eye arrangement,
dorsal. Abbreviations: BRB — basal retrolateral bulge, C — conductor, ET — embolus tip, PET — prolateral
part of embolus, RET — retrolateral part of embolus, RTA — retrolateral tibial apophysis, SD — sperm duct,
T — tegulum. Scale bars: 1 mm (A-C, E, F), 0.5 mm (D).
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Figure 2. Spariolenus fathpouri sp. n., female paratype, Khuzestan, Pebdeh Cave, Iran (ZMUI). A epigy-
num, ventral B vulva, dorsal C right vulva, lateral. Abbreviations: CO — copulatory opening; EF — epigy-
nal field; EP — epigynal pit; FC — first coil of vulva; FD — fertilisation duct; LID — lumen of internal duct
system; MEP — margin of epigynal pit; SC — second coil of vulva; SS — slit sensillum; TC — third coil of
vulva. Scale bar: 1 mm.

Spination. Palp 131, 101, 2221, 2014; Legs: Femur I-11I 323, IV 321; Patella I-IV
101; Tibia I 101(10), IT 111(10), III 2228, IV 2226; Metatarsus I— II 0004, III 2024,
IV 3036.
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N 2 i

Figure 3. A Habitus of Spariolenus fathpouri sp. n., paratype female, alive in the type locality B Pebdeh
Cave, Iran, the type locality, entrance (arrow) € ditto, Pebdeh Cave D Blattidae E dead Bat suffered from
fire F Coleopteran beetles.

Epigynum. As in diagnosis, with EF as long as wide, AB present but short, MEP
extending first half laterad and second half frontad (Fig. 2A-C).

Distribution and habitat preferences. Known only from the type locality, the
Pebdeh cave ecosystem (Fig. 3B, C). The cave is rich in biodiversity of arthropods in-
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cluding unidentified species of insects (Fig. 3D, F). A relatively large population of bats
inhabit the cave and produce huge piles of guano, a source of energy for a potential
food chain inside the cave.

Conservation status of the type locality. The Pebdeh cave suffered from a man-
made fire just a few years ago which resulted in a decline of the bat population (Fig.
3E) and of the rest of the diversity of inhabitants (pers. ob.). The cave is fortunately
under formal registration as national heritage of Iran because of evidences of earliest
date of human occupation inside the cave.

Spariolenus mansourii Moradmand, sp. n.
http://zoobank.org/F79FD97F-E8DF-43CE-AB40-4B90A74CFF14
Figs 4, 5A

Type material. Holotype: &', IRAN: Kohgiluyeh and Bouyer-Ahmad Province: Sar-
faryab, Choram, Nezel Cave entrance, at night, 30°47'29.47”N, 50°56'52.25”E, 4
June 2016, Naghsh-e-Jahan Caving club, M. Moradmand and M. Saboohi leg. (SMF).
Paratypes: 18 and 2 99, 18 Kohgiluyeh and Bouyer-Abhmad Province: Pataveh, Deh-
Sheikh Cave, first corridor, 30°57'N, 51°14'E (ZMUI). 299 with same data as for
holotype (19 ZMUI; 19 SME).

Etymology. The species is named in honour of Mr Mohammad Mansouri (Iran:
Isfahan), a highly qualified caving instructor. I experienced my first underground ad-
venture with him and I owe him my caving skills; genitive case.

Diagnosis. The male is distinguished from other congeners by dRTA 1.5 times
longer than vRTA and the shape of ET bifurcated (same as S. zagros and S. fathpouri
sp.nov.). It differs from S. zagros by the prolateral ET shorter than retrolateral one
(same size in S. zagros) (Fig. 4A-D). The female differ from other Spariolenus spp. by
vulva with lateral extension of the first coil continuous to second coil (similar to those
of S. manesht, but differ from it by dorsal epigynum lacking continuous ridge anterior
to the CO) (Fig. 5A-C).

Description. Male: Measurements. Small to medium-sized Sparassidae; holotype:
total length 11.0, carapace length 5.2, width 4.1, anterior width 2.6, opisthosoma
length 5.8, width 3.2.

Chelicerae. With 3 anterior and 4 posterior teeth, cheliceral furrow with 10-15
intermarginal denticles (Fig. 4E).

Eyes. AME 0.27, ALE 0.57, PME 0.36, PLE 0.65, eye inter distances: AME-AME
0.12, AME-ALE 0.03, PME-PME 0.24, PME-PLE 0.48, AME-PME 0.25, ALE-PLE
0.54. Anterior and posterior eye rows slightly recurved (Fig. 4F).

Legs. Leg formula: II T IV III. Palp 5.7 [2.8, 1.3, 1.6], 1 32.8 [8.5, 3.4, 9.1, 9.2,
2.6], 11 35.8 [9.6, 3.5, 9.9, 10.1, 2.7], 111 28.4 [8.2, 2.8, 7.6, 7.5, 2.3], IV 29.4 [8.4,
2.9,7.3,8.3,2.5].

Spination. Palp 131, 101, 1013; Legs: Femur I 223, II-1II 323, IV 321; Patella
[-IV 101; Tibia I-11 131(10), III 2128, IV 2126; Metatarsus [-111 2024, IV 3036.
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Figure 4. Spariolenus mansourii sp. n., male holotype, Kohgiluyeh and Bouyer-Ahmad Province, Nezel
Cave entrance, Iran (SMF). A=C left palp (A prolateral B ventral € retrolateral) D bulbus, ventral
E chelicerae, ventral F eye arrangement, dorsal. Scale bars: 1 mm.
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Figure 5. Spariolenus mansourii sp. n., female paratype, Kohgiluyeh and Bouyer-Ahmad Province, Nezel
Cave entrance, Iran (ZMUI). A epigynum, ventral B vulva, dorsal € right vulva, lateral. Scale bar: 1 mm.

Palp. As in diagnosis, with cymbium 1.5 times longer than tibia, BRB present,
RTA short, dRTA 2 times longer than vRTA, both distally rounded in ventral view,
PET and RET both pointed distado-prolaterad, PET shorter than RET. Conductor
hyaline and extending beyond ET in ventral view (4A-D).

Female: Measurements. Medium-sized Sparassidae; total length 15.4, carapace length
7.6, width 6.1, anterior width 3.7, opisthosoma length 7.8, width 5.2.
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Figure 6. A Habitat of Spariolenus mansourii sp. n., Nezel pit cave entrance (arrow) B Nezel pit cave

entrance, the type locality, Naghsh-e-Jahan caving club entering the cave.

Chelicerae. With 3 anterior and 4 posterior teeth, cheliceral furrow with 10-15
intermarginal denticles.

Eyes. AME 0.28, ALE 0.78, PME 0.47, PLE 0.77, eye inter distances: AME-
AME 0.19, AME-ALE 0.05, PME-PME 0.28, PME-PLE 0.69, AME-PME 0.57,
ALE-PLE 0.63.

Legs. Leg formula: II T IV III. Palp 8.2 [2.6, 1.4, 1.8, 2.9],125.4 [7.2, 3.1, 6.8,
6.5,1.8], 11 27.7 [8.2, 3.3, 7.5, 6.7, 2.0], IIT 23.6 [7.1, 2.8, 6.2, 5.8, 1.7], IV 25.2
[7.4,2.9, 6.5, 6.6, 1.8].
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Spination. Palp 131, 101, 2121, 1013; Legs: Femur I-11I 323, IV 321; Patella I-IV
101 (000); Tibia I-I1 101(10), II1 2028, IV 2026; Metatarsus [-I11 2024, IV 3036.

Epigynum. As in diagnosis, with EF wider than long, AB present and elongated,
MEP extending in anterior half in posteriorly and posterior half in laterally.

Remarks. This is the smallest Spariolenus species ever described. Both male and
female are small to medium sized (11-15 mm). On the other side, S. iranomaximus
Moradmand and Jiger, 2011 is the largest species, , with 18—-31 mm body length.

Distribution and habitat preferences. Known from the type locality, the Nezel
cave (Fig. 6A, B) and Pataveh (or Deh-Sheikh) cave. The specimens were observed in
relatively large population around the karstic regions and entrances of the Nezel cave
at night. The Nezel Cave is composed of four deep pits connected by horizontal cor-
ridors. The first pit is 43 meters deep (Fig. 6B).

The Pataveh cave has three entrances. Specimens were observed inside the entrance
corridors during daytime. In both caves, the more humid parts inside where the walls
were covered with a layer of condensed water, no Spariolenus specimens were observed.

Conservation status of the type locality. The Pataveh Cave was recently trans-
formed into a tourist attraction and the corridors suffered from man-made construc-
tions, a serious alert for its biodiversity.

Spariolenus hormozii Moradmand, sp. n.

http://zoobank.org/120A6B4D-1B1D-42B1-8C13-335A5997D8DD
Fig. 7

Type material. Holotype: female, IRAN: Hormozgan Province: Hamag Protected area,
Southern Zagros, Kuhe Fareghan, Hamag-e-Paeen, 27°51'52.00"N, 56°28'31.00"E,
June 2015, S. Sami leg. (SMF).

Etymology. The species is named in honour of Mr Parwiz Hormozi who with his
colleague Mr Mohammad Dehghani sacrificed their lives and were killed by poachers
in 2016 while carrying out their duties as park rangers protecting the Wildlife in the
Geno Biosphere Reserve, Hormozgan Province; genitive case.

Diagnosis. This species is distinguished from all other congeners by CO and EP
largely widened (CO 1/2 EP width and EP 1/2 EF length) (Fig. 7A).

Male. Unknown.

Female. Measurements. large Sparassidae; total length 23.6, carapace length 11.1,
width 10.0, anterior width 5.7, opisthosoma length 12.5, width 8.5.

Legs. Leg formula: I T IV III. Palp 14.2 [4.6, 2.5, 3.3, 4.8],149.4 [13.6, 5.7, 13.3,
13.7,3.1],11 53.7 [15.3, 6.2, 15.1, 14.0, 3.1], 11 45.1 [13.3, 5.2, 12.2, 11.6, 2.8], IV
48.1[13.7,5.2,12.6, 13.5, 3.1].

Chelicerae. With 3 anterior and 4 posterior teeth, cheliceral furrow with 10-15
intermarginal denticles (Fig. 7D).

Eyes. AME 0.48, ALE 1.1, PME 0.67, PLE 1.4, eye inter distances: AME-AME 0.37,
AME-ALE 0.12, PME-PME 0.53, PME-PLE 0.83, AME-PME 0.57, ALE-PLE 1.0.
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Figure 7. Spariolenus hormozii sp. n., female holotype, Hormozgan Province, Hamag Protected area, Iran

(SME). A epigynum, ventral B vulva, dorsal C right vulva, lateral D chelicerae, ventral E eye arrange-

ment, dorsal. Scale bars: 1 mm.

Eyes as Fig. 7E.

Spination. Palp 131, 101, 2121, 2013; Legs: Femur I-11I 323, IV 321; Patella I-IV
101; Tibia I-I1 101(10), III 1018, IV 2026 (2126); Metatarsus I-1I1 2024, IV 3036.

Epigynum. As in diagnosis, with EF as wide as long, EF quadrate in shape, AB
present, MEP extend anterior half posteriorly and posterior half laterally, CO large and
partitioned half of EP area (Fig. 7A-C)
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Spariolenus khoozestanus Zamani, 2016
Fig. 8

Spariolenus khoozestanus Zamani, 2016: 421, figs 1-5 [holotype female (SMF) exam-
ined and illustrated]

Extended diagnosis. This single female differs from those of other species in having
the anterior half of the FC extend transversally while in other species extend more
longitudinally (Fig. 8A—C). The only exception is S. iranomaximus Moradmand and
Jager, 2011 but this species is unique in having wide spread HGO in SC and TC (Mo-
radmand and Jager 2011: figs 12—13).

Figure 8. Spariolenus khoozestanus Zamani, 2016, female holotype (SMF). A epigynum, ventral B vulva,
dorsal C right vulva. Scale bar: 1 mm.
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Comments. This species is erected on the basis of a single female specimen collect-
ed in Lali city, close to the type locality of S. fathpouri sp. n. In the original diagnosis,
this species was compared with S. #gris Simon, 1880 from India, occurring far away
from the type locality. Nevertheless its closest similar species seems to be S. iranomaxi-
mus which is more widespread in Southwest Zagros (per. obs). Both species share the
character of widened FC of vulva, the shape of the CO, EP and the pattern of MEP.
Since there are variations in the females copulatory structures (in particular the vulva
of S. iranomaximus (see Moradmand and Jager 2011: figs 12, 18, 19), S. khoozestanus is
probably a junior synonym of the former species, but until the male is discovered from
the type locality the taxonomic decision cannot be made confidently.

Discussion

Before this study ten species of Spariolenus were known worldwide, half of them de-
scribed from Iran. This study increased the known species to 13. The distribution pat-
tern of Spariolenus is currently known from Iran (eight species), Oman in the Arabian
Peninsula (one species), and far South Indian Peninsula (four species). The diversity of
Spariolenus spp. in the Iranian plateau seems to be higher than what is known today.
Since Iranian species are discovered along the Zagros Mountain Range, thus their evo-
lutionary history may be connected with the orogeny of these mountains (Moradmand
and Jiger 2011).

Five out of 13 known species of Spariolenus are described from both sexes. Among
known males, the shape of bifurcated ET, previously observed only in S. zagros can be
seen in two other males herein described. This could mean that bifurcated ET is more
common than simple ones and probably a plesiomorphic character.

In a recent checklist on cavernicolous arthropods in Iran, Malek-Hosseini and
Zamani (2017) listed 89 taxa from only 47 subterranean habitats. Since the number of
explored caves in Iran is more than 2000 (Raeisi et al. 2012) and the global diversity
of cavernicolus species is estimated at 100,000 (Culver and Holsinger 1992). Thus the
species richness of Iranian caves is expected to be much higher. The discovery of the
three new species herein described supports this assumption.
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Abstract

We studied the ecological continuum between caves and the associated network of fissures — Milieu Sou-
terrain Superficiel (MSS) — in an hypogean site in the Graian Alps, Italy. Over one year, we surveyed the
faunal assemblages by means of pitfall traps placed in the caves and specific subterranean sampling devices
(SSD) buried in the MSS. We used generalized linear mixed models (GLMMs) and generalized additive
mixed models (GAMMs) to compare the spatial and temporal dynamics of the subterranean invertebrates
inhabiting the two environments. As expected, arthropod communities occurring near the surface were
characterized by minor level of subterranean adaptations, and conversely, subterranean species were more
abundant and diversified at higher depths, both in the caves and in the MSS. Diversity and abundance of
external elements in the superficial layers were found to be highly seasonal dependent, with minor values
in winter compared to the other seasons. We provided information about the faunal assemblages dwell-
ing in the two hypogean compartments, and we characterized the microclimatic conditions therein. We
discussed the existence of an ecological gradient of specialization extending from the surface to the deep
hypogean layers, which can be interpreted in light of the microclimatic changes occurring at increasing
depths and the parallel decrease in available organic matter.
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Introduction

According to the modern view of subterranean biology, subterranean organisms do not
exclusively inhabit underground vacuums of wide dimensions (i.e. caves), but also natu-
rally occupy the network of fissures the size of which is not commensurable to the human
scale (Racovitza 1907, Jeannel 1926, 1942, 1943, Juberthie et al. 1980a, 1980b, 1981,
Uéno 1987). Culver and Pipan (2009a, 2014) recently categorised the most superficial
subterranean habitats colonized by a strictly subterranean fauna as “Shallow Subterranean
Habitats (SSHs)”. Among the variety of SSHs listed by Culver and Pipan, the “Milieu
Souterrain Superficiel (MSS)” is possibly one of the most inventively studied (Mammola et
al. 2016). As a general definition, the MSS consists of a labyrinth of air-filled voids within
rocky fragments that have accumulated for various morphogenetic reason on the bedrock,
harbouring organisms showing adaptation to the subterranean conditions. In a hypotheti-
cal multilayer-structure, the MSS is generally found between the edaphic area — soil and
rhizosphere —and the deep hypogean domain resulting, as a whole, in a “gradient from soil
to cave” (Gers 1998). The climatic isolation of the MSS from the surface is usually achieved
when the rocky layers are progressively covered by evolving soils with edaphic horizons
(Giachino and Vailati 2010, Pipan et al. 2011), but other insulation mechanisms may be
involved (Mammola et al. 2016). As a general rule, the external climatic variations are buff-
ered in the MSS according to increasing depth (Nitzu et al. 2010, 2014), i.e. approaching a
cave-like climate at higher distances from the surface (Badino 2010, Mammola et al. 2016).

Since MSS is not accessible to men unless by indirect means (see, e.g., Lépez and
Oromi 2010), biological studies focusing on the subterranean fauna are usually set in
caves or in more accessible SSHs, such as lava tubes (e.g., Howarth 1972, Aschmole
and Ashmole 1997, Arnedo et al. 2007). As a matter of fact, the great majority of the
published papers investigating the MSS dealt with single model taxa, and were usually
strictly taxonomical (Mammola et al. 2016). The focus of the MSS studies was rarely
set on the whole community and/or on ecological processes (but see, e.g., Gers 1998,
Nitzu et al. 2010, Pipan et al. 2011, Rendo$ et al. 2012, Ortuno et al. 2013, 2014,
Langourov et al. 2014, Jimenéz-Valverde et al. 2015). As an example, all the studies
conducted so far in Italy focused on taxonomic descriptions of new species, sampled
in the MSS by means of buried pitfall traps or sight-collected after excavation (e.g.
Monguzzi 1982, 2011, Casale and Rondolini 1983, Casale and Giachino 1988, Vailati
1988, Latella and Rampini 1994, Monguzzi and Regalin 2001, Giachino and Vailati
2008, Magrini et al. 2012, Monzini 2013).

We conducted a one-year ecological study in an alpine hypogean site, aiming at
investigating simultaneously the cave environment and the surrounding MSS. Our
aims were to 1) compare the faunal assemblages characteristic of the two subterranean
compartments; 2) investigate whether a temporal (seasonal) and/or a spatial gradient
of specialization exists in the MSS — i.e. higher richness and abundance of specialized
elements at increasing depth; 3) investigate whether the same gradients exist in the cave
— i.e. variation in richness and abundance related to season and/or to vertical distance
from the surface (subjacency) or to distance from the cave entrance.
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Materials and methods

Study area

The study was set in the Pugnetto hypogean complex, in the nearby to the hamlet of
Pugnetto, municipality of Mezzenile, Lanzo Valley, Graian Alps, Piedmont (N'W-Italy).
The site is protected under the European Habitat Directive 43/92 (S.C.I. IT 1110048)
and hosts five natural caves classified as “Caves not open to the public” (H 8310),
namely the Borna di Pugnetto (cadastre number Pi 1501, entrance at N45°16'19",
E5°02'26"; altitude 820 m a.s.l.), the Tana del Lupo (Pi 1502, N45°16'19", E5°02'22";
813 m a.s.l.), the Creusa d'le Tampe (Pi 1503, N45°16'12", E5°02'33"; 870 m a.s.l.),
the Tana della Volpe (Pi 1504, N45°16'13", E5°02'34", 885 m a.s.l.) and the Caver-
netta (N45°16'17", E5°02'36", 895 m a.s.l.) which still lacks a cadastre number but
was mentioned in the original description of the hypogean site by Muratore (1946).

Our study was conducted in the Borna di Pugnetto (hereinafter Borna) and in
the Creusa dle Tampe (hereinafter Creusa) caves (Figs 1a, b, d; 2), as well as in the
surrounding MSS. The Borna has a planimetric development of 765 m. It consists
of a main gallery of 300 m directed north-south, which splits at the end into two
main branches — “Ramo della Madonna” and “Ramo della Fontana”. The Creusa has
a planimetric development of 47 m. It consists of a single tunnel, which leads to the
final chamber after a narrow passage. The area surrounding the caves is characterized
by a well-developed colluvial MSS made of fragmented rocks (calcschist, marble and
phyllite) which form a network of habitat spaces with sizes between 0.1 and 10-20 cm,
covered by 30-40 cm of leaf litter and soil (Fig. 1c, e). Surface conditions are character-
ized by a close and shaded Luzulo-Fagetum beech forest (Sindaco et al. 2009).

Traps and sampling design

We used twenty-four pitfall traps (diameter 9 cm, volume 40 ml) to collect inverte-
brates in caves. The pitfall traps were arranged in groups of three (hereinafter cave-
triplets), at a distance of -5 m to one another. Six cave-triplets (code: C1-C6) were
placed in the Borna at 4, 30, 90, 150, 230 (“Ramo della Madonna”) and 350 (“Ramo
della Fontana”) meters from the main entrance. Two cave-triplets (code: C7, C8) were
placed in the Creusa at 5 and 25 meters from the main entrance (Fig. 2). We derived
the subjacency (DEPTH; i.e., the direct vertical distance from the surface) of each cave
triplet from the geological survey of Motta and Motta (2015). Specifically, we created
three categories of subjacency (Fig. 2): 0-20 m (triplets C1, C5, C7, C8), 20-40 m
(C2, C6), and 60—80 m (C3, C4) [see Mammola et al. (2015) for details].

For collecting invertebrates in the MSS, we utilized twenty-four Subterranean
Sampling Devices (SSD; after Lépez and Oromi 2010). Since the description of the
MSS by Juberthie et al. (1980a, 1980b, 1981) and Uéno (1980), there has been con-
siderable effort to construct and improve effective sampling techniques in this habitat
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Soil

MSS

Figure |. a Main entrance of the Borna di Pugnetto (photo credit: Alberto Chiarle and Mauro Paschetta,
2014) b Main entrance of the Creusa d’le Tampe (photo credit: Elena Piano 2013) ¢ exposed soil/MSS profile
in a fresh-cut along a slope in the vicinity of the Borna di Pugnetto (photo credit: Jacopo Orlandini, 2014)
d the typical cave geo-morphology within the Borna di Pugnetto (photo credit: Alberto Chiarle and Mauro
Paschetta, 2014) e detail of the MSS geo-morphological structure (photo credit: Jacopo Orlandini, 2014).

(reviewed in Lépez and Oromi 2010, Domingo-Quero and Alonso-Zarangara 2010,
Mammola et al. 2016, Rizicka and Dolansky 2016). In this study, we constructed
SSD:s relying on the prototypes of Nitzu et al. (2010, 2014) and Deltshev et al. (2011).
SSDs consisted of PVC pipe (diameter 12.5 cm) with a silicone cap closing the top.
A straight row of 25 holes (diameter: ~1.5 cm) was pierced at a distance of 8 cm from
the lower-end of each pipe (Fig. 3a). At the same height, in correspondence of the
level of holes row, we placed a standard pitfall trap. The holes drilled along the surface
of the PVC pipe allowed the fauna to access to the inside and eventually fall into the
pitfall trap; at the same time, our SSD allowed to recover, empty, refill and replace the
pitfall trap trough the closing cap, ensuring that the substrate was not mechanically
excavated at each sampling session (Fig. 3f, g). In addition, we inserted a styrofoam
cylinder within the PVC tube, filling completely the pipe and insulating the trap from
the external meteorological fluctuations. A screw was placed just above the sampling
holes, to prevent the styrofoam cylinder from sliding down (Fig. 3b).

Three adjacent SSDs of three different length (40, 60 and 80 cm) were buried
vertically in the ground (hereinafter MSS-triplet; Fig. 3c, d, ¢). The 40 cm SSD in-
tercepted the substrate at the interface soil/MSS, while the 60 and 80 cm SSDs inter-
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Figure 2. Map of the study area. The shape and the topographic position of the four caves (Borna Mag-
giore di Pugnetto, Tana del Lupo, Creusa d’le Tampe, Tana della Volpe) was obtained from the original
planimetric drawings of Muratore (1946). The position of the sampling plots in caves (“cave triplets”,
C1-C8), in the MSS (“MSS triplets”, M1-M8) and in the leaf litter (“epigean”, L1-L6) are represented
by coloured dots. The different sectors of the cave are coloured with different shades of grey representing
the subjacency — i.e., vertical distance from the surface — according to Motta and Motta (2015).

cepted the MSS. Six MSS-triplets (18 SSDs; code: M1-M6) were set in the nearby of
the Borna, and two MSS-triplets (6 SSDs; code: M7, M8) were placed in the nearby of
the Creusa (Fig. 2). We installed the traps in the MSS following the advices reported in
literature (Domingo-Quero and Alonso-Zarangara 2010, Giachino and Vailati 2010,
Lopez and Oromi 2010, Mammola et al. 2016; see Fig. 3). Pitfall traps in caves and in
the MSS were baited with chicken meat and filled with brine (supersaturated preserv-
ing solution of water and NaCl; Giachino and Vailati 2010).

Six pitfall traps (with brine, not baited) were also placed in leaf litter habitat (epi-
gean; code: L1-L06), as a reference to discriminate correctly between the epigean fauna
and the specialized fauna — see paragraph “Specimens sorting and ecological classifica-
tion” for details.

Figure 2 shows the position of the traps in the area. We replaced the traps ap-
proximately once a month from June 2012 to June 2013. However, the access to the
Borna is forbidden from 1st November to 31th March in order to protect the roosting
bats inhabiting the cave. In order to reduce disturbance, in this period we accessed
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Figure 3. a sampling holes (details) b Blocking screw ¢ installation of an MSS-triplet d SSD of three

different length @ MSS-triplet buried in the ground f, g renewing the pitfall trap inside the SSD. Photo
credits: Elena Piano.

the Borna only twice (December and March), resulting in ten total sampling sessions
over the year. In order to evaluate the effect of the bait on the sampling probability, we
replaced it every two sampling sessions, thus resulting in 5 sampling sessions with fresh
and 5 with exhausted baits.

To characterize the subterranean microclimate, we placed one Hygrochron tem-
perature and humidity datalogger in correspondence of each pitfall trap in the cave and
at the lower-end of each SSD. Hygrochron were programmed to sample temperature
(T) and relative humidity (RH) every three hours for the whole sampling period (ac-
curacy of + 0.5°C and * 1%, respectively). We also derived the mean daily outside



An ecological survey of the invertebrate community at the epigean/hypogean interface 33

temperature to the same periods from the nearest thermo-hygro-pluviometric weather
station (Fua, Lanzo Torinese, Cod. 111; N45°17'23", E7°29'38"; 550 m a.s.l.). The
temperature values recorded by the weather station were corrected with the standard
environmental lapse rate — the change of temperature with altitude for the stationary
atmosphere. In all analyses relating the abundance and species richness of external and
adapted elements with the explanatory parameters (see later sections), we used the
pseudo-replicates of each trap as basic sample units.

Specimens sorting and ecological classification

Trapped individual were sorted, identified and classified either as epigean (category:
“external”) or subterranean elements (category: “adapted”). According to our expertise
(MI and SM: Araneae; PMG: Coleoptera and some other orders of Insecta) and the
availability of specialists for additional zzxa (see Acknowledgments), identification of
the species levels was possible for the orders Araneae, Opiliones, Pseudoscorpiones,
Chilopoda, Isopoda (one species), and for most orders of insects (especially Coleop-
tera; see Appendix 1).

In subterranean biology, species are often classified into ecological categories (e.g.
trogloxenes, troglophiles, troglobionts) according to their preferred habitat and general as-
sociation with the subterranean domain (Sket 2008, Trajano and Carvalho 2017). How-
ever, most ecological classifications, such as the Schiner-Racovitza system, are deemed to
oversimplify real cases given that boundaries between the categories are often vague and
difficult to attribute (Martin et al. 2001, Giachino and Vailati 2016). Alternatively, in
this work, to categorise our samples we followed the general idea based on a source-sink
population model recently proposed by Trajano (2012). By examining the prevalence of
individuals either in the leaf litter traps or in the traps installed in the subterranean habi-
tats, we were able to classify species as “external” (species likely having source populations
in the epigean environment) or “adapted” (species likely having source populations in the
hypogean environment). Following this criterion, we calculated the abundance and spe-
cies richness of external and subterranean elements (Next, Rext, Nad, Rad, respectively)
for each trap in each sampling survey. Species represented by less than three individuals
were not classified, and thus excluded from the analysis, unless if we possessed a solid lit-
erature background testifying the species ecological requirements — e.g., Lana (2001) for a
few subterranean species in Piedmont and Mammola et al. (2017) for most spider species.

Statistical analysis

We performed regression-type analysis following the general advices of Zuur and Ieno
(2016). All analysis were conducted in R (R development core team 2015). In order to
test statistically our working hypothesis, we computed three distinct sets of regression
models. Firstly, we compared the cave and the MSS habitats in term of species richness
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and abundance of external and adapted organisms (aim 1). Subsequently, we analysed
the spatial and temporal gradients in the MSS and cave environments separately, aim-
ing at investigate the relevant abiotic factors driving richness and abundance in these
two hypogean compartments (aims 2 and 3).

The first set of models was computed through mixed-design analysis of variance
with Poisson distributed data (i.e. generalized linear mixed models, GLMMs; equa-
tion 1), whereas for the second (equation 2) and third (equation 3) sets, we primarily
relied on Poisson generalized additive mixed models (GAMMs). The mixed part of
both GLMMs and GAMMs was introduced in order to account for multiple observa-
tions from the same triplet over time, by specifying the triplet as random factor. The
latter variable was included as random factor in order to account for the variation it
introduced in our samples — and thus to correctly estimate the regression coeflicients,
— rather than to test for its direct effect on the dependent variables.

Prior to model fitting, we explored the three datasets following the standard proto-
col for data exploration proposed by Zuur et al. (2010). According to Zuur et al. (2009,
2010), the inclusion of outliers and highly correlated predictors in the regression analy-
sis leads to misleading results — type I and II statistical errors. We thus used Cleveland's
dotplots to assess the presence of outliers in dependent and independent variables and
we investigated multi-collinearity among covariates. For each basic sample unit and for
each set of models, we chose the abundance of external elements (Next), the species
richness of external elements (Rext) and the abundance of adapted elements (Nad) as
dependent variables. Such variables were selected aiming at investigate the gradient of
specialization trough the hypogean environment (aims 2 and 3). Instead, considering
the generally low species richness of adapted elements per trap (Rad), we were forced
to exclude this latter variable from our analysis. For both abundance (Next, Nad) and
richness (Rext) count data we assumed a Poisson distribution, but we tested for over-
dispersion after model fitting and we switched to a negative binomial distribution
when the over-dispersion parameter was higher than 1.2.

Comparing MSS and cave communities (aim 1)

Species richness of external elements and abundance of adapted and external elements

were analysed in relation to the explanatory two-levels factor HABITAT (levels: “Cave”

and “MSS”) using the glmer R command in the package ‘lme4’ (Bates et al. 2013).
The fixed structure of the model was:

(1) y - HABITAT

Where y is one of Next, Rext and Nad. The random part of the model allowed us to
deal with repeated observations and measurements of the same triplet (temporal depend-
ence) and the clumped distribution of the traps within the triplet (spatial dependence).
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Spatial and temporal gradients in MSS (aim 2) and cave (3) communities

Species richness of external elements and abundance of adapted and external
elements were analysed in relation to the explanatory variables using the gamm R
command in the package ‘mgev’ (Wood 2015). Generalized additive mixed model
were used in order to account for possible non-linear trends of the sampling period
(Serie_i; continuous variable). The optimum amount of smoothing was estimated
trough generalized cross-validation (GCV). However, whenever the effect was linear
and/or not significant, we dropped the smoothed term and fitted a new model
including only parametric terms, thus adopting a linear approach (Poisson or
negative binomial GLMM).

For both the cave and the MSS compartments, we also included the two-levels fac-
tor BAIT (level= “Fresh” and “Exhausted”) as covariates and the two-levels factor SITE
(levels= “Borna” and “Creusa”). The first variable was included to evaluate the effect of
the ageing of the bait on our dependent variables. The second variable was introduced
to take into account for possible local effects, since we pooled together records from
two different caves and associated MSS.

For the analysis of the MSS compartment, in addition to the above mentioned
variables we also included in the models the three-level categorical variable sampling
depth (DEPTH; levels: “0.4m”, “0.6m” and “0.8m”). For the cave habitat, in addition
to the aforementioned variables, we also included the distance from the cave entrance
(Dst_i; continuous variable) and the three-levels categorical variable subjacency (SUB]J;
levels: “0-20m”, “20—40m” and “60-80m”). We excluded from the regression analysis
the microclimatic variables, given that due to malfunctioning, several dataloggers did
not recorded reliable measurements of temperature and relative humidity during the
sampling period (see results, further details in Mammola et al. 2015).

The (fixed) structures of the initial models were (aims 2 and 3, respectively):

(2) y - DEPTH + s(Serie_i) + BAIT + SITE
(3) y -~ Dst_i + SUBJ + s(Serie_i) + BAIT + SITE

Where y is one of Next, Rext and Nad, and s(Serie_i) indicate the smoothing
term. The random part of the model is equal to the previous model (1). For the 2™
and 3" models, we adopted a statistical hypothesis testing framework, whereby model
reduction was carried out on the full model by sequentially deleting non-significant
terms and potential interactions according to AIC values (Zuur et al. 2009), until a
minimum adequate model of significant fixed effects remained (i.e. best model sup-
ported by observations). For all models, p-values for parametric term were based on
z-tests; t-test in the case of GAMMs and GLMM with negative binomial distribution.
P-values for smoother terms represent approximate significance based on F statistic.
Model validation was carried out on the final models, following the approach of Zuur
et al. (2009).
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Results

General considerations

Approximately 15,700 Arthropoda (20 Orders), 117 Mollusca (order Pulmonata),
868 Crustacea (order Isopoda), and 14 Anellida (Lumbricus sp.) were collected. We
report the complete list of the taxa and number of specimen collected in each habitat
in Appendix 1. Diptera were the most represented, with 7,469 individuals collected
(adults and larvae), followed by Coleoptera (3,543 individuals; adults and larvae),
Collembola (1,755 individuals), Hymenoptera (1,046 individuals, mostly Formicidae)
and Acari (631 individuals). MSS showed higher values of order diversity compared to

caves, in which, abundance of specimens was higher.

Cave and MSS microclimate

Due to malfunction, several dataloggers did not sample either temperature or rela-
tive humidity during the sampling period. Specifically, nine out of eighteen in the
Borna, two out of six in the Creusa and ten out of twenty-four in the MSS. Due
to this significant loss of data, it was not possible to include climatic data in the
regression analyses.

Relative humidity in the caves proved to be almost constantly close to saturation,
with mean monthly values ranging from 85 to 100 %. However, in the vicinity of the
entrance the relative humidity dropped down to 70-75 % in winter. In the MSS the
mean monthly relative humidity was always above 90 %. With regard to tempera-
ture, changes and max—min ranges were attenuated with increasing distance from the
entrance and delayed in respect to the outside values. The mean annual temperature
values deep inside the two caves was comparable (Tmean + SD: Borna = 9.0 + 0.4
°C; Creusa = 8.9 + 0.8 °C) and presented little variations over the year. In the outer-
most sections, temperature was nearly stable in summer, spring and autumn, with a
max—min range around 4.5 °C in the vicinity of the entrance for both caves. However,
the microclimate at the entrance zone drastically changed during winter, when we
observed a drop in the mean temperature values (mean values always below 6 °C). The
coldest temperature values were recorded in December and January (Tmin: Borna =
—2.0 °C and Creusa = —0.9 °C).

The range of temperature variation, both daily and monthly, was lower in the MSS
in respect to surface (Fig. 4). In the MSS the thermal variability at the surface seemed
to moderately affect the microclimatic conditions of MSS, resulting in seasonal vari-
ations in temperature at all sampled depths. The maximum temperature in the MSS
did not exceed 19 °C even though air temperatures reached as high as 32.3 °C (June).
Minimum temperature values rarely fell below 3 °C, with occasional drops below 0 °C
(lower Tmin recorded in the MSS in December: —2.0 °C).
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Figure 4. Annual trends of temperatures in the Pugnetto hypogean complex. The shade of blues indicate
the relative position of the dataloggers at each cave-triplet, from the outermost (lighter blues) to the in-

nermost sections (darker blues). Records from only one MSS-triplet are shown.

Cave and MSS comparison and faunal dynamics

Initial data exploration revealed the presence of a few outlying values (mostly due to
higher prevalence of Diptera and Hymenoptera in certain traps), which were removed
from the dataset. Both abundance and species richness of external elements were lower
in caves in respect to MSS (Next: # = —4.37, p < 0.001; Rext: z = —4.93, p < 0.001).
Conversely, the abundance of subterranean elements was higher in cave (Nad: #=5.39,
2 <0.001; Table 1).

The best model structures resulting from model selection concerning the analysis
of MSS and caves (equations 2 and 3) are reported in Table 1. The analysis of the
MSS data revealed contrasting patterns of species richness and abundance of external
and subterranean elements according to sampling depth. The abundance and species
richness of external elements was lower at —0.80 m (test relative to “0.40 m”; Next: #
=-3.217, p = 0.001; Rext: # = —3.283, p = 0.001), whereas no significant effect was
detected in respect to —0.60 m (Fig. 5a, b). The abundance of specialized elements was
higher at —0.60 m (test relative to “0.40m”; Nad: z = 2.481, p = 0.013) and —0.80 m
(test relative to “0.40m”; Nad: z = 4.333, p < 0.001; Fig. 5¢c). The ageing of the bait
negatively influenced the abundance and richness of external elements, with higher
values with fresh bait (test relative to “Exhausted”; Next: 7 = 4.489, p < 0.001; Rext:
t = 3.005, p = 0.002). No effect was detected in respect to the abundance of adapted
elements (Nad: z = 4.333, p = 0.507).

Abundance and richness of external elements showed a significant non-linear U-
shaped trend in respect to the sampling series (Next: 7 = 9.02, p < 0.001; Rext: F =
10.68, p < 0.001), with higher values in summer and early autumn, followed by a
drastic decline in winter and an uprising in spring (Fig. 6 a, b). There was no significant
relationship between the sampling series and the abundance of adapted elements.

Concerning the cave habitat, we detected an higher abundance of external and
adapted elements in the Creusa cave (test relative to “Borna’; Next: 7= 3.693, p < 0.001;
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Table I. Estimated regression parameters and approximate significance of smooth terms according to
GLMMs and GAMMs, respectively, obtained from the 3 sets of models and the 3 dependent variables
considered (Next, Rext, Nad, see text). The final model structures resulting from model selection are

reported (only fixed terms are shown).
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Disti Parametric coefficients: Smooth terms
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Notes: BAIT = ageing of the bait (Categorical variable; levels: “Exhausted” and “Fresh”); Dst_i = distance
from the cave entrance (Continuous variable); DEPTH = MSS sampling depth (Categorical variable; levels:
“0.4m”, “0.6m” and “0.8m”); HABITAT = habitat type (Categorical variable; levels: “Cave” and “MSS”);
Serie_i = sampling series (Continuous variable); SITE = sampling site (Categorical variable; levels: “Borna”,
“Creusa’); SUBJ = subjacency (Categorical variable; levels: “0-20m”, “20-40m”, “60-80m”). The nota-

«_»

tion “s(Variable_i)” indicate continuous variables treated as smoothers. “x” denote statistical interaction.
Significance codes: < 0.001 ***; < 0.005 **; < 0.05 *.

Nad: #=2.965, p = 0.003), whereas the richness of external elements was not significantly
influenced by this parameter (Fig. 5d, f). We detected a significant interaction between
the sampling series and subjacency, with non-linear effects of the series in respect the
abundance of external elements at 0—20m subjacency (Next at “0-20m”: F = 5.544, p <
0.001). In the proximity of the surface, higher abundances were predicted during sum-
mer, autumn and spring, while a drastic decline was observed in winter (Fig. 6¢c). There
was no significant interaction between the sampling serie and the other subjacency levels.
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Figure 6. Predicted values (black line) and 95% confidence intervals (grey surface) of the effect of the
sampling series (Serie_i) on the abundance of external elements in the MSS (a), on the species richness of
external elements in the MSS (b) and on the abundance of external elements in the cave at subjacency of
0-20m (c) derived from GAMM analyses. Only fixed effects are shown.

We observed a decrease in the richness of external elements at increasing distance
from the cave entrance (Rext; z = —2.575, p = 0.010). Moreover, the richness of external
elements was lower at 60-80m subjacency (test relative to “0-20 m”; Rext: z = -2.298,
» =0.021). No significant effect was detected in respect to the 20-40m subjacency (Fig.
5e). There was also a significant increase in the abundance of subterranean elements at
higher subjacency in respect to 0-20m (Nad at “20—40m”: # = 4.525, p < 0.001; Nad at
“60-80m™: £ = 2.245, p = 0.024; Fig. 5f). There was no significant relationship between
the distance from the entrance and the abundance of adapted elements.
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Discussion

Despite subterranean animal communities being relatively simple, their precise char-
acterization still represents an interesting topic in subterranean ecology. This is mostly
because spatial boundaries and species composition of the communities are difficult to
define, especially when considering MSS and its interconnections with the deep hy-
pogean domain. Relying on the classical definitions (Racovitza 1907, Juberthie 2000,
Culver and Pipan 2009b), Sendra et al. (2014) recently defined the subterranean do-
main as “/...] a network of intercommunicated micro, meso and macro voids, filled or not
with meteoric water, extending from the surface towards the subsurface, allowing the move-
ment of fauna communities and nutrients mostly from the surface.” Accordingly, the con-
nections between the superficial and the deep subterranean compartments represent
an ideal ecological continuum with undefined boundaries, with the MSS acting as an
extension of the deep hypogean domain toward the surface.

In this contribution, we aimed to investigate this ecological continuum both spatially
and temporally, by comparing the arthropod communities inhabiting caves and the adja-
cent MSS compartments (Appendix 2). As far as we are aware, aside from this contribu-
tion, the only work in which a direct comparison between caves and the MSS is taken into
consideration was the seminal study of Gers (1998), set in southwestern France. To some
extent, we used a similar approach, by sorting out our samples on the basis of the degree of
adaptation to subterranean life. However, we introduced a fresh approach, as we were able
to discriminate objectively between subterranean and epigean organisms, thanks to the
baseline provided by a series of control pitfall traps placed in the leaf litter (see paragraph
“Specimens sorting and ecological classification” in the Materials and methods).

Although several species sampled at the Pugnetto hypogean complex are unique
for obvious biogeographical reasons, the composition of the animal community was in
general terms quite similar to that reported from other MSS sites in the Canary Islands
(Pipan et al. 2011), Carpathians (Nitzu et al. 2010, 2014, Rendos et al. 2012), Spain
(Gilgado et al. 2014, Ortuno et al. 2014 Jiménez-Valverde et al. 2015), France (Ju-
berthie and Decu 2006), and Bulgaria (Langourov et al. 2014). An abundance of in-
dividuals belonging to the main taxonomical groups sampled in the MSS, also aligned
literature data (Borges 1993, Rendos et al. 2012, Ortuno et al. 2013). In particular, we
mostly collected arthropods, molluscs and anellids. The most represented orders were
Diptera, Acari, Collembola and Coleoptera. In the case of Coleoptera, the proportion
of individuals per family collected were, however, inverted in respect of the works of
Juberthie and Decu (1998) and Moldovan (2005), in which Carabidae were more
abundant than Cholevidae. In our study more than 60% of the captured beetles were
Cholevidae and only ~ 20% were Carabidae.

We found that the abundance of specialized organisms was higher in the cave com-
partment, whilst we documented a higher diversity and abundance of epigean species
in the MSS. The dominance of epigean species in the superficial layers of the MSS has
been reported by several authors (Medina and Oromi 1990, Crouau-Roy et al. 1992,
Borges 1993, Gers 1998, Ruzicka and Thaler 2002, Deltshev et al. 2011, Pipan et al.
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2011, Nitzu et al. 2010, 2014, Rendos et al. 2012, Barranco et al. 2013, Langourov
et al. 2014, Ortufo et al. 2013, 2014, Jimenéz-Valverde et al. 2015, among others).
This result suggests that our survey actually detected the superficial layers of the MSS,
which are intimately connected with the epigean and the edaphic mediums, and thus
more easily colonized by external elements (Mammola et al. 2016).

Concerning the cave habitat, we detected a higher diversity and abundance in the
Creusa rather than in the Borna (Fig. 5d, f). The same pattern was previously docu-
mented by Capra and Conci (1951). The explanation for this result could be twofold.
Firstly, the larger entrance of the Creusa — almost four time wider than the Borna; Fig.
la,b — results in higher energy inputs (especially beech leaves) and a higher occurrence
of epigean species (Fig. 5d), which may, in turn, indirectly support higher density and
diversity of strictly subterranean species (Fig. 5f). Secondly, the Creusa is characterized
by high values of relative humidity, an environmental factor playing a key role for the
subterranean fauna (Mammola et al. 2015: 247, £. 7).

When analysing the cave and MSS habitats separately, we detected a gradient of
subterranean specialization of the biological community in both compartments. In the
cave, regression analyses suggests that there was a gradient of subterranean specializa-
tion of the biological community from the entrance zone toward the deepest sectors
(see, e.g., Tobin et al. 2013) — or, more generally, from shallow toward deep subter-
ranean spaces (Laska et al. 2011). The richness and abundance of epigean, less adapted
species was indeed higher at lower depths in MSS and at lower subjacency in the caves.
Conversely, subterranean species were more abundant and diversified at higher depth
and subjacency. These results mirror that of Razicka and Klimes (2005), Giachino
and Vailati (2010), Deltshev et al. (2011) and Ortufio et al. (2013). The increase of
climatic stability related to depth (Fig. 4; Nitzu et al. 2010, 2014, Rendos et al. 2016b)
and the parallel decrease in available organic matter (Gers 1998, Rendos et al. 2016b)
convincingly explains these patterns.

At the same time, we observed how the presence of external elements was season-
ally dependent, their abundance being highly fluctuating during the year. We observed
this trend both in the MSS (Fig. 6a, b) and in the cave at reduced subjacency (Fig. 6¢).
According to the results of the GAMM, the prevalence of external elements dropped
significantly during winter. Seasonal dynamics in faunal assemblages were observed by
previous authors focusing on MSS (e.g., Crouau-Roy et al. 1992, Nitzu et al. 2011,
2014, Rendos et al. 2012, 2016a) and on caves (e.g., Tobin et al. 2013, Ferreira et al.
2015, Mammola et al. 2015, Bento et al. 2016, Lunghi et al. 2017). It is possible to
argue that, over the year, at the blurry epigean/hypogean interface, there are com-
plex exchanges involving fauna with different levels of subterranean adaptation (Prous
et al. 2004, Moseley 2009, Novak et al. 2012), which introduce fundamental trophic
resources in the subterranean habitat (Novak et al. 2013) but also cause greater fluc-
tuations in species composition over the year. Ultimately, these results suggest how
boundaries between these habitats are very undefined and may vary with the season.
In contrast, we did not detect any seasonal variation in respect to the occurrence of
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subterranean elements both in the cave and in the MSS — i.e., the smoothed terms
were not significant and we opted for regression models.

As a side question, with this study we were able to test the effect of the quality of
the bait — at least up to two months — on the probability of capturing invertebrates
in the two subterranean environments. This was possible since we renewed the bait in
the trap every two sampling sessions, so that at each sampling session the condition
of the bait changed from fresh to exhausted. According to the regression analysis, we
demonstrated that a fresh bait is more effective in capturing individuals in the MSS
(Fig. 5a, b, ¢) (i.e. that the bait is more attractive within the first month), unlike the
cave compartment, in which we did not detect any significant effect. A similar trend is
also discussed by Mammola et al. (2015).
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Taxonomic groups sampled in this study according to the habitat. The total number of sampled individu-

als in each habitat is reported. The column “adaptation” provides the attribution to the category “external

or “adapted”. Classification was based on the criteria defined in the relative paragraph.

»

Class Order Family Species Adaptation | Litter | MSS | Cave
Arachnida Acarina Fam. Morphospecies Adapted 87 24 | 137
Arachnida Acarina Fam Morphospecies II External 75 - -
Arachnida Acarina Fam Morphospecies 11T External 18 26 -
Arachnida Acarina Fam Morphospecies IV Adapted - 79 | 63
Arachnida Acarina Fam. Morphospecies V Adapted - 122 | -
Arachnida Araneae Agelenidae Histopona lmnﬂ;ﬁ?;amml & lsaia, External 17 14 -
Arachnida Araneae Agelenidae Tegenaria silvestris L. Koch, 1872 Adapted 2 8 4
Arachnida Araneae Amaurobiidae Amanrobius sp. - 2 1 -
Arachnida Araneae Dysderidae Hﬂrpﬂdocmt&; ;{;ﬂz;; oides (Simon, External 37 34 1
Arachnida Araneae Fam. Immatures indet. - 2 3 -
Arachnida Araneae Gnaphosidae Drassodes sp. - - 1
Arachnida Araneae Linyphiidae Gen. sp. Adapted - 6 2
Arachnida Arancae Linyphiidae Mansuphantes aridus (Thorell, 1875) | Adapted - 1
Arachnida Araneae Linyphiidae Micrargus ﬂlpl;i;t;? elys & Weiss, Adapted - 1 -
Arachnida Araneae Linyphiidae Porrhomma mlnsvse)lc?m (Westring, Adapted - 2 -

. . . Troglohyphantes bornensis Isaia &
Arachnida Arancae Linyphiidae Pantini, 2008 Adapted - 4 15
) ) . Troglohyphantes lucifer Isaia, Mam-
Arachnida Araneae Linyphiidae mola & Pantini, 2016 Adapted — 6 1
Arachnida Araneae Linyphiidae Troglohyphantes n. sp. Adapted 2 6 -
Arachnida Araneae Lycosidae Trochosa hispanica Simon, 1870 External 1 —
Arachnida Araneae Nesticidae Kryptoesticus eremita (Simon, 1879) | Adapted - 3 2
Arachnida Araneae Philodromidae Philodromus sp. External - 1 -
Arachnida Araneae Phrurolithidae P/erolzthusﬁix;z;;x (C. L. Koch, External - 1 -
Arachnida Araneae Pimoidae Pimoa graphitica Mammola, Hormi- Adapted - - 2
ga & Isaia, 2016
Arachnida Araneae Salticidae Saitis barbipes (Simon, 1868) External 1 - -
Arachnida Araneae Tetragnathidae Meta menardi (Latreille, 1804) Adapted - 1 2
Arachnida Araneae Tetragnathidae Metellina merianae (Scopoli 1763) | Adapted - 1 -
Arachnida Araneae Theridiidae Gen. sp. - - 1 -
Arachnida Araneae Theridiidae Pholcomma gibbum (Westring, 1851)|  External 3 - -
Arachnida Opiliones Dicranolasmatidae Dicranolasma i;:zmeml Thorell External 35 3 -
. - . Ischyropsalis dentipalpis
Arachnida Opiliones Ischyropsalidae Canestrini, 1872 Adapted - - 1
Arachnida Opiliones Nemastomatidae meﬂfmeéf z{mtzgerum External 29 1 -
Canestrini, 1873
Arachnida Opiliones Nemastomatidae Paranemastoma quadsipuncratum External 19 4 -
(Perty, 1833)
Arachnida Opiliones Phalangiidae Gen. sp. - 1 - -
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Class Order Family Species Adaptation | Litter | MSS | Cave
Arachnida Opiliones Phalangiidae | Astrobunus bernardinus Simon, 1879 | External 22 1 -
Arachnida Opiliones Phalangiidae Leiobunum religiosum (Simon, 1879) - - - 1
Arachnida Opiliones Phalangiidae Odiellus coronatus (Roewer, 1911) External 4 - -
Arachnida Opiliones Trogulidae Ant’la-fmﬂft’[?bﬂilg‘;gﬁ’m’-‘” Simon, External 17 - -
Arachnida Opiliones Trogulidae Trogulus nepaeformis (Scopoli, 1763) |  External 13 1 -
Arachnida | Pseudoscorpiones Chthoniidae Chthonius (C.) tenuis L. Koch, 1873 | External 10 7 2
Arachnida | Pseudoscorpiones Chthoniidae Chthonius (G/obocht/?omw) globifer External 6 3 2

Simon, 1879
Arachnida | Pseudoscorpiones Chthoniidae Chthonius sp. - - 3 -
Arachnida | Pseudoscorpiones Neobisiidae Roncus sp. External 11 - -
Chilopoda Ord. Fam. Gen. sp. External | 161 | - -
Chilopoda | Geophilomorpha Linotaeniidae Strigamia acuminata (Leach, 1814) - - 2 -
Chilopoda | Lithobiomorpha Lithobiidae Eupolybothrus tlrg;czt)tmm (Fanzago, - - 1 -
Chilopoda | Lithobiomorpha Lithobiidae Lithobius pellicensis Verhoeff, 1935 - — - 3
Chilopoda | Lithobiomorpha Lithobiidae Lithobius pilicornis Newport, 1844 - - 1 -
. Scolopendro- . ..
Chilopoda morpha Cryptopidae Cryptops parisi Brolemann, 1920 - - 1 -
Clitellata Haplotaxida Lumbricidae Lumbricus sp. External 12 2 -
Diplopoda | Chordeumatida | Craspedosomatidae Gen. sp. External | 511 | 33 4
Diplopoda Glomerida Glomeridae Gen. sp. External | 26 6
Entognatha Collembola Fam. Morphospecies I External 45 79 | 285
Entognatha Collembola Fam Morphospecies 11 Adapted - - | 323
Entognatha|  Collembola Fam Morphospecies 111 Adapted - | 321 477
Entognatha Collembola Fam. Morphospecies IV Adapted 1 127 | -
Entognatha Collembola Fam Morphospecies V External 22 - -
Entognatha Collembola Fam Morphospecies VI External 75 - -
Entognatha Diplura Fam Gen. sp. External | 76 - -
Gastropoda Pulmonata Helicidae Helix sp. External 35 - -
Gastropoda Pulmonata Limacidae Limax sp. External 22 36 -
Gastropoda Pulmonata Oxychilidae Oxychilus sp. Adapted - 22 2
Insecta Blattodea Fam. Larvae indet. External - -
Insecta Blattodea Blattellidae Blattella sp. External 10 -
Insecta Coleoptera Fam. Larvae indet. - 18 42 44
Insecta Coleoptera Carabidae Abax continuus Ganglbauer, 1891 External 163 3 -
. Bembidion (Peryphanes) deletum
Insecta Coleoptera Carabidae Audinet Serville, 1821 - - 1 -
. Binaghites affinis ovalipennis
Insecta Coleoptera Carabidae (Ganglbauer, 1900) External 1 - -
Insecta Coleoptera Carabidae Carabus intricatus Linne, 1761 External 3 - -
Insecta Coleoptera Carabidae Carabus monticola Dejean, 1826 External 26 - -
Insecta Coleoptera Carabidae Cychrus italicus Bonelli, 1810 External 28 1 -
Insecta Coleoptera Carabidae Limodromus assimilis (Paykull, 1790)| External 1 - -
Insecta Coleoptera Carabidae Platynus complanatus Dejean, 1828 | External 4 2 1
Insecta Coleoptera Carabidae Prerostichus (Oreo? hil) externepun- External | 106 | 38 -
ctatus (Dejean, 1828)
. Pterostichus (Pterostichus) rutilans
Insecta Coleoptera Carabidae (Dejean, 1828) Adapted - 5 -
Insecta Coleoptera Carabidae Sphodropsis ghilianii ghilianii Adapted 2 189 | 381

(Schaum, 1858)
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Class Order Family Species Adaptation | Litter | MSS | Cave
Insecta Coleoptera Carabidae Stomis (Stomisi glé‘lgam Chaudoir, External 6 - -
Insecta Coleoptera Carabidae Trechus modestus Putzeys, 1874 - - 1 -
Insecta Coleoptera Cholevidae Apocatops \”;:i’fi?’z?;;mdlmo & Adapted - 4 1
Insecta Coleoptera Cholevidae Bathysciola pumilio (Reitter, 1884) | Adapted 49 | 150 | 34
Insecta Coleoptera Cholevidae Catops fuliginosus Erichson, 1837 - - 1 -
Insecta Coleoptera Cholevidae Catops subfuscus Kellner, 1846 Adapted — 195 | 175
Insecta Coleoptera Cholevidae Catops tristis (Panzer, 1794) — 1 2 -
Insecta Coleoptera Cholevidae Catsof ;;Zﬁgfsz Otltg?;tm External 161 | 113 2
Insecta Coleoptera Cholevidae Choleva angustata (Fabricius, 1781) | Adapted - - 4
Insecta Coleoptera Cholevidae Dellabeffaella roccae (Capra, 1924) | Adapted - 1 991
Insecta Coleoptera Cholevidae Sciodrepoides watsoni (Spence, 1815) | Adapted - 38 -
Insecta Coleoptera Colonidae Colon sp. - - -
Insecta Coleoptera Curculionidae Otiorhynchus salicicola Heyden, 1908| External 11 3 -
Insecta Coleoptera Elateridae Gen. sp. - - 1 -
Insecta Coleoptera Latridiidae Gen. sp. External 4 - -
Insecta Coleoptera Leiodidae Gen. sp. - 2 1 -
Insecta Coleoptera Ptinidae Gen. sp. - 2 1 -
Insecta Coleoptera Scaphydidae Gen. sp. - 3 - -
Insecta Coleoptera Scarabeidae Gen. sp. External | 111 | - 1
Insecta Coleoptera Scydmacenidae Gen. sp. External - - 1
Insecta Coleoptera Silphidae Nicrophorus sp. External | 137 | 14 -
Insecta Coleoptera Silphidae Silpha sp. External 6 - -
Insecta Coleoptera Staphylinidae Bryaxis brachati Besuchet, 1980 - - -
Insecta Coleoptera Staphylinidae Gen. sp. External | 111 | 133 | —
Insecta Coleoptera Staphylinidae Gen. sp. (Pselaphinae) Adapted - 4 2
Insecta Dermaptera Forficulidae Forficula sp. External 2 -
Insecta Diptera Fam. Larvae indet. - 289 | 421 | 787
Insecta Diptera Limoniidae Chionea sp. Adapted - 37 1
Insecta Diptera Limoniidae Gen. sp. Adapted 7 570 | 2085
Insecta Diptera Muscidae Gen. sp. External 100 | 79 -
Insecta Diptera Phoridae Gen. sp. External | 1071 | 1220| 802
Insecta Hymenoptera Formicidae Gen. sp. External | 360 | 678 | 3
Insecta Hymenoptera Vespidae Gen. sp. External 4 1 -
Insecta Orthoptera Acrididae Gen. sp. External 9 - -
Insecta Orthoptera Gryllidae Gryllus sp. - 2 - -
Insecta Orthoptera Rhaphidophoridae DO[Z‘EBh:i 0::‘; Zag:;?: ,teln;;i;na[i: Adapted - 1 14
Insecta Rhyncota Fam. Gen. sp. - - 3 -
Insecta Rhyncota Pentatomidae Pentatoma sp. External 7 - -
Insecta Rhyncota Pyrrhocoridae Pyrrhocoris apterus (Linnaeus, 1758) |  External 3 - -
NS[::E:_ Isopoda Armadillidiidae Gen. sp. External | 569 | 14 -
Nsltarlaa;::- Isopoda Trichoniscidae Alpioniscus fo ner;‘;};:éx caprae Parona, Adapted = 6 279
Zygentoma Thysanura Lepismatidae Lepisma sp. External 11 1 -
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One of the great speleobiologists and Collembola systematists,
Ken Christiansen, died on November 26, 2017, at the age of
93. Ken was truly unique; no one who ever came in contact
with him ever forgot him. A scholar and intellect of the first
order, he always had time and enthusiasm for the work of his
students and colleagues. His level of energy and enthusiasm was
such that even into his 80’s, his colleague and fellow collembolo-
gist Louis Deharveng called him “Hurricane Ken” after a visit to
Louis at the Paris Museum of Natural History. He touched the
lives of generations of students at Grinnell College and the lives
of generations of Collembola taxonomists and speleobiologists
throughout the world.

One of the most formative influences on Ken’s life, surpassed only by his wife Phyl-
lis and their four children, was his service in World War II in the U.S. Army Second
Armored Infantry Division as a forward observer in the campaigns in Europe and
North Africa. A genuine war hero and fierce anti-fascist, he was awarded a bronze star
and an oak leaf cluster for bravery in combat. I once asked Ken what rank he achieved
and he told me he was promoted to corporal three times! Anyone who believes the
phrase that there are no atheists in a foxhole never met Ken and for many years he was
famous at Grinnell for his atheism lecture.

Copyright David C. Culver. 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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Taking advantage of the GI Bill, Ken went to Boston University and Harvard Uni-
versity, and graduated with a Ph.D. from Harvard in 1951. His thesis (Christiansen
1958d) was on a rather large group of Collembola (the genus Entomobrya), large both
in the sense of numbers of species and in terms of body size, reaching more than 1
mm in the Lilliputian Collembola world. His first job was at American University in
Beirut, where he took advantage of his location to study the Collembola of Lebanon
and Syria (Christiansen 1956¢, 1957, 1958b). Sometime during his stay, probably in
the summer of 1954, when he spent time in Switzerland with European collembolo-
gists Gisin and Delamare Deboutteville among others, he became interested in cave
Collembola, of which there are many. Shortly after that he embarked on the study of
adaptation in cave Collembola, especially the convergent evolution of antennal and
appendage lengthening, as well as changes in claw structure. In 1955, he accepted a
faculty position at Grinnell College in Iowa, where he stayed for the rest of his career.

While the winds of neo-Darwinism were blowing strongly in North America (es-
pecially at Harvard, the home institution of the great evolutionist Ernst Mayr), they
were at best a faint breeze in continental Europe, the center of research on subterranean
biology at the time. In a series of papers that continued for the next six decades (Chris-
tiansen 1960a, 1960b, 1965, 1982b, 1992a, 1995, 2003a, 2004, 2012; Christiansen
and Culver 1968, 1969, Peck and Christiansen 1990), he offered what was really the
first neo-Darwinian explanation for the morphological convergence of not only eye
and pigment loss, but also appendage elongation and claw modification, of many line-
ages of cave Collembola. In 1962, he wrote his only paper in French (of course that is
one more than any other cave biologist from the U.S.), coining a new term for the suite
of evolutionarily convergent features found in cave organisms—troglomorphy (Chris-
tiansen 1962). This short paper, in an obscure journal, is a highly cited papers in cave
biology, with over 100 citations. Together with Thomas Barr and Thomas Poulson,
he established a North American school of subterranean biology, one with neo-Dar-
winism at its core. This was the first time since the 19 century that North Americans
became a presence in the field. In the 19" century, neo-Lamarckians, especially A.S.
Packard, brought North America to prominence in the field.

It was also in the 1960’s that he initiated the study of the ecology of Hunters Cave
in Iowa (Christiansen 1961b, Christiansen et al. 1961), one of the first ecological stud-
ies of a whole cave. Later on, he wrote another paper on cave ecosystems, this time
with Michel Bouillon (Christiansen and Bouillon 1978) on caves in the Pyrenees. He
spent two sabbatical leaves in 1962, 1967 and 1968 at the Laboratoire Souterrain in
Moulis, France, then the leading research institution for subterranean biology. Until
at least the mid 1970, he was the only North American with extensive contacts and
collaborations in continental Europe.

His work on evolution of cave animals was more than matched by his work on
the taxonomy of cave animals. There are approximately 60 species of cave Collem-
bola known from U.S. caves and he described nearly 50 of them! During the course
of his career, he described species from all the major genera of Collembola occupy-
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ing North American caves—Onychiurus (Pomorski et al. 2009), Pseudosinella [Chris-
tiansen 1960b, 1983; Christiansen and Luther 1986; Christiansen and Moberg 1988;
Christiansen and Bellinger 1996b), Pygmarrhopalites (Christiansen 1966; Christiansen
and Bellinger 1996a; Zeppelini and Christiansen 2003), Sinella (Christiansen 1960c),
and Tomocerus (Christiansen 1964a).

Ken did not limit himself to the taxonomy of cave Collembola. He also described
a number of non-cave dwelling species from the U.S. (Christiansen 1956b, 1958d;
Christiansen and Bellinger 1973; Christiansen and Tucker 1977), Hungary (Wang et
al. 2002c¢), Ascension Island (Christiansen 1998b), Lebanon and Syria (Christiansen
1956¢, 1957, 1958b), Chile (Christiansen 1963), Mexico (Christiansen et al. 1985),
and even fossil Collembola (Christiansen 1971d; Christiansen and Pike 2002). Among
his international works, that in China stands out. Following at stint as a Visiting Pro-
fessor at Nanjing University in 1990, he wrote more than 20 papers with Chinese col-
leagues on the Collembola of China [Chen and Christiansen 1993, 1996, 1997, 1998,
2004; Wu and Christiansen 1997; Ma and Christiansen 1998; Li and Christiansen
1997; Wang and Christiansen 2000; Wang et al. 2002a, 2002b, 2002d, 2003a, 2003b,
2003c, 2003d, 2003e; Chen et al. 2002; Jia et al. 2003; Ma et al. 2003, 2004; Madele
et al. 2004). With Peter Bellinger, he wrote two editions of the “The Collembola of
North America north of the Rio Grande”, a four volume work which is more than
1500 pages in length (Christiansen and Bellinger 1980-1981, 1998).

During his six decades at Grinnell, he introduced countless students to caves and
cave biology, often in Hunter Cave. He introduced a number of students to research,
and was an enthusiastic mentor to even the most unprepared student. Several of his
students went on to get Ph.D’s and pursue research careers in ecology and evolutionary
biology, including David Culver, Richard Seifert, and Mary Willson, He was also col-
laborator, mentor, and friend to generations of collembologists, and co-wrote papers
with a number of colleagues, including Bellinger, Chen, Culver, de Gama, Li, Palacios-
Vargas, Wang, and Zeppelini.

For anyone who has met Ken, a recitation of his academic achievements does not
do justice to his influence or his character. Ken was enthusiastic in his support both of
intellectual areas of interest, like cave biology and Collembola, and in those of us who
shared these interests. Ken never claimed priority or seniority; he was the ideal colleague
and mentor. He had an overall joie de vivre which infected those who came in contact
with him. He had numerous interests outside of science, including acting in commu-
nity theater, listening to opera, making wine, and studying history, especially military
history. His enthusiasms and overall attitude are all the more remarkable for the many
traumatic experiences in his wartime years, in a unit with high mortality. Without
complaint or self pity, he kept these stresses and strains under control, with the support
and understanding of his loving wife, Phyllis. I had the great fortune to be his student,
colleague, and friend for more than 50 years. No one had a greater influence on me as a
scientist or a person, and I am grateful to have known him. I am certainly not alone in
this, and a little bit of Ken lives on in the best of each of us who knew him.
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