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Identification of threats on geodiversity and biodiversity in Pena Cave, Portugal:

contributions to improve cave management
Abstract

Karst caves have significant geodiversity and biodiversity values that lead to a basis
educational, scientific, and touristic uses. So, it became necessary to develop a management plz
preserve the intrinsic values of the cave and minimizet thevitgidy brought by humans. This
work provides concepts about identifying and mitigating threats in caves applied to Pena Cave, a n
cave in Serras de Aire e Candeeiros Natural Park in central Portugal with an interpretation centre
infrastruatre for public visitation.

In order to achieve the goals of the dissertation, the research method followed an integra
approach: (1) literature review of the cave's geo and biodiversity and visitation patterns, (2) fieldv
interviews with staff mesyq@notography of Pena Cave, (3) data analysis to identify temperature anc
visitor relationship patterns; and (4) graphical representation of the results in the form of maps :
schemes. The results show that sedegted species (troglobionts) eeanCave. One of them is
endemic to this ca@yindroiulus villirReboleirandEnghoff 2018. The central values are landforms
(speleothems) and chemical and physical processes responsible for the cave's landforms. An incre:
visitors raises tlegnperature inside the cave; however, the main hitting trigger is artificial lighting, whic
may lead to a cumulative effect. Furthermore, the temperature rise affects the process responsibl
the natural growth dynamics of the speleothem, and nobrésneseded to understand its potential
impacts on biological communities. Finally, the definition of mitigation measures in the form of a li

proposals was compiled to optimize the management of Pena Cave.

Overall, future efforts should be plasezhdaring temperature andsi@@ltaneously with
tracking the number of visitors, replacing existing sodium lights with new generation LEDs, and moni
caveadapted species' population trends. Finally, the priority proposal for optimizingrthefmanage
the cave is to take an inventory of the essential elements in the Pena Cave, starting with an invent

all potential points of interest and mapping the most critical areas for faunal communities.

Keywords: karst cave, geodiversity, bipndiverats, management optimization.



Identificagdo de ameacgas a geodiversidade e biodiversidade no Algar do Pena,

Portugal: contributo para melhorar a gestao de grutas

Resumo

As grutas cérsicas tém importantes valores no que respeita a geodiversidade e biodiversidac
que permite um uso educacional, cientifico e turistico destes espacos naturaise Assim, torne
necessario desenvolver um plano de gestado para preseegantfngaicos das grutas e minimizar
0 impacto inevitavelmente trazido pelos seres humanos. Este trabalho apresenta contributos pe
identificacdo e mitigacdo de ameacas em grutas, aplicados ao Algar do Pena, uma cavidade ne
localizada no Parqagurbl das Serras de Aire e Candeeiros (centro de Portugal), dotada de um cent
de interpretacdo e infraestruturas para facilitar a visitagéo publica.

Para atingir os objetivos da dissertacao, a investigacdo seguiu uma abordagem integrada
incluiu: (eviséo bibliografica sobre a geo e biodiversidade da gruta e sobre os padrdes de visitac
(2) trabalho de campo, entrevistas com pessoal técnico, recolha de fotografias; (3) analise de dados
identificar as variacdes de temperatura e sua nelac&sitacdo; e (4) representacdo grafica dos
resultados sob a forma de mapas e esquemas. Os resultados evidenciam, até ao momento, a exist
de seis espécies adaptadas a gruta (troglébios). Uma delas é endémicy/degta/glasayil/iumi
RebdairaandEnghoff 2018. Os valores abidticos principais correspondem as geoformas (espeleotem
e aos processos quimicos e fisicos responsaveis pela sua formacao. Foi igualmente verificado ¢
presenca de visitantes provoca um aumento da tempetdagyrandlaaga o principal fator para este
aumento seja a iluminacéo artificial, o0 que pode levar a um efeito cumulativo. Além disso, o aument
temperatura afeta o processo responsavel pela dindmica natural de crescimento dos espeleote
sendo necessarais investigacao para compreender 0s seus potenciais impactos nas comunidad:
biolégicas.

Foram propostas medidas de mitigacdo para otimizar a gestdo do Algar do Pena. De um m
geral, devem ser envidados esforcos futuros para monitorizar a éeonPersitunultaneamente
com o rastreio do numero de visitantes, substituir as luzes de sédio existentes por LEDs de nova ge
e monitorizar as tendéncias populacionais das espécies adaptadas a gruta. Finalmente, para otimi
gestao, € prioritdfazer um inventario pormenorizado dos elementos essenciais do Algar do Pen:
comecando por todos os potenciais pontos de interesse e mapeando as areas mais criticas par

comunidades faunisticas.

Palavrashave: gruta céarsica, geodiversidade, biodiversidade, ameacas, otimizacdo da gesta
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1. Introduction
Around 20.3 milliondanf t he Eart hds | and surface i s ¢

rocks, which are potentially. Kdrese areas have distinctive surface landforms and over 10.000 km of
cave passages (Gunn, 2022). Karst systems have a special landscape of soluble rocks, such as lime
gypsum and dolomite. These rocks are characterized by dissolution graressesponsible for

a special landscape represented by depressions, caves and particular surface and underground
formations. The same can be said about the originality of the karst cave ecosystem, which dictate:
conditions for special endem@n@ms, which in turn are highly adapstianderdgdfan Beynen
andTownsend, 2005)

People have been using caves for various purposes for tens of thousands of years and ¢
recently realized that karst caves have high aedtivational, scientific, and touristic values
(Gillieson, 2011; Gunn, 2022). However, the degradation of caves caused by anthropogenic activit
still a problem in most countries. The pressure on caves is not the same for all caves, the fact reqt
individual consideration for each case, which complicates a systematic approach to cave manage
and conservation (Gillieson, 2011).

Show caves deserve special attention because they require additional infrastructure, such
artificial lighting, patHatfprmsanterpritaiocentres that can damageagebbiodiversity. In addition,
the presence of visitors in caves can provoke changes in temperature, humidity, carbon dioxide cor
among others, causing impacts on rocks and on biota.

There are mamprks done is several countries about the relationship between the presence ¢
visitors and changes in abiotic factors, such as in Italy (Cigna, 1993) fmih @alidd 997;

Calaforra et al., 2003), China (Song et al., 2000), or Poreigé/Z069).

The abiotic factare critically important for the life of erml@meddecause, by itself,
without human presence, a cave ecosystetestable From thgeologicgoint of view, carbon
dioxide gaemnd temperatupday an essential role in the dissolution of limestone (Gilli, 2015). Calcium
carbonate (CafL@ slightly soluble in water. However, with an increageress@e® and
temperature, the solubility rate of limestone increases as well as aggressore ednde is
accompanied by corrosion processes (GilliT@#8j63tifies the need for constant monitoring of the
atmosphere in show caves, where changesoimté®and temperature are often provoked by the
presence of visitors and artifgtiihg.

Moreover, visitors can carry undesirable elements and bacteria on shoes and clothing, wt
leads to degradation of biodiversity and speleothems (Leal et al., 2009; RltleRelesolaira
et al, 2011; Jones, 1965; Vil&#887; CookandOtto, 1990)n addition, with the growth of tourist



activity, the risk of vandalism towards the geologicalreleeneat® increases, such as graffiti or
attempts to take a sample of speleothems. Such cases are commoristicatirgasi@urd karst
caves are no exception (OsborneV20d&@dwWorboys, 201Gillieson, 201Ryosser et al., 2006)

Along with tourist activity, other anthropogenic stressors such as mining and quarryin
industrialization, farming with adintsieing domestic, pollution, and vibationegatively impact
cavesThe work of Cast&admchez et al. (2020) is devoted to this topic, emphasizing the impact on
subterranean fauna. However, unwanted vibrations can also damage speleothdfits. Even scie
research can generate impacts in caves. Therefore, the proposed research projects must be implem
with minimal damage to the cave environment (Gillieson, 2011).

Thus, the manifestation of pressure from humiastediWwo main ways: insidectve,
as a result of a direct visit for various purposes, and from the outside due to industrial developn
(Castaii8anchez et al., 2020).

Karst caves, especially show caves, require proper management and oral@taong
minimize thieumarpressure on karst caves, and follow the consistent and practical management, mar
works have been writteich a¥Vatson (1997Gijllieson (201 Qyofts et al. (202G)llieson (2021),
Gunr(2022)and Gillesat al(2022). All these books suffigieiintain a balance of attention to the
gee and biodiversity of karst cdl@sever, cave management regimes still require new paradigms,
the primary purpose of which will be to preserve the caves as close to it as possible to the origin s

which wabefore human arrival.

This dissertation aims to make an analysis of general problems associated with the impact
karst cave, considering the main threatsatodgeiodiversity. The object of the dissertation research
isa cave known Afgar do Per@avdocated in thiestremenhiameston®assdCentral Portugal,
for which possible impacts are described, current management is analysed, and options for mitige

adverse consequences are proposed.

Objectives
1. To characterize the gemiiyend biodiversity of Pena Cave;
2. To identify the main threats and map the most sensitive sites of the cave;
3. To pesent proposals for the mitigation of pernicious impacts and to optimise the cave

management;

Methods
As a first step, a large amouhteddture review concerning the karst cave: fisstures

formation of a karst cave, geomorphology, processes, ecaleggapteti fauna.



In order to achieve the goals of the dissertation, the literature review of the cave's geodiver:
biodiversif possible threats, geoconservation, management, visitation visit and temperature patte
was made. In addition, in order to better understand the current management situation and charactt
geeand biodiversity for the case study, fieldworkysniattvistaff members, review of reports and
photos were done in Pena Cave. The data analysis method is used to identify temperature and v
relationship patterns: the temperature data available for 2000, 2001, and 2019 and data on visitor:

2001 aranalyzed.

Maps were built to graphically demonstrate the information using QGIS, Surfer, Google Earth

and CorelDRAW programs.






2. PenaCave
2.1. General characterisation

Pena Cave is located in the Serras de Aire e CHatieairé=aiPNSAChearbylragus
ValleySantarém district, at about 90 km NW of Lisbon (39° 27 '30' N; 8°(fig.(4Q)W)

Beforeghe designation of thaguralparkas protected afim 1979, limestone waseady
quarried in sevepdces for industrial purposes. During these activities, Pena Cave wias discovered
1983 by the owner of one of the quarries (MreRensihg th@riginakntrance of that cavity.
Nowadays Pena Cave is controlled and managed by the Instieut@édiose¥adition and Forests

(ICNP.
N
“=

Braga Yila Real Braganca

o

Castelo Branco
L]

atural Serras

0 25 50km
-

Figirel 8 Mapwith the location of Pena Cave (retirdot)visions correspond to the different
districts in Portugal mainland. The Serras de Aires e Clangie¢iRzsk is represented in green.

Pena Cave is considered to have the larger underground volume in Portuguese territory ar
high aesthetic vallide geological setting of the cave is associated with the Estremenho Limeston
Massif of the southeonder of the plateau of Santo Argéaisdction 3,3ne of the references of

the Mesozoic geology in Portugal. The cave is associated to a Middle Jurassic (Bathonian) lime

1 https://natural.pt/protected-areas/parquenaturatserrasaire-candeeiros/geosites/penashaft?locale=en
2 https://natural.pt/search?locale=en&q=Pena%?2520Cave



formation and has a typical cavernous morphology with irrdgliaistatdistite stalagmiteand
some other speleothems.
After a first vertical descent to its interior along 3theretesdarge room with an estimated
volume of about 125.000 This large room is elongated in t8&/Nlfection and has aBouh
of maximum width, 70 m long and 50 m high, reaching a depffigoe2%(®imodes, 2015)
Tobettercharacteriziae morphology RénaCave, this cawiyas divided into four sectors:

initial intermediatégwerandupper sects(table 1 antigure2).

Table & Division of Pena Cave intséztors (Simdes, 2015).

Initial sector Where the structures to support visitors are located, and fro
possible to have a whole view of the cavity. This iscoheection {
the surface is made.

Intermediate sector | Where is possible to inspect all other sectors and the elongated
the cave. This is the flattest sector, contracting only with the dey
corresponds to the lower sector.

Lower sector Corresponds to the lowest part of the cave and can be divid
subsectors: the first upstream receives the materials transport
from the other sectors, and the second, where the maximum ¢
cavity is reached (al83m) being a place of accumulation to wher
materials will tendentially move. It is in this sector where the infl
dripping water is smaller; it is also where we can see an accu
blocks not totally consolidated but alreadly pavéoped in a cove
of calcite crystals.

Upper sector Located in the Ip&rtof the cavity at an altitude of abaual@ove th
intermediate sector, it has a floor of softer slopes, and also whe
greater chaos of speleothems, btith f\oor and on the ceiling.




¢§J \
N \?) Historical entrance

Initial
sector

Legend
Plan of Pena Cave

Most relevant level curves

Intermediate
sector

Level curves
——— Chimneys and historic entrance
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Intemediate lower quota

.......

Maximum lower quota

Figire2 i1 Internal sectors defined for the Pena Cave (equid)sia®inioet2015)

From an ecological point of view, the temperature of the cave islieGheeth rEBative
humidity of about 99.8%ere is a diversified fauna inside thatlapted to the darkness, from bats
to small invertebra{&maoes, 2015). There arep@xias of caadapted animals, one of which,

Cylindroiulus vifllyrgian endemic of the cagefound only in PeGave:

Zoological group Scientific name

Spider Domitius lusitani¢ksge, 1931)

Millipede Cylindroiulus villiReboleirandEnghoff, 2018
Woodlouse Trichoniscoides meridiovianslel, 1946
Springtail Onychiurus confugféasna, 1962

Dipluran Podocampa. fragiloideSilvestri, 1932
Beetle Trechus gamReboleirandSerrano, 2009

A barren landscape, spaggetation and mostly herbaceous and shrub strata is a general motto

throughout the outer area of the cave from which stands out the straimbetny weerand



olive tre€figure3). The flora also takes advantagestifatifecation joints of the limestones, through
which the roots are inserted in search of water at depth.
Soils are difficult to find far from the valleys, except for the rare places where there are act

erosion processes on the surface, especiédlg negao CISGAP (Interpre@eiainedf Pen&ave

by theaccumulation t&drra rossa dissolution spaces (figu(8iB)oes, 2015).

Figire3 0 Near the entrantmePena Cave is possible to see traces of old quarrying and accumulation
of terra rosshat develop alongH$Edissolution spad&maoes, 2015).

2.2. Infrastructure and availability

Pena Cave is managed by the Institute oCNaser@ation and Forests (ICNF), the official
national agency responsible for the implementation of nature conservation policies in Portugal. Sinc
discovery of Pena Cave that several studies were carried out by PNSAC speleologists and by reses
from various universities. Later, the cave was equipped with some infrastructures to facilitate the res
and public visits for touristic and educational purposes. The visits require a prior booking and are gt
by certified speleologists, in ordeindain as much as possible the cave with pristine conditions.

The first karst Interpretation Centre in Portugal opened on June 5th, 1997 at Pena Cave.
centre provides a technical support building and all necessary infrastructure to ptaeida@ comforta
safe visit to all types of visitors. Access by the historical entrance is still possible but requires speleol

training (figures 4 and 5).
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Figire4 dLongitudinal profiles of Pena €aue¢PNSAC).

Figire5 8 CISGARipporbuildinga) Originaéntrancéo the cave (b)



TheCISGABupport building contains an office for marwdlgéssaboratory and room for
lectures with projector and speleology equipune6). (frg order tallow acomfortably and safe
entrance tthe cavegallerya staircase and an elevator were installed descending to a depth of 35 m.
Along the stair walls tlaeeeexplanatioalsouthe formation of stalactites and stalagmites, as well as
examples of how thietla@dincandescelamps is responsible for the growth of undesirableifauna (fig
7). Insidehe gallerythereis another staircase to the observation platform from where visitors can
appreciate the caveodos | anatkdobsemessomeWdnsparentboxes t h
with living inhabitancies of the cawe @jigThe information given to visitors aims to explain the

processes of cave formation, the biodiversity and geodiversity of the cave, and the dangers to whic

environment is subjected.

Figire6 0 Inside of theupport building: a) speltﬁyuipment, b) lediom, d) room for lectures.

In general, there are two possible typ@tsof One s a O0si mple rout e
the observatigplatform andshortt ect ur e a b o-and biddivessity deatures @rsd cayes o
conservation. Thesedgpd s t he 0 i nred), whichncludesa wisit®ugh thef maig
roomusingwith speleological equipment.

Pena Cavefrequemyvisited bgtudents from different universities and schools. Usually, their
visit is |Iimited to a oOsimple routed and a s

cave stafind researchers are always ready to cooperatdentthtetevelop further research on

10



thecave. From trezientifipoint of view, the cave allows biologists to collect samples of troglobionts
and carry out research on biodiversity and ecology. For geologists, the scientific interests consi
paleoahate, paleoenvironment, neotectonics events, gadnkarpholagy

Regarding to gcersityand bidiversityonservation actiarglin order to minimize the
negative impactsvisitorscavemanagers and professdthe University of Coindalilateda
carrying capacity for Pena G&aréir(s O. pers. com., 20Zhe permanence in the room is limited
to 20 minutes and to a maximum of 120 visitors per day in groups of 12 persons for the "simple rou
and6 persons for the "integral route". \rowesually less than 50% of the allowed number of visitors

came to see the cave.
In addition, to avoid the introduction of bacteria, dust particles, and flora on shoes, visitors :
required to usedisinfectionarpetbefore entering the caédairs and handraite builtin nod

oxidizable and removable matesisiters’ paths are very restrictedt adorbidden to touch

speleothems.

11
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Figire7 o Differeninfrastructuri@ Pena Cave: a) staircase and elevgtexplanation abmatve
processem the stair walld) entrance to the observation plafjoboxes with troglobionts; f)
observation platform.
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Figure 8 Mapping of Pena Cave based on vector infornpeatied pye extrapolation of the
topographic data collected after its discovery (source: CISGAP).
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2.3. Geological and geomorphological setting

Serra de Aire e Candeeiros Natural Park is located in the Estrestmmind/lassif as part
of the Mesozoic Lusitanian Basie9)igSimdes, 2019)kis Atlantic marginal basin is related with
the Mesozoic distention and subsequent opening of the Atigigrce®aea000). The initial phase
of "rifting" YpperTriassic) created an irregular topography of blocks of normal faults, grabens an
semigrabens. The second active phase of "rifting" was initiated in Upper Jurassic. The interval bet
these two phases of extensive activity, i.e., the period cotoasjeshdirigower Jurassic and Middle
Jurassic, in contrast, was characterized by relative tectonic stability (Ferreira, 2000).
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Figire9 0 General gologicalettingf Serra de Aire e Cande@ioosce: ICNF)

The Estremenhdassif is elongated to theSWEdirectioand includes four main
morphostructural units: Aire Mountain, Candeeiros Mountain, Santo Antonio Plateau and Sao Mat

Plateau (fige10). In the higher zones of the Massif crops out Middle Jurassic\vidnradtippsr
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Jurassic rocks occur in the depressed zones, where the Lower Jurassic also emerges in narrow k
(figurell) (Ferreira, 2000).

Legenda
@ Localizagio CISGAP
[] PNSAC
[ Area envolvente CISGAP
Altimetria (m)
I > 650 39°25N
B 550 - 650
[ 450 - 550
[] 350-450
[] 250-350
- 150 - 250
[ s0- 150
I <50

0 ] 10 20

Figire10 6 Main morphostructures of the Estremenho Limestosniessi2(15).

Pena Cave is located at Santo Antonio Plateau. The Plateau was raised by tectonic movernr
along faults bounded to the NE by a set of tectonic structures that includiéinbe déméssion
with NVBE orientation, aatthe west by Serro VentbMtendig® Valverde grabenufféglO)
(Ferreira, 2000).

PenaCave occurséarbonate rocks of Serra de Aire Formation, Middle.:3é&asamgly
BathoniaAge (166.4168.3 Ma). The formation is composed by limestone pelmicritic and biomicritic,

mudstone and wackstone carbonate rocky (téhla global thickness of 360 m (Ferreira, 2000).
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Table @ Lithostratigraphy of the Estremenho Limestone Massif (Carvalho, 2013).

Ma CRONOESTRATIGRAFIA LITOESTRATIGRAFIA MCE LITOLOGIAS
=
0,011 =<, HOLOCENICO Argilas, areias grosseiras a finas, saibros e cascalherias
2619 PLISTOCENICO
' PLIOCENICO Formagao de Ulme Arenitos grosseiros a finos; diatomitos e linhitos
T ————— e ———
518
E sup. Arenitos de Alburitel
[T ; s
Q |MIOCENICO| méd. Calcérios de Santarém e Almoster | Aenitos e calcarios
=
inf. Arenitos de Ota
23 >
o
34 = OLIGOCENICO Formagao de Monsanto Arenitos grosseiros, localmente conglomeraticos;
t‘," EOCENICO calcérios lacustres
\/\/W
o
564w
Z | PALEOCENICO
66 -
Maastrlqht.— Congls“e tufos vulcanicos da Naza.ré S Conglomerados calcarios, arenitos e tufos basélticos
4 o | Campaniano Arenitos vermelhos de Carvalhais
i g L
= Santoniano
go] ¥ Coniaciano
94 8 = Turoniano e Calcarios margosos e arenitos; calcarios
o Cenomanianol— | e margas fossiliferos
100
i f o Albiano Arenitos grosseiros arcésicos com intercalagdes argilosas
1w(o :
x|z| Aptiano
125{o & .
L Barremiano -
146 —| Berriasiano
151 o Titoniano Formagao de Lourinha Argilas e arenitos
T s s Calcérios margosos, argilas silto-arenosas,
156 g Kimeridgiano Eois0 daficoners arenitos e restos lenhitosos
& Formagao de Montejunto | Calcérios micriticos, calcarios argilosos e argilas
2| Oxfordiano T Sde C : Calcérios com calhaus negros, argilas linhiticas e
161 @ :@ﬁ!md’e — calcérios margosos
Caloviano |
165 Formago Sto. Anténio - Candeeiros:
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= ,
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Undetthe geomorphologioaint of viewenaCaves located on the slightly steep slope of
Vale do Mar to gmuthof Santo Antonio Plateau, drawing the karstic platform gald adelnave
Cortical (figes 13 and #) (Sim6e2015.
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Figire15 & Geological profile of Mendiga dep(é8Bipwith emphasis on the SE slope of Serra dos
Candeeiros atmthe NW of the plateau of Santo A@éniogical profile of the plateau of Santo
AntonigB3C) corresponding B Rena Cavend C to one dfet highest elevations of the fault
escarpment adjacent to the Minde deprfessiBim{des, 2015).

ThePé daPedreira limeston#R) revealtagheresistance to mechanical action, observing
a tendency for the valleys to be eroded on their edge. In contrast, on the opposite side, the mate
corresponding to the Codacal bioclastic lime&sipaex(hotoriouslydediorming/shapedalleys,
whee the plains are practicallyeristent (figel15).

Inthe areaf Pena Cavihie local geomorphological stristabé differenofthe regional
trend. The primaW=SWorientation of the cave appeds telated withovements perpendicular
to one of the main orientations of the limestones, perhaps with diretafoftbendeconsequent
alteratioofthe slope of the limestohesghe vicinity of Pena Claseetare twathercaves, namely
the Algar das Gedl{to theest) (see fige16) and the Algar do Pipas (tsotlt®), separated from
CISGAP by a few hundred meters. The genesis ofibatiscardsd with dissolution processes and
fractures in the rock, which assume a construction verylsisalation sinks along a fracture, but
which developdapth (just over a dozen mdt@&irspes, 2015)hus, it can be assumed that Pena
Cave was formed in the same way by dissolution processes and fractuzsviestirecaddonate
rocks exhtba wide range of geometries and passage morphologies related to their formation ar
subsequent developmental history. Carbonate rocks can be subject to erosion by water contai
dissolved Gthat infiltrates from the surface by gravity. This prae$sraiation is called epigenetic
(Gunn, 2022).

19



360 Algar das Gralhas CISGAP

250

Figire16 6 Topographic profile ardIBIGARrdmMSimdes, 2015)

The surface part (crust) of the array undergoes decompssieglmedntinuities in the
first place (bedding or unloading joints). This stage forms thigueglkau@sifli, 2015). Then the
water seeps through the gaps of the epikarst and diegotgttee bedrock (massive limestone).
Usually, the bedrock t& exposed or covered with a variable layer of sediments (clay, sand). Thus

water can contact massive limestopeting verticdlannels called shafts.

SUPERFICIAL
DEPOSIT shaft

Figirel7 8 Grosssection showing the development of the epikarst on the HortGslIC &04€8)s (
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3. Ecosystem context of karst caves

The environmental conditions of caves differ from the surface ecosystems mainly by absenc
light, temperature, dndnidity conditions (Ravn et al., R@f!@pvan et,a2018;Tercafs, 1988
The diurnal and seasonal temperature variation is less pronounced in caves than on the surface, an
humidity is higher (Ravn et al., 2020). The total darkness ofrdaveisgiosyathesis and implies
the complete absence of primary production through photosynthesis (RaWwhodd@ar2@2@
2018;Tercafs, 1938Therefore, subterranean ecosystems depend on organic matter transported fror
the surface to mainta@terotrophic processes (Ravn et al., 2020). Organic matter and nutrients, come:
into caves from allochthonous sources, such as water percolation, or floating into the cave, transp
by wind, by the movement of animals in and out or in the roia$tswpsrhiy root penetration (Ravn
et al., 2020).

The biodiversity of karst caves is expressed in typical cave fauna: (1) animals that spend thei
cycle underground and are fully adapted to the cave environment, mainly invertebrates such as arac
(spider and scorpions), crustaceans and insects, but also vertebrates such as salamanders, and fi
well (2) animals that spend part of life cycle in subt@aarebradapted, for example bats, insects
and spiders. Af@)animalsare not adégd, but visiting a caweh as mice, rats, lizards and birds

(HowartAndMoldovan, 201R;0 m e andDehaiveng, 2018).

Subterranean fauna has striking differences from other species of fauna expressed
morphological, physiological, be@viourairaits. Their main characteristics of morphological
adaptations are the absence of pigmentation, regression of yiseanviseatimg to the complete
disappearance of the eyes and body hardness, wing degradation, and thinning of the cuticle of arthrc
(Langecker, 2000; Christiansen, 2012). In physiological traits, their reduced metabolic rate is of
accompanied by iacrease in longevity, low fertility, lack of circadian rhythm, tolerance to starvatiot
and high Gw Q, dietary and water balance mechanisms changes (Langecker, 2000; Christianser
2012). Fobehaviourdtatures, loss of circadian rhythm, chamgatsngbehaviouiand random
walks can be distinguished (Molalodiaaredes Bartolome, 1998). Next, this chapter will describe all
the adaptation traits of subterranean fauna and cave environment features in detail.

3.1. Abiotic conditions

3.1.1. Atmosphere

The climate in caves is very stable compared to the exterior climate conditions. The ca

atmosphere is constantly saturated with humidity and variation in temperature results in evaporatic

21



condensation that engenders enough energy theedogeerature variations. The air temperature
Is less and less variable as one gets further from the entrance, becoming approximately the mean a
temperature of the cave's @ewartandMoldovar2018).

The composition of the air is diffeyentife outside air. During the deposition of calcite and
the formation of speleothems, carbon dioxide is released, and its proportion becomes higher than
outside the cave and is compensated by a reduction of oxygen. The level of theaddmastive gas,

also superior, threat for people working i\tagascCi et &2015)

3.1.2. Darkness

A characteristic of underground environments is the absence of light. Total darkness affe
almost all aspects of the adaptation of organisms and their response to environmental conditions.
behavioral and physiological characteristics of cawresplasely related to the absence of light.

This part of the evolutionary process allows the species to avoid harmful circumstances, find food,

reproduce in cave conditions (Moldovan, 2018; Ravn et al., 2020).

3.1.3. Humidity

In deep cave environmavttere troglobionts live, they remain at or near 100% relative humidity
(Howarth, 198Ravn et al., 20R® saturated atmosphere is stressful for most terranean organisms,
and cavernicolous have altered their water balance mechanisms to cogedsaits shiove the
equilibrium humidity of bodily fluids, troglobionts must deal with excess water rather than desicca
(Moldovan et ,a2018).

3.1.4. Organic Matter

The decomposition of caves organic matter plays an importaetoslstethearbon cycle
and the net ecosystem édssiorfigure 18 but it is poorly studiBévn et al., 2020he main
source of organic matter in caves originates from plant material from the surface, carrion and ani
droppings. Surface orgamittemdecomposition is controlled by abiotic factors such as temperature,
water availability and lack of light and substrate alongside biotic factors as the decomposer comm
(Ravn et al., 2020e rates and main factors of decomposition of citgamiceraary different in
caves from how the same decomposition occurs on the surface. The question of the causes and sp

differences is poorly understood (Ravn et al., 2020).
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Figire- 18 Conceptual model of organic matter decomposition in gfasysRaws et al., 2020).

3.1.5. Concentration of C®

The decomposition of organic matter can increase the amoucaweg<O critical values
(Ravmet al., 2020) as well as the presence of a Gignan1993; Puldosch et al., 1997; Calaforra
et al., 2003; Song et al., 2000; Leal et al). 2088ever, most invertebrates can tolerate high
concentrations of carbon dioxide for a short periodgitiBtarte, 1990). Moreover, organisms
living in soils and shallow mesocaverns can migrate to areas witotmeatr&ions while in
deeperaves, and deep mesocaverns migration is more limitecudStoaeh 1990). Thesa
pattern cascade of carbon dioxide (CO2) emissions from low concentrations in the external atmosj
through significantly increased concentrations in themwrattmosduced concentrations in cave
passage&illiesoat al, 2022) Increased concentrations of carbon dioxide in the soil are the result of
respiration of plant roots, microbial activity and healthy fauna of soil invertebratesughizcascade

maintained for the effective functioning of karst dissolutior{@ilbessatal, 2022)

3.1.6. Substrate

Underground habitats are of various sizes, from tiny voids to large caves from shallow to g

depths below the surface. They are also found in many different rocks, but the most famous are cav
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limestone and volcanic caves in basaltic lavarrofuiti size, underground habitats can be divided
into three classes depending on the environment and supporting communities: microcaverns (us
less than 5 mm wide), mesocaverns (&@@uinbn wide), and macrocaverns (i.e., caves more than
50 cm vde) (Howarth, 1983). They can occur in any rock type where erosional or depositional proces
create

The substrate has an essential role in the distribution of biodiversity of cave organismn
Microcaverns rarely support terrestrial species becdusespases are quickly blocked by debris
without sufficient food access. Mesocaverns arsiggetigpaces, large enough to serve as corridors
for the settlement of cavernous animals but small enough to restrict the flow of air and gas excha
Food reources may also be limited. Nevertheless, some studies have shown that mesocaverns pro
the bulk of the habitat and settlement routes between caves foadaptgdcspecidsofvarth,
1993; LopeandOromi, 2090 Within the mesocavernous wéndindetsovoid shallow substratum
(MSS) considered distinct from deeper mesocavernous profound substratum (MPS) vo
(Juberthie,1983). If the MSS is contiguous to the MiRBbdursubset of the cave fauna, as well
as many unique spediEn, 198 Eusebio et.aP021).

Regarding to the macrocaverns include the accessible cave passages. Accessible cave pas:s
also ofteharbouftarge colonies of vertebrates (e.g., birds and bats) that introduce large quantities ¢
food resources into caMesddovan et,a2018). More often it is a habitat for accidental and frequent

inhabitants (trogloxenes and troglophiles).

3.1.7. Groundwater habitats

The precipitation that falls as rain or snow seeps underground downward through soil and rocks ui
reaches the saturated zfigar€l9). Underground water is usually called groundwater, which can
wholly or partially fill vditidldovan et,a2018).
Watefilled voids are habitats of groundwater that come in diffe2ahstapet §89)
1 Macrohabitats (aquifesgupy from 1 to more thank&®OMacrohabitats are more
heterogeneous and represent the main living space of most aquatic animals living in caves.
1 Mesohabitatecupy several square meters to less than one square meter. Mesohabitats hav
relatively homogeneous phyrsseoical characteristics and represent a part of the living space
of a species used in different periods of the year or their life cycle.
1 Microhatatshave a small size and can be measured in square centimeters. Microhabitation:
determine the habitat of an animal at a certain point in time. Inside microcaverns, the movems

of liquid water is controlled mainly by capillarjzdareesr, flowingter under sufficient
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pressure can keep such spaces open and interconnected, as well as transport food resourc

which can provide suitable #madyibats for tiny aquatic species.

Table3 d Examples of aquatic cave habitats/microhabitats and connected groundwater habitats whe
stygobionteay béoundKlowarth & Moldovan, 2018)

Cave and microcave aquatic habitats/microhabitats Other groundwater habitats

Dripping water Hypotelminorheic

Small pools (gours)/puddles Springs

Big pools/lakes Wells

Streams Hyporheic zone = freshwater interstitial
Riffles Littoral interstitial

Rocks in water

Sediments next to water bodies

Underwater/marine caves

Unconsolidated rocks provide different microhabitats for different living communities.
consolidated rocks (limestone, dolomite, granite, basalt, and sandstone), voids can be significant to s
unlike unconsolidated rocks (from gravel to sand), where voids are usually small but can increase d
bioturbatiompwartlabdMoldovar2018) The groundwater habitats in unconsolidated sediments and
various rocks represent one of the most extensive edabjsBmBhé degree of connection
between cave habitats and other types of groundwater habitats depends on thegpg&atieability of r
animal migration and the supply of nutrients, organic carbon, and dissolved oxygen. It is predicted
groundwatadapted animals (i.e., stygobionts) have much more extensive distribution ranges th:
troglobiontsipwartandMoldovar2018)
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Figire- 19 The relationship between aquatic cave habitats and other subterranean aquatic habitats
karstifiable limestofreriHowartlandMoldovar2018)

3.2. Environmental Zones

The zonalityf the terrestrial subterranean habitat is very important in the distribution of a
community of organisms determined by the basis of its physical environment, such as the amour
light, humidity, airflow, gas concergratiwh the evaporative capa€ithe air (tabld). Five
environmental zones are recognized: the entrance, twilight, transition, deep, and stagnant air z(
(Howarth, 1993). Below fig0hows those z@npositions, which provides a practical classification
scheme to understand cave ecology. The evaporation rate depends entirely on temperature, sc
boundaries between zones are more pronounced in tropical areas. However, the boundaries of t
zones arpretty dynamic, and animals of one zone can rdake shigntations to neighboring zones
in search of fogdowartlandMoldovar2018)

The entrance zone (euphsticg most illuminated zone where the existence of vascular plants

is possible. Thaene includes a combination of surface and underground communities and has goc

food resources and, consequently, a large variety of animals and plants.

The twilight zohas reduced light between the border of the possible existence of vascular plant

ard the area of complete darkness. The level of humidity and evaporation is unstable. As a result, sp
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diversity is small, mainly consisting of randomly migrated species from neighboring zones, suri

animals seeking refuge, scavengers, and fHaedotisndMoldovar2018)

Entrance-zone  Twilight-zone  Transition-zone Deep-zone Stagnant-zone

Figire- 20 Stylized profile view of a cave showing the five environmental zones. Scale for length gre
condensed relative to heldigijure modified after Howarth (1993).

The transition zone (dyspl®ttiaracterized by complete darkness and a chdmggable a

environment, humidity, airflow, and evaporation. Diurnal and seasonal climatic cycles and local we:
events on the surface cause this variability. The habitat is usually dry, and the species diversity is u:
minor and consists tajgloxenescavengers, predators, and strays. It can support a variety of
guanophiles and guanob{blawartmandMoldovar2018)

As the name definethié, deep cave zone (aphstaj)tirely devoid of light. In this zone, the

physiological characteristiasemore stable. For example, the air remains stationary and saturated,
the substrate is moist, and evaporation is insignificant. Due to an obstacle (barrier) for air exchange
also a border with other zones in the form of a narrow passageislderbaral component of the

deep cave zone, so if the caves have several entrances or do not have such an obstacle, formin
zone is impossible. Mostly cave animals occur in(thisvaotiendMoldovar2018) but several
troglophiles and trogloxenes, including invertebrates and vertebrates, can be found in this zone.

The stagnant air zowgeurs where air exchange is critically limited, the atmosphere periodically

stagnates, and the concentration of gases, espenialipxiad, becomes tense (Hamd8tone,

1990). This zone is the primary habitat of troglobitic species, and it is also a zone present
mesocavernous cragkswartandMoldovar2018) Thus, most specialized cave species live in this
condition in medisime voids, indicating that essential habitats can significantly extend beyond the ca

passages available to researchers.
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Tablet - Abiotic and biotic parameters of each of the fiidorcemtmndMoldovar2018)

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

3.3. Ecological classification

Living in the same physical environment leads to biological adaptation, therefore the anim
have a set of similar morphophysiological features. An adaptative pattern common to animals
phylogenetically related (Juan, 28&0nain adaptations are the loss or degradation of visual organs,

pigment, and body and appendages elongation. Scientists have attempted to classify cave anime

study the ecology of caves. One of the earliest attempts to the classificati¢h849) Rttatte

(1854) and Joseph (1882). In 1907, Romanian biologist Emil Racovitza had more precise definitior
each category and created the classification, later caHedc®eitreeclassification (table 5), which

became the basis for allsgsnt classificati¢ewartandMoldovan, 2018)

Tables - Ecological classification of cave animals with deSchioeRgcovitza system.

Trogloxenes

They are lost or unintentionally visitors that do not live and reproduce
animal category rarely displays any special adaptive features for life
they usually stay near cave entrances.

Troglophiles

They can live and reproduce in subterranean environments but ca
surface habitats. Usually, they o@easnear the entrance. They may
weakened visual system and sodgptations to life without light.

Troglobionts

They strictly inhabit subterranean environments and usually are four
deepest cave areas. This animal categaifidargly modified morpholog
for underground environment.

Despite the usefulness and high accuracy of the classification, the placement of cave specie

it is still subjective until the proper relationship of the animal with the cave is clarified by ecological
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biogeographical studies. For example, wnshaitosome species live on the surface of soils, under
stones among moss and others across other subterranean habitats, therefore, their appearance i
caves may be accidental. In this case, morphological features may not be enough to determine
habitat exclusivity. Thus, other scientists found several fundamental problem&actvezachiner
classification, such as oOseparation of soil
troglobitic status, differences between texylapidi trogloxenes, identification of mandatory
trogloxenes. 6 AadTercafs @972),eHolsirmed Cuver (1988) andnothers
suggested another divisions and definitions, such as dividing troglophiles into subtrogloph
(permanentty temporarily inhabit an underground environment, but are closely related to the terrestr
worlds for some vital functions) and eutroglophiles (living on the surface but constantly supporting
underground population). Later, Sket (2@88bhedd the subtroglophiles and eutroglophiles
division. Christiansen (1965) coined the term troglomorphy to describe the adaptive traits of cave spe
An animal exhibiting some troglomorphy, also known only from caves, can be considered a troglot
In the case of aquatic troglobionts, it has become common to define them using the term stygobic

(Howarth & Moldovan, 2018)

3.4. Overview of cave animals
The main traits exhibited by cavernianlmasoften depend on how strongly they are

associated with caves, from casual visitors to highly specalgatednireals (Howari983;

Trontelj et aR012). It is important to note that morphological, physiological, and behavioral signs ¢
modification of underground animals are convergent, that is, the similarity between organisms of diff
systematic groups due to the same habitat condifmnsorTidmmnplete absence of light is the most
crucial selective feature of the environment ensures the predictability and similarity of evolutior

change§Howarth & Moldovan, 2018)

3.4.1. Adaptations to caves by terrestrial and aquatic animals
Morpholegal Adaptations

In addition to the previously noted loss of vision, pigmentation, and body hardness, additio
morphological signs are wing degradation thinning of the cuticle of arthropods. These morpholo
changes were considesgdessivar a long time, but later scientists concluded that this formulation is
not correct from evolution and adaptation. More precisely, call it an increase and decrease in
development of certain morphology represented in balance. Becaogehdiamiealnfeature
degrades, some other (more suitable in these conditions) is more pronounced and develops. T

instead of "negative" morphological changes, there are also many "positive" changes. For exampl
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increase in the size and numberswrgesrgans (receptors); elongation of the body, legs, antennae,
and other appendages. The arthropodds cl aws
wet rock (Moldovan et2§104; 2018)The weknown Morphological, Physiologidaehanbural

Adaptations of terrestrial and aquatic animals are listed below (table 6,7,8).

Table 6 Morphologicadlaptations of terrestrial and aquatic animals.

Pigmentation | The lack of pigmentationcafeadapted animals is a common biol
adaptation to aphotic habitats. However, the evolutionary causes (
cave organisms are not fully understood, and only a few studies fo
molecular mechanisms underlying the loss of fiagme&htafirst idea is
weakened selection by pigmented traits in the dark allows for the ac
mutations that ultimately eliminate pigment production. Indeed, the
pigments, such as protection from harmful ultraviolet cadiatiflage,

aposematic coloring for protection from predators, attracting poten
and so on, are not needed in an aphotic enviBrimera (W d.,01j7)3
Some of the aquatic cave vertebrates retain a pink color due to cidg
or can be completely transparent. Albinism can make stygobionts mg

to UV radiation and bring harmful consequences (LangeBkier| 2000

al, 2017%.
Ocular The general trend of morphological characteristics of stygobionts is s
regression terrestrial neighbors, which is expressed in a weak visual system.

(Anophthalmia) primarily by energy savings and natural selection results in conditions
Nevertheless, many cave species that were considered blind j
microphthalm{elowartlandMoldovan, 2018)

Hypertrophy | The decrease or complete degradation of the visual system is con
sensorial organ hypertrophy of other receptah as sensorial taste, electrical percept

chemoreceptdisowartiandMoldovan, 2018)

Body size The change of whole size body or its parts is associated with the size

wide variety) of subterranean microhabitats. There&ize, botyth, ang
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number of legs can vary greatly, even in species living in thé-sanaatt
andMoldovan, 2018)

Table 7Physiological Adaptatdrisrrestrial and aquatic animals.

Dietary changes

Troglobionts are often omnivores and scavengers since food resourc
often scattered and difficult to extract. In addition, troglobionts can ¢
amounts of food and then go without food for a long time, which is e
slow mi&bolisnfHowartlandMoldovan, 2018)

Low metabolic rat

Troglobionts with a low metabolic rate often exhibit a low level of ag
mobility. As a result, a low level of oxygen consumption is also recort
this type of eneggwingsia universal feature of many organisms, includ

with a large amount of available food (Steffan 1973; Roff 1986).

Fasting

Fasting also has a close relationship with suppressed metabolism,
troglobionts are fed by lipids, a prolonged state of glycogen

conservation, and low energy requiréfmevastandMoldovan, 2018)

Osmotic regulatio

An extremehumid atmosphere is stressful for organisms, so troglok
changed their water balance mechanisms. For example, they hq
properties of the body that retain water and are now very sensitive
(HowartlandMoldovan, 2018)

CQTolerance

Many invertebrates can tolerate temporary high concentrationn
organisms living in not very deep areas of the cave or in soils prefer|
less stressful conditions, while species living in deep parts of caves

such an opportunity (Hovaarttstone1990).

Oxygen

Consumption

Oxygen consumption is low due to the reaction to hypoxia inherent
waters. This feature leads to a slowdown of the motor and respirat
Recovery after periods of ddobxygen occurs promptly due to ans
metabolisnfHowartlandMoldovan, 2018)
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Specific cave conditions influenced the bedieatiwes of subterranean organizations. For

example, finding food, a partner, and a haven requileshspemidlabits described below.

Table 8Behavioral Adaptatiohterrestrial and aquatic animals.

Loss of circadian rhyt Troglobionts have lost their attachment to daily cycles and de
continuous activity level, but this activity is irregular. It is the 1
lack of dayligiitowartlandMoldovan, 2018)

Random walks Troglobionts move slowly al@mglam path, thecaled actual patte
which involves chaotic movement or wandering (Moldovan &
Bartolome, 1998/1999). This type of movement minimize
consumption and the chance of falling into a natural trap (pits ar
Flyiig cave organisms have adapted to hovering with their limk

forward to first touch the substrate with them.

Mating behavior Visual partner identification signals for troglobionts are not
complete darkness. However, some have pheylamdsie whig
indicate that pheromones are essential for sexual communicat

speciegHowartlandMoldovan, 2018)

Agonistic Behaviors | The behaviaxpresses low aggressive and submissive reacti
fights between aquatic cave animals occur very gently can be
a beating with a tail. Agonistic behavior is associated with a
selection, a decrease in the level of actvitgn ancrease in

expectandgiowartandMoldovan, 2018)

Feeding Behavior Cavefish have more taste buds on the surface of the head
stygobionts, for example, the cave salaRraxeles anguinaan fee(
outside the caft¢owartlandMoldovan, 2018)
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3.5. The ecosystem of Pena Cave
3.5.1. Specific abiotic conditions

Temperature

As mentioned earlier, temperature in caves is very differemgsathésurface, including
the level of its temperature stability. According to the data pPNSEEGIjor short periods from
2000 to 2019the averagemperaturan Pena Cawhange froma minimunof 11.81°C to a
maximunof13.65°C(table9).

Table® d Temperature average in Pena Cave (provided by PNSAC).

TemperatuleC)
Year Date
Humid air Dry air
324 November 13.64 13.65
2000
24 November to 5 Decemb 13.66 13.66
9 January to 25 April 13.45 13.51
2001
26 April to 24 May 13.57 13.56
21-31 January *12.83
1 to 28 February *11.81
2019
1 to 31 May *11.88
1 to 4 April *11.85

*Temperature data without specifyimglf@éty/dryness.

More recently, data on the temperature in the cave is not carried out regularly. From
geoconservation point of view, these data are of little value without data about visitors for tou
educational, or scientific purposeg€hdpier 5.3.1. provides more details about the temperature and
influence of visitors on Pena Cave.

CQconcentration

Regarding the concentration of theh€x@ is less information available than about the
temperature in Pena Cave. However, availableedaduring 324 Novemb@000, and from 24
November to 5 Decempravided BPNSAGhows an averagé®imV and 66 miéspectively (1
mV = 20 ppm). A detaitadatiolmver the course of days and hours can be Vigwesi2hand
22.
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Adetailed analysis of the variation cbr@@®@ntration caused by visitors to Pena Cave has not
been done before. However, in the PNSAC report dedicated to this cave, in the chapter on the le:
causes of environmental changes in the cave, humanvpsepahaethe first place. The presence
of one person in the cavity causes changes in its climate, namely an increase in temperature, w
vapour, carbon dioxide, and methane. Considering that an adult emits an average of 0.33 litres of
over one mute, the greater the number of visitors and the longer the duration of the visit, the worse v
be the impacts on the cave atmosphere. Thus, the presence of a large group of people leads t
increase in air temperature, a decrease in oxygen conapdteagignificant increase in the amount

of carbon dioxide and water vapour.
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Figire 21 d Variatiomf CQ concentratian Pena Cave durBa4 Novembe&000 (provided by
PNSAC).
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Figire 22 d Variatiomf CQ concentratiom Pena Cayeom 24 November to 5 Dece2b@®
(provided by PNSAC).
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Air humidity

The air has a relatively high relative humidity due to the presence of free water in an almi
closed enclosure, but it is not continuously saturated, and this allows the evaporation process that k
active the formation of stalactites and stalagnfiesg Cave, the relative humidity of the air is
particularly close to saturation (order of magnitude of 99%), which is due on the one hand to
abundance of water and on the otheesd air renewal. As mentioned above, the connection with the
surfae decreases but is not zero and, in this particular case, is carried out through imeall cracks
limestoneln its natural state, this prevents the achievement of saturation but is not sufficient t
significantly reduce relative humidity.

Thus, wateapor is a critical element preserving the cave since the air is almost saturated, an
the chemical phenomena occurring (the formation of stalactites and stalagmites) significantly deper

the evaporation process.

Light

Pena Cave does not have natural lighting (solar) because the cave is entirely isolated. The
access to the surface is a historiesishpfid entrance itite cave Thereforeartificial lighting is
required for research and tourist visits. Lighitteg dre heated, contributing to an inofrease

temperature and, consequently, a decrease in relative humidity.

Substrate

The habitat surface of Pena Cave is determined by the high humidity caused and evapora
processes that contribute to a largeenoidifferent speleothems and the overall morphology of the
cave (see Chapter 1). The main rock representing the substrate wstmgsiheavernous

surface

3.5.2. Environmental zone®f Pena Cave

There are five environmental zoResanCave: the entrance, twilight, transition, deep, and
stagnant air zonesufg®3). Cavadapted fauna distributes and concentrates in each zone depending
on food accessibility. Thus, practically the highest concentration of troglobidiszotiee Guansi
the possibility of finding the troglobionts in the other ecological zones of the cave is not excluded. At
until now, it has been found out in a practical way thaadaeteaveillipedd/indroiulus villymi

which is endemic frtms cave, was found only in the Trazmioof Pena Cave.
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Figire 23 8 The estimated distribution of ecological zones @aveenathe transverse profile
(implanted over cave map provided by PNSAC).

3.6. List of caveadaptedcommunities in Pena Cave
Pena Cave biodiversity consists of a community of six troglobionts, five troglophile species,

some birds and bats (trogloxenes) recorded by their guano. Nexta@dseof @adgartly adapted
species is provided, al asinformation on their main characteristics. In addition, a map of cave
adapted fauna provided distribution on the Estremenho Limestone Massif was made.

1. SpideDomitius lusitanidésge, 193Tigure 2)

General description

Domitiutusitanicus a troglobiont spider of the family Nesticidae (Ribera, 2018). A distinctive
characteristic b /usitanicdom otheDomitius the complete absence of eyes.

Habitat

It inhabits caves of the Estremenho Limestone Massif, whesatiyifoinad in cave walls

(Ribera, 2018).
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Figire24 d The spidePomitius lusitani¢pboto: Ana Sofia Reboleira).
Ecology

D. lusitanicubas typical morphological adaptations to the underground environment:
depigmentation, anophthalmia, and appendage lengthening (Ril&ratl20da8)e lifestyle is

confirmed by obvious adaptive signs.

2. Cylindroiulus vifllleboleirandEnghoff, 201&gire25).

Kingdom Phylum Class Order Family Genus
Animalia | Arthropodal Diplopoda Julida Julidae Cylindroiulus
General description

Cylindroiulusflumis a species of millipede only known from Pena Cave. The cave is the only
placewhere this species was discovered, which makes the cave even more exclaside (Reboleira
Enghoff, 2018).

Habitat

Cylindroiulus villomas found in PeGavenside a big piece of deadwood located at the base
of the entrance pit to the cave.

Ecology
Cyhdroiulus villuisia blind and depigmentedadaeted species of millipede living only in

Pena Cave, it is adapted to the very constant temperature of 13 £1 °C, and the relative humidity is c

to saturation (seectior.5).
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Figire25 0 Cylindroiulus villispi n. A) habitus of live female B) habitus of subadult male. The partly
darker colouration in B) is due to gut contents seen by transparency. Scale bar: Janin (Reboleira
Enghoff, 2018).

3. Woodlic&richoniscoideeeridionaf§/andel, 1946)

TaxonomyReboleira et al., 2022)

Kingdom Phylum Class Order Family Genus

Animalia | Arthropodd Malacostraci Isopoda| Trichoniscida 7//choniscoidg

General description

Trichoniscoides meridiorsaéisblind, depigmented troglobiont found in caves throughout the
Estremenho Limestone Massif, including Pena Cave (Reboleira et al., 2022).

Habitat

Trichoniscoides meridioramhabitant terrestrial systeraguaatic) is a troglobiont species
as endemic to the Estremenho Limestone Massif (Reboleira et al., 2022).

Ecology

Trichoniscoides meridioisaéisblind, depigmented troglobiont living strictly underground, but

the distribution of this species in different areas of the cave varies quite widely. It can be found fr
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