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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 for 

educational, scientific, and touristic uses. So, it became necessary to develop a management plan to 

preserve the intrinsic values of the cave and minimize the impact inevitably brought by humans. This 

work provides concepts about identifying and mitigating threats in caves applied to Pena Cave, a natural 

cave in Serras de Aire e Candeeiros Natural Park in central Portugal with an interpretation centre and 

infrastructure for public visitation. 

In order to achieve the goals of the dissertation, the research method followed an integrated 

approach: (1) literature review of the cave's geo and biodiversity and visitation patterns, (2) fieldwork, 

interviews with staff members, photography of Pena Cave, (3) data analysis to identify temperature and 

visitor relationship patterns; and (4) graphical representation of the results in the form of maps and 

schemes. The results show that six cave-adapted species (troglobionts) live in Pena Cave. One of them is 

endemic to this cave, Cylindroiulus villumi Reboleira and Enghoff 2018. The central values are landforms 

(speleothems) and chemical and physical processes responsible for the cave's landforms. An increase in 

visitors raises the temperature inside the cave; however, the main hitting trigger is artificial lighting, which 

may lead to a cumulative effect. Furthermore, the temperature rise affects the process responsible for 

the natural growth dynamics of the speleothem, and more research is needed to understand its potential 

impacts on biological communities. Finally, the definition of mitigation measures in the form of a list of 

proposals was compiled to optimize the management of Pena Cave. 

Overall, future efforts should be placed on monitoring temperature and CO2 simultaneously with 

tracking the number of visitors, replacing existing sodium lights with new generation LEDs, and monitoring 

cave-adapted species' population trends. Finally, the priority proposal for optimizing the management of 

the cave is to take an inventory of the essential elements in the Pena Cave, starting with an inventory of 

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

 

Keywords: karst cave, geodiversity, biodiversity, threats, management optimization. 
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Identificação de ameaças à geodiversidade e biodiversidade no Algar do Pena, 

Portugal: contributo para melhorar a gestão de grutas 

 

Resumo 

As grutas cársicas têm importantes valores no que respeita à geodiversidade e biodiversidade, o 

que permite um uso educacional, científico e turístico destes espaços naturais. Assim, torna-se 

necessário desenvolver um plano de gestão para preservar os valores intrínsecos das grutas e minimizar 

o impacto inevitavelmente trazido pelos seres humanos. Este trabalho apresenta contributos para a 

identificação e mitigação de ameaças em grutas, aplicados ao Algar do Pena, uma cavidade natural 

localizada no Parque Natural das Serras de Aire e Candeeiros (centro de Portugal), dotada de um centro 

de interpretação e infraestruturas para facilitar a visitação pública. 

Para atingir os objetivos da dissertação, a investigação seguiu uma abordagem integrada que 

incluiu: (1) revisão bibliográfica sobre a geo e biodiversidade da gruta e sobre os padrões de visitação; 

(2) trabalho de campo, entrevistas com pessoal técnico, recolha de fotografias; (3) análise de dados para 

identificar as variações de temperatura e sua relação com a visitação; e (4) representação gráfica dos 

resultados sob a forma de mapas e esquemas. Os resultados evidenciam, até ao momento, a existência 

de seis espécies adaptadas à gruta (troglóbios). Uma delas é endémica desta gruta, Cylindroiulus villumi 

Reboleira and Enghoff 2018. Os valores abióticos principais correspondem às geoformas (espeleotemas) 

e aos processos químicos e físicos responsáveis pela sua formação. Foi igualmente verificado que a 

presença de visitantes provoca um aumento da temperatura da gruta, embora o principal fator para este 

aumento seja a iluminação artificial, o que pode levar a um efeito cumulativo. Além disso, o aumento da 

temperatura afeta o processo responsável pela dinâmica natural de crescimento dos espeleotemas, 

sendo necessária mais investigação para compreender os seus potenciais impactos nas comunidades 

biológicas.  

Foram propostas medidas de mitigação para otimizar a gestão do Algar do Pena. De um modo 

geral, devem ser envidados esforços futuros para monitorizar a temperatura e o CO2, simultaneamente 

com o rastreio do número de visitantes, substituir as luzes de sódio existentes por LEDs de nova geração 

e monitorizar as tendências populacionais das espécies adaptadas à gruta. Finalmente, para otimizar a 

gestão, é prioritário fazer um inventário pormenorizado dos elementos essenciais do Algar do Pena, 

começando por todos os potenciais pontos de interesse e mapeando as áreas mais críticas para as 

comunidades faunísticas. 

Palavras-chave: gruta cársica, geodiversidade, biodiversidade, ameaças, otimização da gestão.  
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1. Introduction 

Around 20.3 million km2 of the Earthõs land surface is characterized by the presence of carbonate 

rocks, which are potentially karst. These 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 limestone, 

gypsum and dolomite. These rocks are characterized by dissolution processes, which are responsible for 

a special landscape represented by depressions, caves and particular surface and underground rock 

formations. The same can be said about the originality of the karst cave ecosystem, which dictates the 

conditions for special endemic organisms, which in turn are highly adapted and endangered (Van Beynen 

and Townsend, 2005). 

People have been using caves for various purposes for tens of thousands of years and only 

recently realized that karst caves have high aesthetic, educational, scientific, and touristic values 

(Gillieson, 2011; Gunn, 2022). However, the degradation of caves caused by anthropogenic activities is 

still a problem in most countries. The pressure on caves is not the same for all caves, the fact requires 

individual consideration for each case, which complicates a systematic approach to cave management 

and conservation (Gillieson, 2011). 

Show caves deserve special attention because they require additional infrastructure, such as 

artificial lighting, paths, platforms, interpritaion centres that can damage geo- and biodiversity. In addition, 

the presence of visitors in caves can provoke changes in temperature, humidity, carbon dioxide content, 

among others, causing impacts on rocks and on biota. 

There are many works done is several countries about the relationship between the presence of 

visitors and changes in abiotic factors, such as in Italy (Cigna, 1993), Spain (Pulido-Bosch et al., 1997; 

Calaforra et al., 2003), China (Song et al., 2000), or Portugal (Leal et al., 2009). 

The abiotic factors are critically important for the life of endemic animals because, by itself, 

without human presence, a cave ecosystem is quite stable. From the geological point of view, carbon 

dioxide gas and temperature play an essential role in the dissolution of limestone (Gilli, 2015). Calcium 

carbonate (CaCO3) is slightly soluble in water. However, with an increase in CO2 pressure and 

temperature, the solubility rate of limestone increases as well as aggressive condensation, which is 

accompanied by corrosion processes (Gilli, 2015). This justifies the need for constant monitoring of the 

atmosphere in show caves, where changes in CO2 content and temperature are often provoked by the 

presence of visitors and artificial lighting. 

Moreover, visitors can carry undesirable elements and bacteria on shoes and clothing, which 

leads to degradation of biodiversity and speleothems (Leal et al., 2009; Reboleira et al., 2021; Reboleira 

et al., 2011; Jones, 1965; Viles, 1987; Cooks and Otto, 1990). In addition, with the growth of tourist 
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activity, the risk of vandalism towards the geological elements in the cave increases, such as graffiti or 

attempts to take a sample of speleothems. Such cases are common in all geotouristic areas, and karst 

caves are no exception (Osborne, 2019; Woo and Worboys, 2019; Gillieson, 2011; Prosser et al., 2006). 

Along with tourist activity, other anthropogenic stressors such as mining and quarrying, 

industrialization, farming with all the ensuing domestic, pollution, and vibrations can negatively impact 

caves. The work of Castaño-Sánchez et al. (2020) is devoted to this topic, emphasizing the impact on 

subterranean fauna. However, unwanted vibrations can also damage speleothems. Even scientific 

research can generate impacts in caves. Therefore, the proposed research projects must be implemented 

with minimal damage to the cave environment (Gillieson, 2011). 

Thus, the manifestation of pressure from human activities has two main ways: inside the cave, 

as a result of a direct visit for various purposes, and from the outside due to industrial development 

(Castaño-Sánchez et al., 2020). 

Karst caves, especially show caves, require proper management and monitoring. In order to 

minimize the human pressure on karst caves, and follow the consistent and practical management, many 

works have been written, such as Watson (1997), Gillieson (2011), Crofts et al. (2020), Gillieson (2021), 

Gunn (2022) and Gilleson et al. (2022). All these books sufficiently maintain a balance of attention to the 

geo- and biodiversity of karst caves. However, 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 state, 

which was before human arrival. 

This dissertation aims to make an analysis of general problems associated with the impact on 

karst cave, considering the main threats to geo- and biodiversity. The object of the dissertation research 

is a cave known as Algar do Pena Cave located in the Estremenho Limestone MassifðCentral Portugal, 

for which possible impacts are described, current management is analysed, and options for mitigating 

adverse consequences are proposed. 

Objectives 

1. To characterize the geodiversity and biodiversity of Pena Cave; 

2. To identify the main threats and map the most sensitive sites of the cave; 

3. To present proposals for the mitigation of pernicious impacts and to optimise the cave 

management; 

Methods 

As a first step, a large amount of literature review concerning the karst cave features: the 

formation of a karst cave, geomorphology, processes, ecology, and cave-adapted fauna. 
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In order to achieve the goals of the dissertation, the literature review of the cave's geodiversity, 

biodiversity, possible threats, geoconservation, management, visitation visit and temperature patterns 

was made. In addition, in order to better understand the current management situation and characterize 

geo- and biodiversity for the case study, fieldwork, interviews with staff members, review of reports and 

photos were done in Pena Cave. The data analysis method is used to identify temperature and visitor 

relationship patterns: the temperature data available for 2000, 2001, and 2019 and data on visitors in 

2001 are analyzed. 

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

and CorelDRAW programs.  
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2. Pena Cave 

2.1. General characterisation 

Pena Cave is located in the Serras de Aire e Candeeiros Natural Park (PNSAC), nearby Tagus 

Valley, Santarém district, at about 90 km NW of Lisbon (39º 27 '30' N; 8º 48 '40"W)1 (figure 1). 

Before the designation of this natural park as protected aria in 1979, limestone was already 

quarried in several places for industrial purposes. During these activities, Pena Cave was discovered in 

1983 by the owner of one of the quarries (Mr. Pena), exposing the original entrance of that cavity. 

Nowadays Pena Cave is controlled and managed by the Institute for Nature Conservation and Forests 

(ICNF).2 

 

Figure 1 ð Map with the location of Pena Cave (red dot). The divisions correspond to the different 

districts in Portugal mainland. The Serras de Aires e Candeeiros Natural Park is represented in green. 

Pena Cave is considered to have the larger underground volume in Portuguese territory and a 

high aesthetic value. The geological setting of the cave is associated with the Estremenho Limestone 

Massif of the southern border of the plateau of Santo António (see section 2.3), one of the references of 

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

 
1 https://natural.pt/protected-areas/parque-natural-serras-aire-candeeiros/geosites/penas-shaft?locale=en 
2 https://natural.pt/search?locale=en&q=Pena%2520Cave 
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formation and has a typical cavernous morphology with irregular walls, full of stalactites, stalagmites and 

some other speleothems. 

After a first vertical descent to its interior along 35 meters, there is a large room with an estimated 

volume of about 125.000 m3. This large room is elongated in the NE-SW direction and has about 20 m 

of maximum width, 70 m long and 50 m high, reaching a depth of 85 m (figure 2) (Simões, 2015). 

To better characterize the morphology of Pena Cave, this cavity was divided into four sectors: 

initial, intermediate, lower, and upper sectors (table 1 and figure 2). 

 

Table 1ð Division of Pena Cave into four sectors (Simões, 2015). 

Initial sector Where the structures to support visitors are located, and from where is 

possible to have a whole view of the cavity. This is where the connection to 

the surface is made. 

Intermediate sector Where is possible to inspect all other sectors and the elongated structure of 

the cave. This is the flattest sector, contracting only with the depression that 

corresponds to the lower sector. 

Lower sector Corresponds to the lowest part of the cave and can be divided into two 

subsectors: the first upstream receives the materials transported or fallen 

from the other sectors, and the second, where the maximum depth of the 

cavity is reached (about 85m) being a place of accumulation to where these 

materials will tendentially move. It is in this sector where the influence of the 

dripping water is smaller; it is also where we can see an accumulation of 

blocks not totally consolidated but already partially enveloped in a covering 

of calcite crystals. 

Upper sector Located in the NE part of the cavity at an altitude of about 8 m above the 

intermediate sector, it has a floor of softer slopes, and also where there is a 

greater chaos of speleothems, both on the floor and on the ceiling. 
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Figure 2 ñ Internal sectors defined for the Pena Cave (equidistant: 1 m), in Simões (2015). 

From an ecological point of view, the temperature of the cave is between 13-14ºC and a relative 

humidity of about 99.8%. There is a diversified fauna inside that cave-adapted to the darkness, from bats 

to small invertebrates (Simões, 2015). There are six species of cave-adapted animals, one of which, 

Cylindroiulus villumi, is an endemic of the cave, i.e., found only in Pena Cave: 

Zoological group Scientific name 

Spider Domitius lusitanicus (Fage, 1931) 

Millipede Cylindroiulus villumi Reboleira and Enghoff, 2018 

Woodlouse Trichoniscoides meridionais Vandel, 1946 

Springtail Onychiurus confugiens Gama, 1962 

Dipluran Podocampa cf. fragiloides Silvestri, 1932 

Beetle Trechus gamae Reboleira and Serrano, 2009 

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

throughout the outer area of the cave from which stands out the strawberry tree (Arbutus unedo) and 
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olive tree (figure 3). The flora also takes advantage of the stratification 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 active 

erosion processes on the surface, especially reported near CISGAP (Interpretation Centre of Pena Cave) 

by the accumulation of terra rossa in dissolution spaces (figure 3) (Simões, 2015). 

 
Figure 3 ð Near the entrance to Pena Cave is possible to see traces of old quarrying and accumulation 
of terra rossa that develop along SW-NE dissolution spaces (Simões, 2015). 

2.2. Infrastructure and availability 

Pena Cave is managed by the Institute of Nature Conservation and Forests (ICNF), the official 

national agency responsible for the implementation of nature conservation policies in Portugal. Since the 

discovery of Pena Cave that several studies were carried out by PNSAC speleologists and by researchers 

from various universities. Later, the cave was equipped with some infrastructures to facilitate the research 

and public visits for touristic and educational purposes. The visits require a prior booking and are guided 

by certified speleologists, in order to maintain as much as possible the cave with pristine conditions. 

The first karst Interpretation Centre in Portugal opened on June 5th, 1997 at Pena Cave. The 

centre provides a technical support building and all necessary infrastructure to provide a comfortable and 

safe visit to all types of visitors. Access by the historical entrance is still possible but requires speleological 

training (figures 4 and 5).  
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Figure 4 ðLongitudinal profiles of Pena Cave (source: PNSAC). 

  

Figure 5 ð CISGAP support building (a); Original entrance to the cave (b). 
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The CISGAP support building contains an office for managers, toilets, laboratory and room for 

lectures with projector and speleology equipment (figure 6). In order to allow a comfortably and safe 

entrance to the cave gallery, a staircase and an elevator were installed descending to a depth of 35 m. 

Along the stair walls there are explanations about the formation of stalactites and stalagmites, as well as 

examples of how the light of incandescent lamps is responsible for the growth of undesirable fauna (figure 

7). Inside the gallery, there is another staircase to the observation platform from where visitors can 

appreciate the caveõs landforms. While on the platform, visitors can also observe some transparent boxes 

with living inhabitancies of the cave (figure 8). The information given to visitors aims to explain the 

processes of cave formation, the biodiversity and geodiversity of the cave, and the dangers to which this 

environment is subjected. 

  

  
Figure 6 ð Inside of the support building: a) speleological equipment, b) lab-room, c-d) room for lectures. 

In general, there are two possible types of visits. One is a òsimple routeó that includes a walk to 

the observation platform and a short lecture about the caveõs geo- and biodiversity features and cave 

conservation. The second type is the òintegral routeó (figure 8), which includes a visit through the main 

room using with speleological equipment. 

Pena Cave is frequently visited by students from different universities and schools. Usually, their 

visit is limited to a òsimple routeó and a small lecture about the cave and its management. However, the 

cave staff and researchers are always ready to cooperate with students to develop further research on 
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the cave. From the scientific point of view, the cave allows biologists to collect samples of troglobionts 

and carry out research on biodiversity and ecology. For geologists, the scientific interests consist of 

paleoclimate, paleoenvironment, neotectonics events, and karst geomorphology. 

Regarding to geodiversity and biodiversity conservation actions and in order to minimize the 

negative impacts of visitors, cave managers and professors of the University of Coimbra calculated a 

carrying capacity for Pena Cave (Martins O. pers. com., 2022). The 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 route" 

and 6 persons for the "integral route". However, usually 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 are 

required to use a disinfection carpet before entering the cave. Stairs and handrails are built in nonð

oxidizable and removable materials, visitors' paths are very restricted and it is forbidden to touch 

speleothems. 
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Figure 7 ð Different infrastructure in Pena Cave: a) staircase and elevator; b-c) explanation about cave 
processes in the stair walls; d) entrance to the observation platform; e) boxes with troglobionts; f) 
observation platform. 

 

Figure 8 ð Mapping of Pena Cave based on vector information prepared by 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 Estremenho Limestone Massif as part 

of the Mesozoic Lusitanian Basin (figure 9) (Simões, 2015). This Atlantic marginal basin is related with 

the Mesozoic distention and subsequent opening of the Atlantic Ocean (Ferreira, 2000). The initial phase 

of "rifting" (Upper Triassic) created an irregular topography of blocks of normal faults, grabens and 

semigrabens. The second active phase of "rifting" was initiated in Upper Jurassic. The interval between 

these two phases of extensive activity, i.e., the period corresponding to most of Lower Jurassic and Middle 

Jurassic, in contrast, was characterized by relative tectonic stability (Ferreira, 2000). 

 

Figure 9 ð General geological setting of Serra de Aire e Candeeiros (source: ICNF). 

 

The Estremenho Massif is elongated to the NE-SW direction and includes four main 

morphostructural units: Aire Mountain, Candeeiros Mountain, Santo António Plateau and São Mamede 

Plateau (figure 10). In the higher zones of the Massif crops out Middle Jurassic formations, while Upper 
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Jurassic rocks occur in the depressed zones, where the Lower Jurassic also emerges in narrow bands 

(figure 11) (Ferreira, 2000). 

 

Figure 10 ð Main morphostructures of the Estremenho Limestone Massif (Simões, 2015). 

Pena Cave is located at Santo António Plateau. The Plateau was raised by tectonic movements 

along faults bounded to the NE by a set of tectonic structures that include the Alvados-Minde depression 

with NW-SE orientation, and at the west by Serro Ventoso ð Mendiga ð Valverde graben (figure 10) 

(Ferreira, 2000). 

Pena Cave occurs in carbonate rocks of Serra de Aire Formation, Middle Jurassic (J2SA), namely 

Bathonian Age (166.1ð168.3 Ma). The formation is composed by limestone pelmicritic and biomicritic, 

mudstone and wackstone carbonate rocks (table 2) with a global thickness of 360 m (Ferreira, 2000). 
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Figure 11 ð Geological map of Serra de Aire e Candeeiros Natural Park (source: ICNF). 
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Figure 12 ð Geological map of the study area. Pena Cave is located with a red dot (from Simões, 2015).  
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Table 2 ð Lithostratigraphy of the Estremenho Limestone Massif (Carvalho, 2013). 

 

Under the geomorphological point of view, Pena Cave is located on the slightly steep slope of 

Vale do Mar to the south of Santo António Plateau, drawing the karstic platform of Murteira-Vale da Trave-

Cortiçal (figures 13 and 14) (Simões, 2015). 
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Figure 13 ð Geomorphological sketch of the area around Pena Cave (red dot) (from Simões, 2015). 

 

Figure 14 ð Location of Pena Cave (red dot) in the context of the southern slope of Santo António Plateau 
(from Simões, 2015). 
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Figure 15 ð Geological profile of Mendiga depression (AñB), with emphasis on the SE slope of Serra dos 
Candeeiros and to the NW of the plateau of Santo António. Geological profile of the plateau of Santo 
António (BðC), corresponding B to Pena Cave and C to one of the highest elevations of the fault 
escarpment adjacent to the Minde depression (from Simões, 2015). 

The Pé da Pedreira limestone (J2PP) reveal a higher resistance to mechanical action, observing 

a tendency for the valleys to be eroded on their edge. In contrast, on the opposite side, the materials 

corresponding to the Codaçal bioclastic limestone (J2Co) are notoriously eroded forming V-shaped valleys, 

where the plains are practically non-existent (figure 15). 

In the area of Pena Cave, the local geomorphological structure is a bit different of the regional 

trend. The primary NE-SW orientation of the cave appears to be related with movements perpendicular 

to one of the main orientations of the limestones, perhaps with direct influence of a fold and consequent 

alteration of the slope of the limestones. In the vicinity of Pena Cave there are two other caves, namely 

the Algar das Gralhas (to the west) (see figure 16) and the Algar do Pipas (to the south), separated from 

CISGAP by a few hundred meters. The genesis of both caves is associated with dissolution processes and 

fractures in the rock, which assume a construction very similar to dissolution sinks along a fracture, but 

which develop in-depth (just over a dozen meters) (Simões, 2015). Thus, it can be assumed that Pena 

Cave was formed in the same way by dissolution processes and fractures in the rock. Caves in carbonate 

rocks exhibit a wide range of geometries and passage morphologies related to their formation and 

subsequent developmental history. Carbonate rocks can be subject to erosion by water containing 

dissolved CO2 that infiltrates from the surface by gravity. This process of cave formation is called epigenetic 

(Gunn, 2022). 
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Figure 16 ð Topographic profile around CISGAP (from Simões, 2015). 

The surface part (crust) of the array undergoes decompressing and creates discontinuities in the 

first place (bedding or unloading joints). This stage forms the epikarst (figure 17) (Gilli, 2015). Then the 

water seeps through the gaps of the epikarst and begins to dissolve the bedrock (massive limestone). 

Usually, the bedrock can be exposed or covered with a variable layer of sediments (clay, sand). Thus, 

water can contact massive limestone by opening vertical channels called shafts. 

Figure 17 ð Cross-section showing the development of the epikarst on the Hortus Causses (Gilli, 2015).  
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3. Ecosystem context of karst caves 

The environmental conditions of caves differ from the surface ecosystems mainly by absence of 

light, temperature, and humidity conditions (Ravn et al., 2020; Moldovan et al., 2018; Tercafs, 1988). 

The diurnal and seasonal temperature variation is less pronounced in caves than on the surface, and the 

humidity is higher (Ravn et al., 2020). The total darkness of caves prevents photosynthesis and implies 

the complete absence of primary production through photosynthesis (Ravn et al., 2020; Moldovan et al., 

2018; Tercafs, 1988). Therefore, subterranean ecosystems depend on organic matter transported from 

the surface to maintain heterotrophic processes (Ravn et al., 2020). Organic matter and nutrients, comes 

into caves from allochthonous sources, such as water percolation, or floating into the cave, transported 

by wind, by the movement of animals in and out or in the most superficial caves by root penetration (Ravn 

et al., 2020). 

The biodiversity of karst caves is expressed in typical cave fauna: (1) animals that spend their life 

cycle underground and are fully adapted to the cave environment, mainly invertebrates such as arachnids 

(spider and scorpions), crustaceans and insects, but also vertebrates such as salamanders, and fish as 

well (2) animals that spend part of life cycle in subterranean - partially adapted, for example bats, insects 

and spiders. And (3) animals are not adapted, but visiting a cave such as mice, rats, lizards and birds 

(Howarth and Moldovan, 2018; Komeriľki and Deharveng, 2018). 

Subterranean fauna has striking differences from other species of fauna expressed in 

morphological, physiological, and behavioural traits. Their main characteristics of morphological 

adaptations are the absence of pigmentation, regression of their visual system, leading to the complete 

disappearance of the eyes and body hardness, wing degradation, and thinning of the cuticle of arthropods 

(Langecker, 2000; Christiansen, 2012). In physiological traits, their reduced metabolic rate is often 

accompanied by an increase in longevity, low fertility, lack of circadian rhythm, tolerance to starvation 

and high CO2/low O2, dietary and water balance mechanisms changes (Langecker, 2000; Christiansen, 

2012). For behavioural features, loss of circadian rhythm, changes in mating behaviour, and random 

walks can be distinguished (Moldovan and Paredes 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 cave 

atmosphere is constantly saturated with humidity and variation in temperature results in evaporation or 
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condensation that engenders enough energy to reduce the temperature variations. The air temperature 

is less and less variable as one gets further from the entrance, becoming approximately the mean annual 

temperature of the cave's area (Howarth and Moldovan, 2018). 

The composition of the air is different from the outside air. During the deposition of calcite and 

the formation of speleothems, carbon dioxide is released, and its proportion becomes higher than it is 

outside the cave and is compensated by a reduction of oxygen. The level of the radioactive gas, radon, is 

also superior, threat for people working in caves (Allegrucci et al., 2015). 

3.1.2. Darkness 

A characteristic of underground environments is the absence of light. Total darkness affects 

almost all aspects of the adaptation of organisms and their response to environmental conditions. The 

behavioral and physiological characteristics of cave species are closely related to the absence of light. 

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

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

3.1.3. Humidity 

In deep cave environments, where troglobionts live, they remain at or near 100% relative humidity 

(Howarth, 1980; Ravn et al., 2020). A saturated atmosphere is stressful for most terranean organisms, 

and cavernicolous have altered their water balance mechanisms to cope. Since saturated air is above the 

equilibrium humidity of bodily fluids, troglobionts must deal with excess water rather than desiccation 

(Moldovan et al., 2018). 

3.1.4. Organic Matter 

The decomposition of caves organic matter plays an important role in the ecosystem carbon cycle 

and the net ecosystem CO2 emission (figure 18), but it is poorly studied (Ravn et al., 2020). The main 

source of organic matter in caves originates from plant material from the surface, carrion and animal 

droppings. Surface organic matter decomposition is controlled by abiotic factors such as temperature, 

water availability and lack of light and substrate alongside biotic factors as the decomposer community 

(Ravn et al., 2020). The rates and main factors of decomposition of organic matter are very different in 

caves from how the same decomposition occurs on the surface. The question of the causes and specific 

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

3.1.5. Concentration of CO2 

The decomposition of organic matter can increase the amount of CO2 in caves to critical values 

(Ravn et al., 2020) as well as the presence of a human (Cigna, 1993; Pulido-Bosch et al., 1997; Calaforra 

et al., 2003; Song et al., 2000; Leal et al., 2009). However, most invertebrates can tolerate high 

concentrations of carbon dioxide for a short period (Howarth and Stone, 1990). Moreover, organisms 

living in soils and shallow mesocaverns can migrate to areas with lower CO2 concentrations while in 

deeper caves, and deep mesocaverns migration is more limited (Howarth and Stone, 1990). There is a 

pattern cascade of carbon dioxide (CO2) emissions from low concentrations in the external atmosphere 

through significantly increased concentrations in the soil atmosphere to reduced concentrations in cave 

passages (Gillieson et 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 invertebrates. This cascade must be 

maintained for the effective functioning of karst dissolution processes (Gillieson et al., 2022). 

3.1.6. Substrate 

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

depths below the surface. They are also found in many different rocks, but the most famous are caves in 
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limestone and volcanic caves in basaltic lava. In function of void size, underground habitats can be divided 

into three classes depending on the environment and supporting communities: microcaverns (usually 

less than 5 mm wide), mesocaverns (about 5-500 mm wide), and macrocaverns (i.e., caves more than 

50 cm wide) (Howarth, 1983). They can occur in any rock type where erosional or depositional processes 

create. 

The substrate has an essential role in the distribution of biodiversity of cave organisms. 

Microcaverns rarely support terrestrial species because these tiny spaces are quickly blocked by debris 

without sufficient food access. Mesocaverns are medium-sized spaces, large enough to serve as corridors 

for the settlement of cavernous animals but small enough to restrict the flow of air and gas exchange. 

Food resources may also be limited. Nevertheless, some studies have shown that mesocaverns provide 

the bulk of the habitat and settlement routes between caves for many cave-adapted species (Howarth, 

1993; López and Oromí, 2010). Within the mesocavernous we find the mesovoid shallow substratum 

(MSS) considered distinct from deeper mesocavernous profound substratum (MPS) voids 

(Juberthie,1983). If the MSS is contiguous to the MPS, it can harbour a subset of the cave fauna, as well 

as many unique species (Uéno, 1987, Eusébio et al., 2021). 

Regarding to the macrocaverns include the accessible cave passages. Accessible cave passages 

also often harbour large colonies of vertebrates (e.g., birds and bats) that introduce large quantities of 

food resources into caves (Moldovan et al., 2018). 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 until it 

reaches the saturated zone (figure 19). Underground water is usually called groundwater, which can 

wholly or partially fill voids (Moldovan et al., 2018). 

Water-filled voids are habitats of groundwater that come in different scales (Danielopol, 1989): 

¶ Macrohabitats (aquifers) occupy from 1 to more than 100km2. Macrohabitats are more 

heterogeneous and represent the main living space of most aquatic animals living in caves. 

¶ Mesohabitats occupy several square meters to less than one square meter. Mesohabitats have 

relatively homogeneous physico-chemical characteristics and represent a part of the living space 

of a species used in different periods of the year or their life cycle. 

¶ Microhabitats have a small size and can be measured in square centimeters. Microhabitations 

determine the habitat of an animal at a certain point in time. Inside microcaverns, the movement 

of liquid water is controlled mainly by capillary forces; however, flowing water under sufficient 
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pressure can keep such spaces open and interconnected, as well as transport food resources, 

which can provide suitable micro-habitats for tiny aquatic species. 

Table 3 ð Examples of aquatic cave habitats/microhabitats and connected groundwater habitats where 

stygobionts may be found (Howarth & Moldovan, 2018). 

 

Unconsolidated rocks provide different microhabitats for different living communities. In 

consolidated rocks (limestone, dolomite, granite, basalt, and sandstone), voids can be significant to small, 

unlike unconsolidated rocks (from gravel to sand), where voids are usually small but can increase due to 

bioturbation (Howarth abd Moldovan, 2018). The groundwater habitats in unconsolidated sediments and 

various rocks represent one of the most extensive ecosystems (table 3). The degree of connection 

between cave habitats and other types of groundwater habitats depends on the permeability of rocks for 

animal migration and the supply of nutrients, organic carbon, and dissolved oxygen. It is predicted that 

groundwater-adapted animals (i.e., stygobionts) have much more extensive distribution ranges than 

troglobionts (Howarth and Moldovan, 2018). 

  



 

26 
 

 

Figure - 19 The relationship between aquatic cave habitats and other subterranean aquatic habitats in 
karstifiable limestone (from Howarth and Moldovan, 2018). 

3.2. Environmental Zones 

The zonality of 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 amount of 

light, humidity, airflow, gas concentrations, and the evaporative capacity of the air (table 4). Five 

environmental zones are recognized: the entrance, twilight, transition, deep, and stagnant air zones 

(Howarth, 1993). Below figure 20 shows those zoneõs positions, which provides a practical classification 

scheme to understand cave ecology. The evaporation rate depends entirely on temperature, so the 

boundaries between zones are more pronounced in tropical areas. However, the boundaries of these 

zones are pretty dynamic, and animals of one zone can make short-term migrations to neighboring zones 

in search of food (Howarth and Moldovan, 2018). 

The entrance zone (euphotic) is the most illuminated zone where the existence of vascular plants 

is possible. This zone includes a combination of surface and underground communities and has good 

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

The twilight zone has reduced light between the border of the possible existence of vascular plants 

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

animals seeking refuge, scavengers, and predators (Howarth and Moldovan, 2018). 

 

Figure - 20 Stylized profile view of a cave showing the five environmental zones. Scale for length greatly 
condensed relative to height. The figure modified after Howarth (1993). 

The transition zone (dysphotic) is characterized by complete darkness and a changeable abiotic 

environment, humidity, airflow, and evaporation. Diurnal and seasonal climatic cycles and local weather 

events on the surface cause this variability. The habitat is usually dry, and the species diversity is usually 

minor and consists of trogloxenes, scavengers, predators, and strays. It can support a variety of 

guanophiles and guanobionts (Howarth and Moldovan, 2018). 

As the name defines it, the deep cave zone (aphotic) is entirely devoid of light. In this zone, the 

physiological characteristics become more 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, it is 

also a border with other zones in the form of a narrow passage. The barrier is a crucial component of the 

deep cave zone, so if the caves have several entrances or do not have such an obstacle, forming this 

zone is impossible. Mostly cave animals occur in this zone (Howarth and Moldovan, 2018), but several 

troglophiles and trogloxenes, including invertebrates and vertebrates, can be found in this zone. 

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

stagnates, and the concentration of gases, especially carbon dioxide, becomes tense (Howarth and Stone, 

1990). This zone is the primary habitat of troglobitic species, and it is also a zone present in 

mesocavernous cracks (Howarth and Moldovan, 2018). Thus, most specialized cave species live in this 

condition in medium-size voids, indicating that essential habitats can significantly extend beyond the cave 

passages available to researchers. 
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Table 4 - Abiotic and biotic parameters of each of the five zones (Howarth and Moldovan, 2018). 

 

3.3. Ecological classification 

Living in the same physical environment leads to biological adaptation, therefore the animals 

have a set of similar morphophysiological features. An adaptative pattern common to animals non 

phylogenetically related (Juan, 2010). The main adaptations are the loss or degradation of visual organs, 

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

study the ecology of caves. One of the earliest attempts to the classifications by Schiødte (1849), Schiner 

(1854) and Joseph (1882). In 1907, Romanian biologist Emil Racovitza had more precise definitions of 

each category and created the classification, later called Schiner-Racovitza classification (table 5), which 

became the basis for all subsequent classifications (Howarth and Moldovan, 2018). 

 

Table 5 - Ecological classification of cave animals with definition by Schiner-Racovitza system. 

Trogloxenes They are lost or unintentionally visitors that do not live and reproduce in caves. The 

animal category rarely displays any special adaptive features for life in caves, and 

they usually stay near cave entrances. 

Troglophiles They can live and reproduce in subterranean environments but can also live in 

surface habitats. Usually, they occur in areas near the entrance. They may have a 

weakened visual system and some pre-adaptations to life without light. 

Troglobionts They strictly inhabit subterranean environments and usually are found only in the 

deepest cave areas. This animal category is significantly modified morphologically 

for underground environment. 

Despite the usefulness and high accuracy of the classification, the placement of cave species in 

it is still subjective until the proper relationship of the animal with the cave is clarified by ecological and 



 

29 
 

biogeographical studies. For example, it is known that some species live on the surface of soils, under 

stones among moss and others across other subterranean habitats, therefore, their appearance in the 

caves may be accidental. In this case, morphological features may not be enough to determine their 

habitat exclusivity. Thus, other scientists found several fundamental problems in the Schiner-Racovitza 

classification, such as òseparation of soil organisms from randomness, use of troglomorphisms to infer 

troglobitic status, differences between troglophiles and trogloxenes, identification of mandatory 

trogloxenes.ó As an alternative, Thin¯s and Tercafs (1972), Holsinger and Culver (1988) and others 

suggested another divisions and definitions, such as dividing troglophiles into subtroglophiles 

(permanently or temporarily inhabit an underground environment, but are closely related to the terrestrial 

worlds for some vital functions) and eutroglophiles (living on the surface but constantly supporting the 

underground population). Later, Sket (2008) re-established the subtroglophiles and eutroglophiles 

division. Christiansen (1965) coined the term troglomorphy to describe the adaptive traits of cave species. 

An animal exhibiting some troglomorphy, also known only from caves, can be considered a troglobiont. 

In the case of aquatic troglobionts, it has become common to define them using the term stygobionts 

(Howarth & Moldovan, 2018). 

3.4. Overview of cave animals 

The main traits exhibited by cavernicolous animals often depend on how strongly they are 

associated with caves, from casual visitors to highly specialized cave-adapted animals (Howarth, 1983; 

Trontelj et al., 2012). It is important to note that morphological, physiological, and behavioral signs of 

modification of underground animals are convergent, that is, the similarity between organisms of different 

systematic groups due to the same habitat conditions. The low or complete absence of light is the most 

crucial selective feature of the environment ensures the predictability and similarity of evolutionary 

changes (Howarth & Moldovan, 2018). 

3.4.1. Adaptations to caves by terrestrial and aquatic animals 

Morphological Adaptations 

In addition to the previously noted loss of vision, pigmentation, and body hardness, additional 

morphological signs are wing degradation thinning of the cuticle of arthropods. These morphological 

changes were considered regressive or 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 the 

development of certain morphology represented in balance. Because if one morphological feature 

degrades, some other (more suitable in these conditions) is more pronounced and develops. Thus, 

instead of "negative" morphological changes, there are also many "positive" changes. For example, an 
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increase in the size and number of sensory organs (receptors); elongation of the body, legs, antennae, 

and other appendages. The arthropodõs claws are strongly elongated and adapted for walking on bare 

wet rock (Moldovan et al., 2004; 2018). The well-known Morphological, Physiological and Behavioural 

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

Table 6 - Morphological Adaptations of terrestrial and aquatic animals. 

Pigmentation The lack of pigmentation of cave-adapted animals is a common biological 

adaptation to aphotic habitats. However, the evolutionary causes of albinism in 

cave organisms are not fully understood, and only a few studies focused on the 

molecular mechanisms underlying the loss of pigmentation. The first idea is that 

weakened selection by pigmented traits in the dark allows for the accumulation of 

mutations that ultimately eliminate pigment production. Indeed, the functions of 

pigments, such as protection from harmful ultraviolet radiation, camouflage, or 

aposematic coloring for protection from predators, attracting potential partners, 

and so on, are not needed in an aphotic environment (BilandƟija et al., 2017). 

Some of the aquatic cave vertebrates retain a pink color due to circulating blood 

or can be completely transparent. Albinism can make stygobionts more vulnerable 

to UV radiation and bring harmful consequences (Langecker, 2000 BilandƟija et 

al., 2017). 

Ocular 

regression 

(Anophthalmia) 

The general trend of morphological characteristics of stygobionts is similar to their 

terrestrial neighbors, which is expressed in a weak visual system. It is justified 

primarily by energy savings and natural selection results in conditions without light. 

Nevertheless, many cave species that were considered blind prove to be 

microphthalmic (Howarth and Moldovan, 2018). 

Hypertrophy of 

sensorial organs 

The decrease or complete degradation of the visual system is compensated by 

hypertrophy of other receptors such as sensorial taste, electrical perception, and 

chemoreceptors (Howarth and Moldovan, 2018). 

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

wide variety) of subterranean microhabitats. Therefore, body size, length, and a 
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number of legs can vary greatly, even in species living in the same cave (Howarth 

and Moldovan, 2018). 

 

Table 7 - Physiological Adaptations of terrestrial and aquatic animals. 

Dietary changes Troglobionts are often omnivores and scavengers since food resources in caves are 

often scattered and difficult to extract. In addition, troglobionts can consume vast 

amounts of food and then go without food for a long time, which is explained by a 

slow metabolism (Howarth and Moldovan, 2018). 

Low metabolic rate Troglobionts with a low metabolic rate often exhibit a low level of activity and low 

mobility. As a result, a low level of oxygen consumption is also recorded. However, 

this type of energy-saving is a universal feature of many organisms, including those 

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

Fasting Fasting also has a close relationship with suppressed metabolism, during which 

troglobionts are fed by lipids, a prolonged state of glycogen and protein 

conservation, and low energy requirements (Howarth and Moldovan, 2018). 

Osmotic regulation An extremely humid atmosphere is stressful for organisms, so troglobionts have 

changed their water balance mechanisms. For example, they have lost the 

properties of the body that retain water and are now very sensitive to drying out 

(Howarth and Moldovan, 2018). 

CO2 Tolerance Many invertebrates can tolerate temporary high concentrations of CO2, but 

organisms living in not very deep areas of the cave or in soils prefer to migrate to 

less stressful conditions, while species living in deep parts of caves do not have 

such an opportunity (Howarth and Stone, 1990). 

Oxygen 

Consumption 

Oxygen consumption is low due to the reaction to hypoxia inherent in deep cave 

waters. This feature leads to a slowdown of the motor and respiratory systems. 

Recovery after periods of lack of oxygen occurs promptly due to anaerobic 

metabolism. (Howarth and Moldovan, 2018). 
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Specific cave conditions influenced the behavioral features of subterranean organizations. For 

example, finding food, a partner, and a haven requires special behavioral habits described below. 

Table 8 - Behavioral Adaptations of terrestrial and aquatic animals. 

Loss of circadian rhythm Troglobionts have lost their attachment to daily cycles and demonstrate a 

continuous activity level, but this activity is irregular. It is the result of the 

lack of daylight (Howarth and Moldovan, 2018). 

Random walks Troglobionts move slowly along a random path, the so-called actual pattern, 

which involves chaotic movement or wandering (Moldovan and Paredes 

Bartolome, 1998/1999). This type of movement minimizes energy 

consumption and the chance of falling into a natural trap (pits and crevices). 

Flying cave organisms have adapted to hovering with their limbs extended 

forward to first touch the substrate with them. 

Mating behavior Visual partner identification signals for troglobionts are not possible in 

complete darkness. However, some have pheromone glands, which 

indicate that pheromones are essential for sexual communication in some 

species (Howarth and Moldovan, 2018). 

Agonistic Behaviors The behavior expresses low aggressive and submissive reactions. Rare 

fights between aquatic cave animals occur very gently can be expressed in 

a beating with a tail. Agonistic behavior is associated with a low level of 

selection, a decrease in the level of activity, and an increase in life 

expectancy (Howarth and Moldovan, 2018). 

Feeding Behavior Cavefish have more taste buds on the surface of the head, and some 

stygobionts, for example, the cave salamander Proteus anguinus, can feed 

outside the cave (Howarth and Moldovan, 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 different from the ones at the surface, including 

the level of its temperature stability. According to the data provided by PNSAC staff, for short periods from 

2000 to 2019, the average temperature in Pena Cave changed from a minimum of 11.81°C to a 

maximum of 13.65°C (table 9).  

Table 9 ð Temperature average in Pena Cave (provided by PNSAC). 

Year Date 
Temperature (°C) 

Humid air Dry air 

2000 
3-24 November 13.64 13.65 

24 November to 5 December 13.66 13.66 

2001 
9 January to 25 April 13.45 13.51 

26 April to 24 May 13.57 13.56 

2019 

21-31 January *12.83 

1 to 28 February *11.81 

1 to 31 May *11.88 

1 to 4 April *11.85 

*Temperature data without specifying the humidity/dryness. 

More recently, data on the temperature in the cave is not carried out regularly. From a 

geoconservation point of view, these data are of little value without data about visitors for tourist, 

educational, or scientific purposes. The Chapter 5.3.1. provides more details about the temperature and 

influence of visitors on Pena Cave. 

CO2 concentration 

Regarding the concentration of the CO2, there is less information available than about the 

temperature in Pena Cave. However, available data collected during 3ð24 November 2000, and from 24 

November to 5 December, provided by PNSAC, shows an average of 65 mV and 66 mV, respectively (1 

mV = 20 ppm). A detailed variation over the course of days and hours can be viewed in figures 21 and 

22. 
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A detailed analysis of the variation of CO2 concentration 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 leading 

causes of environmental changes in the cave, human presence was put in the first place. The presence 

of one person in the cavity causes changes in its climate, namely an increase in temperature, water 

vapour, carbon dioxide, and methane. Considering that an adult emits an average of 0.33 litres of CO2 

over one minute, the greater the number of visitors and the longer the duration of the visit, the worse will 

be the impacts on the cave atmosphere. Thus, the presence of a large group of people leads to an 

increase in air temperature, a decrease in oxygen concentration, and a significant increase in the amount 

of carbon dioxide and water vapour.  
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Figure 21 ð Variation of CO2 concentration in Pena Cave during 3ð24 November 2000 (provided by 
PNSAC). 

 

 

Figure 22 ð Variation of CO2 concentration in Pena Cave from 24 November to 5 December 2000 
(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 almost 

closed enclosure, but it is not continuously saturated, and this allows the evaporation process that keeps 

active the formation of stalactites and stalagmites. In Pena 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 the 

abundance of water and on the other to a weak air renewal. As mentioned above, the connection with the 

surface decreases but is not zero and, in this particular case, is carried out through small cracks in the 

limestone. In its natural state, this prevents the achievement of saturation but is not sufficient to 

significantly reduce relative humidity. 

Thus, water vapor is a critical element preserving the cave since the air is almost saturated, and 

the chemical phenomena occurring (the formation of stalactites and stalagmites) significantly depend on 

the evaporation process. 

 

Light 

Pena Cave does not have natural lighting (solar) because the cave is entirely isolated. The only 

access to the surface is a historic shaft-shaped entrance into the cave. Therefore, artificial lighting is 

required for research and tourist visits. Lighting devices are heated, contributing to an increase of 

temperature and, consequently, a decrease in relative humidity. 

 

Substrate 

The habitat surface of Pena Cave is determined by the high humidity caused and evaporation 

processes that contribute to a large number of different speleothems and the overall morphology of the 

cave (see Chapter 1). The main rock representing the substrate is limestone with a quite cavernous 

surface. 

3.5.2. Environmental zones of Pena Cave 

There are five environmental zones in Pena Cave: the entrance, twilight, transition, deep, and 

stagnant air zones (figure 23). Cave-adapted fauna distributes and concentrates in each zone depending 

on food accessibility. Thus, practically the highest concentration of troglobionts in the Transition-zone, but 

the possibility of finding the troglobionts in the other ecological zones of the cave is not excluded. At least 

until now, it has been found out in a practical way that the cave-adapted millipede Cylindroiulus villumi, 

which is endemic from this cave, was found only in the Transition-zone of Pena Cave. 
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Figure 23 ð The estimated distribution of ecological zones in Pena Cave on the transverse profile 
(implanted over cave map provided by PNSAC). 

 

3.6. List of cave-adapted communities in Pena Cave 

Pena Cave biodiversity consists of a community of six troglobionts, five troglophile species, and 

some birds and bats (trogloxenes) recorded by their guano. Next, a list of cave-adapted and partly adapted 

species is provided, as well as information on their main characteristics. In addition, a map of cave-

adapted fauna provided distribution on the Estremenho Limestone Massif was made. 

1. Spider Domitius lusitanicus (Fage, 1931) (figure 24) 

General description 

Domitius lusitanicus is a troglobiont spider of the family Nesticidae (Ribera, 2018).  A distinctive 

characteristic of D. lusitanicus from other Domitius is the complete absence of eyes. 

Habitat 

It inhabits caves of the Estremenho Limestone Massif, where it is frequently found in cave walls 

(Ribera, 2018). 
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Figure 24 ð The spider Domitius lusitanicus (photo: Ana Sofia Reboleira). 

Ecology 

D. lusitanicus has typical morphological adaptations to the underground environment: 

depigmentation, anophthalmia, and appendage lengthening (Ribera, 2018). Strictly cave lifestyle is 

confirmed by obvious adaptive signs. 

 

2. Cylindroiulus villumi Reboleira and Enghoff, 2018 (figure 25).  

Kingdom Phylum Class Order Family Genus 

Animalia Arthropoda Diplopoda Julida Julidae Cylindroiulus 

General description 

Cylindroiulus villumi is a species of millipede only known from Pena Cave. The cave is the only 

place where this species was discovered, which makes the cave even more exclusive (Reboleira and 

Enghoff, 2018). 

Habitat 

Cylindroiulus villumi was found in Pena Cave inside a big piece of deadwood located at the base 

of the entrance pit to the cave. 

Ecology 

Cylindroiulus villumi is a blind and depigmented cave-adapted 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 close 

to saturation (see section 4.5). 
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Figure 25 ð Cylindroiulus villumi sp. 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: 1 mm (Reboleira and 
Enghoff, 2018). 
 

3. Woodlice Trichoniscoides meridionais (Vandel, 1946) 

Taxonomy (Reboleira et al., 2022) 

Kingdom Phylum Class Order Family Genus 

Animalia Arthropoda Malacostraca Isopoda Trichoniscidae Trichoniscoides 

General description 

Trichoniscoides meridionalis is a blind, depigmented troglobiont found in caves throughout the 

Estremenho Limestone Massif, including Pena Cave (Reboleira et al., 2022). 

Habitat 

Trichoniscoides meridionalis is inhabitant terrestrial system (non-aquatic) is a troglobiont species 

as endemic to the Estremenho Limestone Massif (Reboleira et al., 2022). 

Ecology 

Trichoniscoides meridionalis is a blind, depigmented troglobiont living strictly underground, but 

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
























































































































































