A JUELN

UNIVERSIDADE FEDERAL DE LAVRAS

ALICIA HELENA SOUZA RODRIGUES FERREIRA

RESPONSE OF CAVE INVERTEBRATE COMMUNITIES TO
HABITAT HETEROGENEITY AT DIFFERENT SCALES

LAVRAS-MG
2023



ALICIA HELENA SOUZA RODRIGUES FERREIRA

RESPONSE OF CAVE INVERTEBRATE COMMUNITIES TO HABITAT
HETEROGENEITY AT DIFFERENT SCALES

Dissertacdo apresentada a Universidade
Federal de Lavras, como parte das
exigéncias do Programa de Pos-
Graduacdo em Ecologia Aplicada, area
de concentracdo Ecologia e Conservacao
de Recursos em Paisagens Fragmentadas
e Agrossistemas, para a obtencdo do
titulo de Mestre.

Prof. Dr. Marconi Souza-Silva
Orientador
Prof. Dr. Rodrigo Ferreira Lopes
Co-orientador

LAVRAS-MG

2023



Ficha catalografica elaborada pelo Sistema de Geragéo de Ficha Catalogréafica da Biblioteca
Universitaria da UFLA, com dados informados pelo(a) proprio(a) autor(a).

Souza Rodrigues Ferreira, Alicia Helena.

Resposta das comunidades de invertebrados cavernicolas a
heterogeneidade de habitat em distintas escalas / Alicia Helena
Souza Rodrigues Ferreira. - 2023.

73 p. il

Orientador(a): Marconi Souza Silva.

Coorientador(a): Rodrigo Lopes Ferreira.

Dissertacdo (mestrado académico) - Universidade Federal de
Lavras, 2023.

Bibliografia.

1. Invertebrados. 2. Caverna. 3. Escalas amostrais. I. Silva,
Marconi Souza. Il. Ferreira, Rodrigo Lopes. I1. Titulo.




ALICIA HELENA SOUZA RODRIGUES FERREIRA

RESPONSE OF CAVE INVERTEBRATE COMMUNITIES TO HABITAT
HETEROGENEITY AT DIFFERENT SCALES
RESPOSTA DE COMUNIDADES DE INVERTEBRADOS DE CAVERNAS A
HETEROGENEIDADE DE HABITAT EM DIFERENTES ESCALAS

Dissertacdo apresentada a Universidade
Federal de Lavras, como parte das
exigéncias do Programa de Pos-
Graduacdo em Ecologia Aplicada, area
de concentracdo Ecologia e Conservacao
de Recursos em Paisagens Fragmentadas
e Agrossistemas, para a obtencdo do
titulo de Mestre.

APROVADA em 24 de abril de 2023.

Prof. Dr. Marconi Souza-Silva UFLA

Prof. Dr. Bruno Cavalcante Bellini UFRN

Prof. Dr. Luiz Fernando Silva Magnago UFLA

Prof. Dr. Marconi Souza-Silva
Orientador
Prof. Dr. Rodrigo Ferreira Lopes
Co-orientador

LAVRAS-MG
2023



AGRADECIMENTOS

O presente trabalho foi realizado com apoio do Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPQ).

Agradeco por fazer parte do projeto que conta com financiamento do Termo Aditivo
de Compromisso de Compensacdo Espeleoldgica n® 1/2018, firmado entre o Instituto Chico
Mendes de Conservacdo e Biodiversidade (ICMBIio-Vale S.A.) relativo a execucdo da
compensacdo pelos impactos negativos irreversiveis as cavidades naturais subterrdneas com
grau de relevancia alto, através do projeto: “Dispersdo versus confinamento: analise
composicional e de estrutura de habitat como subsidio a compreensdo de mecanismos
responsaveis pela identidade faunistica subterranea”

A Universidade Federal de Lavras, ao programa de pos-graduacdo em Ecologia
Aplicada, assim como aos professores, especialmente ao Lucas Del Bianco, por sanar minhas
duvidas e pelas ajudas nas analises.

Agradeco a todos que ficaram do meu lado durante esses dois anos. Especialmente a
minha mae e a minha vé Santa, que sempre estiveram do meu lado, me criando e me
ensinando a ser uma melhor pessoa, além de me apoiarem e sendo minha a fortaleza. A elas a
minha maior gratid&o.

Aos meus irméos, Vinicius e Gabriela, por alegrarem meus dias desde que chegaram
na minha vida.

Ao0s meus avas paternos, que sempre me encheram de amor e carinho.

As minhas amigas que a UFLA me deu, Gabriella, Ana Caroline, Julia e Ana Carolina.
Obrigada por fazerem minha estadia aqui mais leve, obrigada pelos nossos cafezinhos e
fofocas, pelos churrascos no 303, pelos rolezinhos na praca dia de domingo, pelos almocinhos
de domingo, pelas risadas e pelas vezes que me acolheram, e a Gabi que por um tempo foi
minha parceira de academia.

Ao meu orientador, Marconi, meu querido Tit6/TO, que com sua paciéncia e
generosidade infinita me ensina muito mais que a vida académica. Sempre com um sorriso no
rosto e seu jeitinho calmo e quieto. Agradeco infinitamente, por tudo. Deixo aqui registrado
minha admiracao e carinho.

Ao meu coorientador, Rodrigo, que com seu grande entusiasmo por esse universo,
abriu as portas do laborat6rio e me apresentou ao mundo das cavernas.

Aos colegas de laboratério que auxiliaram nas coletas: Paulo, Guilherme, Pedro H.,
Priscilla, Giovanna, Gabrielle, Leandro, Lucas e Vitor, pela dedicacdo e empenho nas coletas
e pelas brejas nos pds campos.

Ao Joaquim, que nos recebeu em sua casa na Agrovila 23 e que nos acolheu, bem
como sua familia.

Ao Lozin, Vanuza, Duzinho, pelo acolhimento, pelas risadas e por nos acompanhar
nos campos.

Aos especialistas que ajudaram na identificagdo: Giovanna Cardoso, Guilherme Prado,
Leopoldo Benardi, Vitor Gabriel, Ivan, Danielle, Paola, Rodrigo (dipldpodes) e Vinicius.

A minha psicdloga Claudete, que sempre atenta e com palavras doces me ajudou a n&o
surtar e a ndo desistir.



Por fim e ndo menos importante, a0 meu namorado Vitor, por sempre estar a0 meu
lado, me apoiando, por acreditar em mim quando eu ndo acreditava e pelos momentos de
descontracdo. Vocé foi uma parte fundamental nesse ciclo.

Muito obrigada a todos!



RESUMO

Essa dissertacéo foi desenvolvida com o intuito de avaliar a influéncia da heterogeneidade de
habitat, medida através de atributos fisicos, troficos e microclimaticos do piso de cavernas
sobre a composi¢do e riqueza de invertebrados cavernicolas em distintas escalas amostrais.
Local de estudo foi a Serra do Ramalho, no Oeste da Bahia e englobou 26 cavernas
distribuidas em uma é&rea de aproximadamente 2.300 km?. Os resultados aqui gerados, podem
contribuir ndo somente com a ecologia de comunidades, mas também com a conservacao da
fauna de invertebrados cavernicolas no Brasil. A dissertacdo € composta de dois manuscritos
redigidos conforme as normas de dois periddicos cientificos distintos. O primeiro foi
construido de acordo com as normas do peridodico “Biodiversity and conservation”, cujo
objetivo foi avaliar atributos locais e regionais determinantes da composicdo e riqueza de
invertebrados cavernicolas. Localmente, coletamos em 26 cavernas e avaliamos a influéncia
de atributos troficos, fiscos e microclimaticos sobre a fauna troglébia e ndo trogldbia.
Regionalmente, avaliamos a influéncia das bacias de drenagem e zonas de descarga e recarga
hidrica sobre a composicdo da fauna troglébia e ndo troglobia. Os resultados mostram que
variaveis relacionadas aos atributos troficos, de microclima e de atributos fisicos do substrato
das cavernas juntos e/ou isoladamente exercem influéncia na estruturacdo das comunidades
cavernicola. Além disto, a escala de amostragem se mostrou um importante fator na deteccao
das respostas das comunidades. Ao nivel de paisagem a Unica variavel que influenciou a
composi¢cdo da fauna cavernicola foi a zona de recarga e descarga hidrica. O segundo
manuscrito foi redigido de acordo com as normas do periodico “Acta Oecologica”, e teve
como objetivo principal avaliar o papel da distancia das entradas na determinagdo de
variacGes nas caracteristicas dos micros habitats, na composicdo e riqueza da fauna de
troglobios e ndo-trogldbios. Para este estudo utilizamos a Gruna das Trés Cobras que possui
sete entradas e mais de cinco mil metros de desenvolvimento linear. Os resultados mostram
que a distancia da entrada afeta as condi¢cbes e recursos ao longo da caverna e
consequentemente, cria distintos micro habitats, o que determina variagbes na composicao e
riqueza da fauna troglébia.

Palavras-chave: Cavernas. Invertebrados. Escalas amostrais. Riqueza.



ABSTRACT

This dissertation was developed with the aim of evaluating the influence of habitat
heterogeneity, measured through physical, trophic and microclimatic attributes of the cave
floor on the composition and richness of cave invertebrates at different sample scales. The
study site was Serra do Ramalho, in Western Bahia, and comprises 26 caves spread over an
area of approximately 2.300 km2. The results showed here can contribute not only to the
Ecology of communities, but also to the conservation of cave invertebrate fauna in Brazil. The
dissertation is composed of two manuscripts written according to the norms of two different
scientific journals. The first was written according to the rules of the journal “Biodiversity and
conservation”, whose objective was to evaluate local and regional attributes that determine
the composition and richness of cave invertebrates. Locally, we collected in 26 caves and
evaluated the influence of trophic, physical and microclimatic attributes on the troglobitic and
non-troglobitic fauna. Regionally, we evaluated the influence of drainage basins and water
discharge and recharge zones on the composition of troglobitic and non-troglobitic fauna. The
results show that variables related to trophic attributes, microclimate and physical attributes of
the cave substrate together and/or separately influence the structure of cave communities. In
addition, the scale proved to be an important factor in detecting community responses. At the
landscape level, the only variable that influences the composition of the cave fauna was the
water recharge and discharge zone. The second manuscript was written according to the
norms of the journal “Acta Oecologica”, and had as main objective to evaluate the role of the
distance of the entrances in the determination of variations in the characteristics of the
microhabitats, in the composition and richness of the fauna of troglobitic and non- troglobitic.
For this work, we used Trés Cobras Cave, which has seven entrances and more than five
thousand meters of linear development. The results showed that distance from the entrance
affects the conditions and resources throughout the cave and consequently, creates distinct
microhabitats and determines variations in the composition and richness of the troglobitic
fauna.

Keywords: Caves. Invertebrates. Sample scale. Richness.
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PRIMEIRA PARTE

INTRODUCAO GERAL

A maior parte das cavidades naturais subterraneas do mundo sdo encontradas em
relevos carsticos compostos de rochas carbonaticas, como calcario e dolomita. Essas cavernas
sdo consideradas partes ou subunidades do carste, formando um sistema de espacos vazios
que controla a infiltracdo de &gua e 0s processos de armazenamento de materiais aluviais. 1sso
contribui para o transporte e armazenamento de recursos dentro das cavidades subterraneas
(Gibert et al. 1994).

Além da sua relevancia hidro-geoldgica, os sistemas carsticos e cavernas sdo também
importantes ecossistemas subterraneos, servindo como locais complexos de nidificagdo e
abrigo para uma grande variedade de espécies de invertebrados e vertebrados. Muitas vezes,
essas cavidades também apresentam centros de endemismo, destacando ainda mais sua
importancia para a conservagdo da biodiversidade.

Durante anos, os padrdes de distribuicdo de espécies cavernicolas tem sido foco de
diversos trabalhos que buscam entender os fatores determinantes dessas comunidades
(Dunson & Travis 1991; Kolasa & Pickett 1991; Cushman & McGarigal 2004; Steinitz et al.
2006; Talley 2007; Pacheco et al. 2020). Dessa forma, fatores bioticos e abidticos sdo levados
em consideracao, onde alguns dos fatores bioticos sdo: interacdes intra e interespecificas; e 0s
fatores abidticos sdo: temperatura, umidade, quantidade de abrigos, tipos de substratos, entre
outros (Dunson & Travis 1991; Pacheco et al. 2020). De forma que o conjunto dos fatores
bioticos e abidticos formam a heterogeneidade de habitat, e este também é um fator estudado
para se entender padrfes de distribuicdo e a estrutura das comunidades (Souza-Silva et al.
2021). Entdo, os ambientes subterraneos (hipdgeos) sdo considerados bons modelos para
analise em diferentes escalas, uma vez que apresentam caracteristicas mais estaveis aos
ambientes superficiais, auséncia permanente de luz, isolamento em relagcdo aos ambientes de
superficie e tendéncia a oligotrofia (Poulson & White 1969; Culver e Pipan 2009).

Por outro lado, tais ambientes abrigam uma fauna relativamente simples se
considerado o nimero de espécies, teias troficas limitadas e estabilidade nas condicGes
ambientais, essa Ultima contribuindo para a ocorréncia de micro habitats estaveis e,
consequentemente, a ocorréncia de espécies com distintos graus de especializagdes
morfologicas, comportamentais, reprodutivas e fisiologicas (Culver 1982, Gilbert e
Deharveng 2002, Tobin et al. 2013, Sanchez-Ferndndez et al. 2018 Poulson & White 1969,
Peck 1974, Sket 2008, Culver e Pipan 2009, Romero 2009).
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Entretanto, a estabilidade ambiental ndo € homogenia por toda a extensdo da caverna,
e isso pode ser percebido com a medicdo de diversos parametros capazes de detectar
variabilidade ambiental (Romero 2009). Essa estabilidade também varia de acordo com a
regido climatica, onde nas regides temperadas costumam apresentar maior sazonalidade
quando comparadas com as cavernas encontradas em regides tropicais (Mitchell 1969). Além
disso, a escala a ser usada também é essencial para compreender melhor os padrbes de
distribuicdo e a estruturada das comunidades, ja que criam micro habitats distintos ao longo
de uma mesma caverna.

Como dito anteriormente, os ambientes subterraneos apresentam escassez em recursos,
que podem chegar até a caverna através da transferéncia de nutrientes e detritos do meio
externo (epigeo) para o meio hipogeo por agentes fisicos ou bioldgicos (Souza-Silva 2011).
Esse carreamento pode ser feito através das chuvas e cursos d’agua ou através do crescimento
de raizes, carcacas de animais acidentais ou fezes de animais como quirdpteros, dessa forma,
aumentando as possibilidades de manutencdo de um maior nimero de espécies com diferentes
exigéncias de habitat (Gilbert et al. 1994, Souza-Silva et al. 2012, Souza-Silva et al. 2020).

Os organismos encontrados nas cavernas sdo classificados em uma perspectiva
ecoldgico-evolutiva pelo sistema Schinner-Racovitza, modificado por Sket (2008), onde 0s
organismos podem ser: trogloxenos, troglofilos e trogldbios. Os trogloxenos séo aqueles que
precisam do meio epigeo para completar seu ciclo de vida, como por exemplo, para buscar
alimentos, como é o caso dos morcegos; os trogléfilos sdo aqueles que conseguem estabelecer
populacgdes viaveis tanto no meio epigeo quanto no meio hipdgeo, e os trogldbios sdo restritos
ao meio subterraneo. J& 0s organismos acidentais, categoria criada por Barr (1968), sdo
aqueles que entraram na caverna e ndo conseguem manter uma populagdo vidvel, sendo
provavel gue fiquem aprisionados na caverna até morrerem (Barr 1968).

Os organismos troglobios podem apresentar troglomorfismos, que sdo adaptacOes
morfologicas (reducdo ocular, alongamento de apéndices e despigmentacdo), fisiologicas
(diminuicdo da taxa metabdlica e baixa tolerdncia as variagbes ambientais) e
comportamentais, 0 que permite que estejam nesse ambiente durante todo o seu ciclo de vida
(Romero & Green 2005). Troglébios sdo raros e endémicos, apresentando baixa densidade
populacional, baixa tolerancia as flutuacbes ambientais e sdo K estrategistas. Essas
especializacOes evoluiram em resposta as pressoes seletivas do meio hipogeo e/ou auséncia de
pressdes seletivas comuns aos ambientes epigeos (Culver 1982).

Portanto, entender a estrutura de habitat das espécies nos ambientes subterraneos é

essencial, uma vez que, os levantamentos taxondmicos podem ndo ser suficientes para a
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conservacao desses ambientes (Trajano et al. 2010). Entdo, entender como s&o os padrdes de
distribuicdo de espécies e a estrutura dessas comunidades no espago e tempo € imprescindivel
para a conservacdo das espécies cavernicolas (Legendre et al. 2005; Jost et al., 2010). Para tal,
a distancia da entrada, heterogeneidade de habitat, disponibilidade de recursos e a escala
amostral agem como disponibilizadores de distintos micros habitats para a fauna cavernicola.

Esta dissertacdo foi desenvolvida com a intengdo de avaliar a influéncia da
temperatura, umidade, componentes do substrato, atributos fisicos e tréficos (aqui atribuidos
como heterogeneidade de habitat) e distancia da entrada sobre a composicdo e riqueza de
invertebrados de caverna em distintas escalas amostrais (quadrantes, setores e paisagem). Esse
estudo foi desenvolvido em 26 cavernas localizadas na Serra do Ramalho/BA.

A dissertacdo é composta por dois manuscritos, escritos conforme as regras de
diferentes periddicos cientificos. O primeiro artigo foi redigido de acordo com as normas do
periodico “Biodiversity Conservation” e investiga a influéncia dos atributos fisicos, tréficos e
microclimaticos sobre a composi¢cdo e riqueza de invertebrados nas 26 cavernas, usando
micro e meso-escala (quadrante e setor), além de avaliar a influéncia de dois atributos da
paisagem sobre a composi¢do (microbacias e zonas hidricas). Nas unidades amostrais de
micro e meso-escala, 0s componentes de substrato foram usados pra criar variaveis de
diversidade de substrato, diversidade trofica e de diversidade de abrigo. Os resultados
apontaram que as diversidades dos substratos sdo importantes elementos determinantes das
variacbes na composicdo e riqueza da fauna, bem como atributos microclimaticos e
componentes de habitat. Em relacdo aos elementos de paisagem, apenas as zonas de recarga e
descarga influenciam a composicéo da fauna.

O segundo manuscrito foi redigido de acordo com as normas do peridodico “Acta
Carsologica”, e avaliou a influéncia da localizagdo e distancia da entrada sobre os atributos
fisicos, tréficos, microclimaticos e como estes afetam a fauna cavernicola, e se troglébios
respondem de forma diferente dos ndo-troglobios, em distintas escalas, usando apenas uma
caverna (com sete entradas). A metodologia foi a mesma citada acima, exceto que nesse
manuscrito ndo foram usados elementos da paisagem. Os resultados mostraram que 0S
troglébios preferem locais Umidos, mais estaveis e com escassez de recursos alimentares, o
que configura os locais mais fundos, e isso leva a ndo competicdo com as espécies néo-
trogldbias. Ja estas mostraram que preferem ambientes com mais recursos que o fundo e com
maior heterogeneidade de habitat, que sdo por sua vez, locais mais proximos a entrada. A
posicdo das entradas e distancia em relagdo as entradas da caverna também mostraram-se

fatores importantes na estruturacao dessas comunidades.
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SEGUNDA PARTE - MANUSCRITOS DE ARTIGOS

Artigo 1: Local and regional influences of the habitat characteristics on cave
invertebrates’ assemblage: from micro-habitat heterogeneity to landscape features

Este capitulo foi escrito em formato de manuscrito de artigo (versdo preliminar), redigido
conforme as normas para a publicacdo da revista “Biodiversity and Conservation”

LOCAL AND REGIONAL INFLUENCES OF THE HABITAT CHARACTERISTICS
ON CAVE INVERTEBRATES’ ASSEMBLAGE: FROM MICRO-HABITATS
HETEROGENEITY TO LANDSCAPE FEATURES
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ABSTRACT

The Serra do Ramalho karst in Brazil remains poorly understood, but previous research has
shown that the area is location to an endemic fauna that is threatened with extinction. This
study was conducted to contribute to the understanding of the ecology and conservation of
subterranean fauna in the region. Specifically, the study aimed to evaluate the influence of
habitat heterogeneity, including physical, trophic, microclimatic, and substrate features, on

species richness and composition at different sampling scales. Additionally, the study aimed
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to determine whether the response to these variables differed between troglobitic and non-
troglobitic taxa. Sampling was conducted in 26 caves located across three municipalities in
Serra do Ramalho, with two sampling events conducted in 2021 and 2022, however, each
cave was only sampled once. Invertebrate fauna in the caves was sampled using sectors
measuring 10x3m and quadrats measuring 1x1m, which were placed along the cave floor.
Two landscape features, micro basins (Sao Francisco River basin and Corrente River basin)
and water zones (discharge and recharge), were also evaluated to assess their effects on
subterranean composition. The study concluded that physical, trophic, microclimatic, and
substrate features are important for structuring the cave fauna, either in isolation or together,
at different scales. These features also have distinct effects on non-troglobitic and troglobitic
species. However, the only landscape variable that was found to have a significant influence

on composition was the recharge and discharge zones.

Keywords: Serra do Ramalho, fauna, troglobitic, scales, richness.

INTRODUCTION

For a long time, subterranean environments were thought to be unable to sustain a
diverse fauna due to the absence of light, low productivity, and oligotrophic characteristics.
However, recent research has shown that caves can support high invertebrate diversity due to
the high temporal and spatial heterogeneity of resources and conditions (Gilbert and
Deharveng 2002; Simon et al. 2007; Culver and Pipan 2009). These environments present
spatial variations and gradients of resources and conditions, which in turn support the
existence of different microhabitats between and along caves. This can potentially reduce
competition and niche overlapping (Culver and Pipan 2010; Pacheco et al. 2020; Souza-Silva

et al. 2021; Sim0es et al. 2022).

To fully understand the local and regional distribution patterns of subterranean

communities, it is necessary to take into account not only the abiotic and biotic factors but
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also the spatial scales of analysis. Local scale abiotic factors such as temperature, humidity,
type of substrate, resource availability, and number of shelters are important (Dunson and
Travis 1991; Pacheco et al. 2020), as are regional scale factors like rock type, altitude,
productivity, vegetation types, drainage basins, and water recharge zones. Additionally,
resource availability and intra and interspecific interactions like predation and competition
may have significant impacts on subterranean communities (Danks 1991; Dunson and Travis
1991). Temperature and humidity are among the main factors that influence the distribution of
obligate cave fauna (troglobitic), as they tend to select microhabitats with higher and more
stable levels of temperature and humidity. These species are highly sensitive to even small

variations in these factors (Pacheco et al. 2020; Howarth 1980; Pallarés et al. 2019, 2020).

On the other hand, non-obligate cave fauna (troglophiles) living near the entrance may
experience greater fluctuations in microclimate, allowing them to tolerate these changes more
than troglobitic species living in the deepest parts of the cave (Prous et al. 2004; Lunghi et al.
2014; Prous et al. 2015; Mammola et al. 2017; Mammola and Isaia 2017). Therefore, it is
equally important to understand microhabitat selection as it is to understand patterns of
distribution at the local and regional scale. Recently, it has been suggested that microhabitats
play a fundamental role in driving subterranean species diversity. The presence of different
types of microhabitats can attract various species, including those seeking refuge, which may
have different morphological, behavioral, reproductive, and physiological specializations
(Souza-Silva et al. 2021; Gibert and Deharveng 2002; Tobin et al. 2013). Therefore,
microhabitat selection is an essential factor for understanding the coexistence of different
species. However, it is important to note that studies regarding microhabitat selection should
also consider biotic factors (Dunson and Travis 1991). In contrast, the landscape context can
also have a significant influence on biodiversity (MacDonald et al. 2000). Since caves are

devoid of light or have limited light, photoautotrophs are absent, and the subterranean fauna
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rely heavily on allochthonous resources and roots (Howarth 1983; Ferreira et al. 2007;
Schneider et al. 2011). As a result, alterations in the surrounding landscapes can affect

nutrient input and microhabitat availability within the cave (Pellegrini et al. 2016a).

Habitat heterogeneity is a significant predictor of animal diversity and abundance and
has been studied by many authors in search of answers regarding species distribution patterns
(Amarasekare and Nisbet 2001; Cornell 2010; Yang et al. 2015; Stein et al. 2015; Vargas-
Mena et al. 2020; Souza-Silva et al. 2021). However, the relationship between habitat
heterogeneity and diversity depends on spatial and temporal scales (Gonzalez-Megias et al.
2007; Mehrabi et al. 2014). In addition, historical factors, geographic position, and regional
hydrology, combined with the factors mentioned above, such as habitat heterogeneity and
availability, can also explain the distribution of subterranean species (Christman et al. 2016).
For example, environmental differences between micro basins and hydrological zones, such
as recharge and discharge zones, explain the faunistic identities of subterranean fauna on a

broad scale (Alvarenga et al. 2020; Stein et al. 2012; lannella et al. 2020).

There are few studies evaluating the space-scale dependence on communities for cave
invertebrates (Pellegrini et al. 2016a; Bento et al. 2021; Oliveira Furtado et al. 2022). Such
studies are essential to identify and understand the characteristics and patterns for future
management and conservation of cave environments, since models get more accurate at larger
scales once it is possible to incorporate variables that are not present in smaller scales
(Pellegrini et al. 2016a). However, combining different scales can provide a more precise
understanding of invertebrate fauna and its structure. Therefore, this study aims to investigate
the responses of cave invertebrate fauna (composition and richness) to physical, trophic, and
microclimatic variations, substrate heterogeneity/diversity, and substrate features within caves

at multiple scales, including microscale (1 m2 quadrats), mesoscale (30 m2 sectors), and
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landscape features (micro basins and water zones). For this purpose, (i) we hypothesized that
higher substrate diversity will support higher invertebrate species richness in the sectors and
quadrats; (ii) troglobitic species tend to respond differently to the sampled variables compared
to non-troglobitic species due to their preference for more stable environments combined to
higher levels of specialization to subterranean habitats; (iii) we hypothesized that the water
zone and micro basins are going to function as geographical barriers, limiting the dispersion

of cave fauna.

MATERIALS AND METHODS

Studied caves and surroundings areas

The study was conducted in 26 caves in the municipalities of Carinhanha, Coribe, and
Serra do Ramanho, Bahia-Brazil (Figure 1, Table 1). The Serra do Ramalho karst is in Rio
Sdo Francisco basin and holds a variety of limestone outcrops formed by the Bambui Group.
The region comprehends important cave systems, some with several kilometers of extension,
therefore, potentially having a high subterranean diversity. This region is in the Caatinga
biome and experiences a tropical dry climate, the “Aw” type characterized by a dry winter
following the classification of Kdeppen (Alvares et al. 2013). Due to tropical rains which
occur in the region, it is safe to access these caves only during the dry periods (March to
October). The first sampling was made in September of 2021 and the second in August 2022.
Caves extension varies from 12m to 8400m (sd= 708.3), and caves altitudes varies from 473.5

to 742.19 (sd= 102.2).

Field procedures

Invertebrate quantitative sampling on the cave floor
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To evaluate the composition and richness of invertebrate communities, 145 sectors

were established in the 26 sampled caves, where each sector (3 x 10m) contained 3 quadrats
(1 x Im), here considered “mesoscale’ and “microscale”, respectively. All transects were

placed on the cave floor at least 100m apart from each other (when possible).

The invertebrate fauna was recorded into the sectors and quadrats through detailed
visual search and hand sampling (Souza-Silva et al. 2021; Oliveira Furtado et al. 2022). The
sampling method was exhaustive, and the invertebrates were collected with aid of tweezers
and brushes and placed in vials with alcohol 70% in order to preserve the material for further
identification in the laboratory. To minimize the impact of the sampling on the invertebrate

communities some specimens were collected and their abundance were accounted.

All specimens were identified at the lowest taxonomic level possible with the
assistance of taxonomic keys and other literature. The troglobitic species were separated by
traits that indicate their evolution and adaptability in subterranean environments. The
troglomorphisms observed were a lack or reduction in ocular structure and pigmentation, and
elongation of appendices and sensorial structures (Culver and Pipan 2009). Experts reviewed
species from the following groups: Isopoda, Pseudoscorpiones, Orthoptera, Acari,
Entomobryomorpha, Symplypleona and Diplopoda. All the collected specimens are deposited
in the Lavras Subterranean Invertebrates Collection (ISLA), affined to the Center of Studies

on Subterranean Biology at the Federal University of Lavras, Minas Gerais, Brazil.

Abiotic attributes of the cave floor

The temperature and humidity were measured with the aid of a thermohydrometer
device in each sector. The device was set on the cave floor for approximately 15 minutes and
its values were taken after its stabilization. The presence of people was avoided to not

interfere with or alter such measures (Souza-Silva et al. 2021; Oliveira-Furtado et al. 2022).
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The measurement of abiotic attributes in mesoscale (sectors) was made using the
methodology proposed by Pellegrini et al. (2016a), and Souza-Silva et al. (2021). The sectors
were divided into 10 sections of 1 meter each and it was made a visual estimate of the
percentual of substrate and resources available on the cave floor. In the laboratory we
calculated the sum of these proportions and the average of every substrate and resource
proportion in the sector, as well as the Shannon-diversity Index (H’) for each sector. On the
other hand, the measurement of abiotic attributes on a microscale (quadrats) was made using
photographs. Digital photographs (4000 x 3000 pixels) were taken in the field in a vertical
position (camera positioned at 90° relative to the cave floor) using the Canon Powershot
SX50, HS. In the laboratory, the photos were analyzed through ImageJ software (Rasband
1997), and the arithmetic average of every abiotic attribute was calculated (Souza-Silva et al

2021, Oliveira-Furtado et al. 2022).

The definition of hydrological zone-recharge and discharge was made based on terrain
elevation after getting caves entrance geographic position and plotted in a map. Altitudes
values higher than 550 meters were considered recharge zones and altitudes lower than 550
meters were considered discharge zones (Figure 1). The altitudes were taken in QGis software
based on a Digital Elevation Model (DEM) of the area. To define the micro basins were used
the function CHANNEL NETWORK AND DRAINAGE BASINS from the ‘Saga Next Generation’
plugin based on a Digital Elevation Model (DEM) of the area, using QGis software version

3.22.11.

Data analysis

Biotic attributes of the caves
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The abundance and richness of the total sampled fauna, non-troglobitic and troglobitic,
were obtained by counting individuals and morphotypes of each sample unit (26 caves, 145

transects, and 435 quadrats).

Abiotic attributes on the cave floor regarding the sectors

All the physical, trophic and microclimatic characteristics of the sectors were
evaluated and classified in the following classes: guano—GU, insectivorous guano —Gl,
hematophagous guano—GH, bird feces—FZA, others mammals feces—FZM, mocé feces—
FZMO, tamandua feces—FZT, feces—FZ, carcass—CRC, roots—RZ, litter—SER, plants
debris—DTV (> 10mm), fine branch —GALF (11-30 mm), medium branch —GALM (31-50
mm), coarse branch—GALG (65-250 mm), trunk—TRO (>250mm of width), river—R, river
pond—PR, water pond—WP, stalactite—EL, drip water—DP, hyphae—HI, actinomycetes
biofilms—ACT, basidiomycetes—BAM, shell-CO, seedlings—PL, another organic
substrate—OTO, smooth rock—RL, rough rock—RR, concrete like floor—RC, wide rock—
XB (1000-4000mm), medium rock —MB(500-1000mm), small rock —SB(250-500mm),
cobbles—CB (64-250mm), coarse gravel—CAG (16-64mm), fine gravel —CAF (2-16mm),
sand—ARE (0.06-2mm), silt—SEF (< 0.05 mm), hardpan—HP, travertine—TV, flowstone—
EC, cauliflower-like speleothem—CF, rough stalagmite—ER, stalagmite—EG, calcite rafts—
JS, megalobolimus shell—CM, gastropod shell—CG, speleothems—ES, worm acorns —BM,
retraction cracks—GR, cave-wall—PA, water pipe—CA, hardpan pinnacle—PHP, another

inorganic substrate—OT].

Based on such classes we obtained the physical features which included distance from
the entrance, the substrate diversity (calculated considering all classes above), the shelter
diversity (calculated considering RR, RC, XB, MB, SB, CB, CAG, CAF, TV, CF, ES, EG,

CM, CG, BM, GR and CA) and trophic resources diversity (calculated considering GU, Gl,
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GH, FZM, FZMO, FZT, FZ, CRC, RZ, SER, DTV, GALF, GALM, GALG, TRO, CR, FG,
AL, HI, ACT, BAM and PL). All diversities were calculated using Shannon-Weaver Index

(Buttigieg and Ramette 2014).

The availabilities of each Abiotic attribute were also included as physical, trophic and
microclimatic characteristics. The shelter availability was calculated by the sum of RR, RC,
XB, MB, SB, CB, CAG, CAF, TV, CF, ES, EG, CM, CG, BM, GR, CO and CA in each
sector. The trophic resources availability was calculated by the sum of GU, GI, GH, FZM,
FZMO, FZT, FZ, CRC, RZ, SER, DTV, GALF, GALM, GALG, TRO, CR, HI, ACT, BAM
and PL in each transect, and were also the same for the trophic resources. The microclimatic

variables considered were temperature and humidity.

When using the analysis with individual classes, some classes were set to minimized
variables. GH, GU, GI, and GU were grouped into GU. The classes ES, CF, EL, EG, ER, TV,
and JS were grouped into ES. Classes CO, CM, and CG were grouped into CO. Lastly, R,

WP, and PR were grouped into W.

Abiotic attributes on the cave floor regarding the quadrats

On the other hand, physical and trophic characteristics of the quadrats were evaluated
and classified into the following classes: guano—GU, feces—FZ, carcass—CRC, roots—RZ,
plants debris—DTV (> 10mm), fine branch —GALF (11-30 mm), medium branch —GALM
(31-50 mm), coarse branch—GALG (65-250 mm), trunk—TRO (>250mm of width), water
pond—WP, drip water—DP, another organic substrate—OTO, shell—CO, cow bone—CN,
smooth rock—RL, rough rock—RR, concrete floor—RC, wide rock—XB (1000-4000mm),
medium rock—MB(500-1000mm), a small rock—SB (250-500mm), cobbles—CB (64-

250mm), coarse gravel—CAG (16-64mm), fine gravel—CAF (2-16mm), sand—ARE (0.06-
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2mm), silt—SEF (0.2 < diameter < 0.05 mm), hardpan—HP, speleothems—ES, worm acorns

—BM, flowstone—EC, water pipe—CA, card burn—CU and retraction cracks—GR.

Based on such classes we obtained the physical features that included the distance
from the entrance, the substrate diversity (calculated considering all classes above), the shelter
diversity (calculated based on DTV, GALF, GALM, GALG, TRO, CO, RR, RC, XB, MB,
SB, CB, CAG, CAF, TV, EG, BM, CA, CU and GR), and trophic resources diversity
(calculated based on GU, FZ, CRC, RZ, DTV, GALF, GALM, GALG, TRO and OTO). All

diversities were calculated using Shannon-Weaver Index (Buttigieg and Ramette 2014).

The availabilities were also included in physical, trophic, and microclimatic
characteristics. The shelter availability was calculated by the sum of CO, RR, RC, XB, MB,
SB, CB, CAG, CAF, TV, EG, BM, CA, CU and GR in each quadrat; while the trophic
resources availability was calculated by the sum of GU, FZ, CRC, RZ, DTV, GALF, GALM,

GALG, TRO and OTO in each quadrat, and were also the same for the trophic resources.

For the quadrats, some classes were set to minimized variables, where the same groups

were formed when using the analysis with individual classes.

Spatial variations on habitat Structure

To compare the existence of differences in the average in temperature, humidity,
substrate diversity, resource diversity, shelter diversity, availability of resources, and shelter
among all 26 sampled caves, it was performed the Kruskal-Wallis test, using a KRUSKAL.TEST
function from the ‘Stats’ package in RStudio. About the sectors, it was tested if the trophic,
microclimatic and physical attributes varied depending on the distance from the entrance
using a Linear Regression. It was also tested if the quadrats trophic, microclimatic, and

physical attributes varied depending on the distance from the entrance using a Linear
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Regression. All regressions were calculated using the function LM from ‘Stats’ package in

RStudio.
Relationship between habitat structure of the sectors and quadrats with cave fauna

Linear models (GLM e GLMM) were performed to predict the influence of local
abiotic variables on total species richness, species richness of non-troglobitic and species
richness of troglobitic (response variables), using transects and quadrats as sample units,
performed in RStudio. We used two different models to evaluate the influence of the substrate
on the response variables. The variables included in the first model were temperature (°C),
humidity (%), distance from the cave entrance, diversity of shelter, diversity of substrate, and
diversity of resources, and availability of shelter and availability of resources. The variables
used in the second model were temperature (°C), humidity (%), distance from cave entrance,
diversity of shelter, diversity of substrate, and diversity of resource and the components of the
substrate in their single version (for the sectors: guano, insectivorous guano, hematophagous
guano, bird feces, others mammals feces, moco feces, tamandua feces, other feces, carcass,
roots, litter, plants debris, fine branch, medium branch, coarse branch, trunk, river, river pond,
water pond, stalactite, drip water, hyphae, actinomycetes biofilms, basidiomycetes, shell,
seedlings, another organic substrate, smooth rock, rough rock, concrete floor, wide rock,
medium rock, small rock, cobbles, coarse gravel, fine gravel, sand, silt, hardpan, travertine,
flowstone, cauliflower-like speleothem, rough stalagmite, stalagmite, calcite rafts,
megalobolimus shell, gastropod shell, speleothems, word acorn, retraction cracks, cave-wall,
water pipe, hardpan and pinnacles, another inorganic substrate; inside quadrats: guano, feces,
carcass, roots, plants debris, fine, medium branch, coarse branch, trunk, water pond, drip
water, another organic substrate, shell, cow bone, smooth rock, rough rock, concrete floor,

wide rock, medium rock, small rock, cobbles, coarse gravel, fine gravel, sand, silt, hardpan,
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speleothems, word acorn, flowstone, pipe, card burn and retraction crack). For that, the
Poisson family was adopted, since is often used in models that count of occurrences given in
time or space. To compare the model results with the null models, the ANOVA function from
‘Vegan’ package was made. To evaluate the overdispersion it was used the function
CHECK_OVERDISPERSION from the package ‘Performance’. To obtain r* values of the
GLMMSs, we used the function r.squaredGLMM from the ‘MuMIn’ package, while to obtain
r? values of the GLM’s, we used the function r.squaredLR from the ‘piecewiseSEM’ package.
Before running the GLM’s and GLMM’s, we tested the correlation of all variables included in
their respective model through the function CHART. CORRELATION from the
‘PerformanceAnalytics’ package. Variables with high correlation values (>0.65) were
excluded from the model (Zuur et al. 2010). The multicollinearity was also tested before
running the models through function VIF from ‘Car’ package. The variables that presented

multicollinearity higher than 10 were excluded from the model, one by one (Zuur et al. 2010).

To explain the possible relationship, strength, and direction (- or +) between overall
fauna, non-troglobitic and troglobitic species composition with the physical, trophic, and
microclimatic variables, it was performed a Distance-based redundancy analysis (dbRDA)
based on Bray-Curtis similarity matrix (Clarke et al. 2014). To perform this analysis, we used

the two models as explained before.

Relationship between landscape features, cave habitat structure and cave fauna

To access the relationship between landscape features and invertebrates’ composition
(overall fauna, TB and nTB) a similarity analysis (ANOSIM) was performed using micro
basins (Sdo Francisco River and Corrente River), and hydro zones (water zone of recharge
and water zone of discharge) as factors. The similarity was based on a Bray-Curtis similarity

matrix, using transects as sampling units. Species abundance was square root transformed
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before running a resemblance analysis (Clarke 1993). This analysis was performed using

Primer-e7 software (https://www.primer-e.com/our-software/primer-version-7/).

To access the relationship between landscape features and abiotic attributes of the
caves we also performed an ANOSIM using micro basins (Sdo Francisco River and Corrente
River), and hydro zones (water zone of recharge and water zone of discharge) as factors. For
that it was performed a Euclidean-distance matrix, using the transects as sampling units.
Before running the ANOSIM was performed a square root transformation of the data was and
created a resemblance matrix (Clarke 1993). This analysis was performed using Primer-e7

software (https://www.primer-e.com/our-software/primer-version-7/).

RESULTS

Biotic attributes of the cave

A total of 9178 individuals were recorded, distributed in 43 orders and 123 families,
and 416 morphospecies, of which 72 were considered troglobitic (17,3 %). The richest order
considering overall fauna was Araneae (116 ssp.), followed by Coleoptera (73 ssp.) and
Diptera (62 ssp.), (Figure 2a). The richest order of non-troglobitic species was Araneae (104
ssp.), followed by Coleoptera (73 ssp.) and Diptera (61 spp.) (Figure 2b). Lastly, the richest
orders of troglobitic species were Araneae (12 ssp.), Polydesmida (9 ssp.) and Isopoda,
Palpigradi and Pseudoscorpiones (6 ssp. Each) (Figure 2c). Some of the troglobitic found

among the 26 caves are shown in Figure 3.

Relationship between habitat structure of the sectors with cave fauna

For the total fauna (troglobitic and non-troglobitic combined), in the first model
showed that the variation in morphospecies richness was better explained by temperature and

resource availability (R2= 0.22), while in the second model the variation on morphospecies
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richness was better explained by temperature, DTV, GALF, GALM, TRO, DP, OTO, SEF,
FZA, FZMO, BAM and PHP (Rz 0.80). For the non-troglobitic (nTB), the first model
showed that the variation in morphospecies richness was better explained by temperature,
distance from the entrance and resource availability (R2= 0.31), while the second model
showed that the variation in morphospecies richness was better explained by temperature,
distance from the entrance, humidity, FZMO, DTV, GALF, GALM, TRO, ACT, OTO, CAF
and SEF (R2= 87). For the troglobitic fauna (TB), the first model showed that the variation in
morphospecies richness was better explained by temperature and humidity (R2=0.20), while
on the second model showed that the variation in morphospecies richness was better
explained by temperature, humidity, FZA, RZ, DP, ACT and BAM (R2= 0.43). The p-values

are in Table 2.

For the overall fauna, the first dbRDA model showed that distance, resource
availability, humidity and temperature were the best predictors, explaining 9.99% of the
variation in species composition (p-value: 0.005 for all) (Figure 4a), while the second model
showed that distance, humidity, temperature, DTV, SEF, GU, GALM, TRO, FZMO, RZ were
the best predictors, explaining 19% of the variation in species composition), (Figure 4b). For
the non-troglobitic (nTB), the first dbRDA model showed that distance from the entrance,
resource availability, temperature and humidity were the best predictors, explaining 9% of the
variation in species composition (Figure 4c), while the second model showed that distance,
temperature, humidity, resource div., DTV, SEF, GU, FZT, TRO, ARE and RZ were the best
predictors, explaining 18% of the variation in species composition (Figure 4d). For the
troglobitic fauna (TB), the first dbRDA model showed that distance from the entrance and
humidity were the best predictors, explaining 6% of the variation in species composition (p-

value: 0.005 for both) (Figure 4e), while the second model showed that distance, temperature,



28

humidity, GALM, RZ, FZMO, ES, SEF, TRO and OTO were the best predictors, explaining

20% of the variation in species composition (Figure 4f). The p-values are shown in Table 3.

Relationship between habitat structure of the quadrats with cave fauna

For the overall fauna (troglobitic and non-troglobitic), the first model showed that the
variation in morphospecies richness was best explained by distance and resource availability
(R2: 0.12), while in the second model, the variation in morphospecies richness was best
explained by distance, resource div., substrate div., shelter div., GU, DTV, WP, OTO, SEF
and BM (R2: 0.12). For the non-troglobitic (nTB), the first model showed that the variation in
morphospecies richness was best explained by distance from the entrance and substrate
diversity (R2= 0.25), while in the second model, the variation in morphospecies richness was
best explained by distance, substrate div., GU, DTV, GALF, OTO, MB, SB, CAG, ARE,
SEF, and HP (R2= 0.85). Finally, for the troglobitic fauna (TB), the first model showed that
the variation in morphospecies richness was best explained by distance from the entrance and
resource availability (R? = 0.12), while in the second model the variation on morphospecies
richness was best explained by distance, resource div., shelter div., substrate div., GU, DTV,

OTO, SEF and BM (R2=0.79). The p-values are in Table 4.

For the overall fauna, the first dbRDA model showed that resource availability and
substrate diversity were the best predictors, explaining 11% of the variation in species
composition (p-value: 0.005 for all) (Figure 5a), while the second model showed that
distance, resource diversity, substrate diversity, GU, DTV, SEF, BM, OTO, TRO were best
predictors, explaining 17% of the variation in species composition (Figure 5b). For the non-
troglobitic (nTB), the first dbRDA model showed that distance from the entrance and
substrate diversity were the best predictors, explaining 13% of the variation in species

composition (p-value: 0.005, for all) (Figure 5c), while the second model showed that
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distance, substrate div., OTO, GR, WP, GU, SEF, and RC were best predictors, explaining
18% of the variation in species composition (Figure 5d). Finally, for the troglobitic (TB), the
first dbRDA model showed that distance, resource availability, and resource diversity were
the best predictors, explaining 14% of the variation in species composition (Figure 5¢), while
the second model showed that distance, GR, SEF and OTO were best predictors, explaining

16% of the variation in species composition (Figure 5f). The p-values are shown in Table 3.

Spatial variations on habitat structure

The values of temperature, humidity, substrate diversity, resource diversity, shelter
diversity, availability of resources, and shelter of the sectors and quadrats are presented in
Material Supplementary | and Il. Temperature, humidity, shelter and resources diversity, and
resource availability showed differences in the averages among all 26 caves. Regarding the
sectors, the humidity indicated a positive relationship with the distance from the entrance (R2
= 0.08, p = 0.0003), while the substrate diversity (R2=10.07, p = 0.001), shelter diversity (R2 =
0.05, p = 0.006), resource availability (R? = 0.06, p = 0.003) and shelter availability (R? =
0.04, p = 0.01), showed a negative relationship with the distance from the entrance (R? = 0.07,
p = 0.001). Additionally, regarding the quadrats, the resource diversity (R2 = 0.02, p = 0.001),
shelter diversity (R?2 = 0.01, p = 0.006), and resource availability (R = 0.01, p = 0.003),

indicated a negative relationship with the distance from the entrance.

Relationship between landscape features and cave fauna

The ANOSIM revealed significant differences in overall fauna, the non-troglobitic and
troglobitic composition in the sectors among hydro zones (Global R= 0.14, p= 0.001; Global
R- 0.082, p= 0.001; Global R= 0.099, p= 0.001, respectively). It also revealed significant
differences in substrates composition among hydro zones (Global R= 0.14, p= 0.021). Lastly,

the fauna also varied among caves (Global R: 0.39, p= 0.001).
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DISCUSSION

Our study highlights the importance of different environmental factors, including
spatial scales to explain local and regional variations in the composition of substrate
components and in the number of species and composition of the invertebrate fauna on the
cave floor. Both biotic and abiotic attributes of the caves were extremely heterogeneous in
micro (between quadrats of 1m2), meso (sectors of 30m2), and macro-scale (caves and
recharge zones). That spatial habitat and microhabitats differentiation driven by changes in
substrate components on the cave floor might be promoting replacement in species richness
and similarity at the local and regional scale and permitting the occurrence of distinct
faunistic identities in a narrow geographic area. Distance from the entrance showed a strong
influence in reducing substrate diversity, shelter diversity, resource availability and shelter
availability, but increasing moisture content in the microhabitats. Then we can assign high

heterogeneity in microhabitats spatial distribution even inside a single cave.

Relationship between habitat structure of the sectors and quadrats with cave fauna

The results showed that substrate heterogeneity was an important factor in determining
the richness and composition of cave invertebrate species, but that this influence differed
between troglobitic and non-troglobitic species. Non-troglobitic species richness and
composition responded to a variety of factors, including temperature, humidity, distance from
the entrance, resource availability, substrate diversity, moco feces, plants debris, medium and
fine branch, trunk, actinomycetes, fine gravel, silt, and other organic substrates. In contrast,
troglobitic species richness and composition were mainly influenced by temperature,

humidity, distance from the entrance, resource availability, and resource diversity.

These findings are consistent with previous studies that have shown that substrate

heterogeneity is an important driver of cave invertebrate diversity. For example, a study by
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Moldovan and Zagmajster (2017) found that substrate type and availability were key factors
influencing the distribution of aquatic cave invertebrates in Slovenia. Similarly, a study by
Trajano and Gnaspini (2010) found that the availability of suitable substrates was a key factor

influencing the distribution of subterranean insects in Brazilian caves.

The influence of temperature and humidity on cave fauna is known, once temperature
at deepest parts of the cave is almost the same as the annual average of the external
surrounding of the cave where its located, while for the humidity, it tends to saturation as far
from the entrance of the cave. When compared to temperate areas, tropical areas possess less
differentiation between inside the cave and external areas (Tobin et al. 2013). The zone
connecting these two environments (internal and external) are called ecotones (Prous et al.
2015). These ecotones possess both hypogean and epigean fauna transitioning, seeking for
shelter and/or refuge, as a result the patterns of distribution and composition of species tend to

be different when compared to the fauna at deepest parts of the cave.

Temperature also produces distinct types of habitats, one near the entrance and one at
the deepest parts of the cave, therefore influencing on species richness, which decreases as far
from the entrance of the cave. However, the humidity increases as far as the entrance and
consequently increases the richness, but in this case, the richness of troglobitic species, since
the distance from the entrance affect species composition and limits species richness of non-
troglobitic, therefore, remaining only the species more adapted to even more oligotrophic and
humid environments. This same pattern was observed by Souza-Silva et al. (2021) and
Deharveng and Bedos (2000), where troglobitic species were found in cave areas far from
entrance, since they manage to keep away from drier areas and competitors, in this case being

the non-troglobitic species.
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The resource diversity and resource availability, and the number of classes of organic

matter such as plants debris, branches and trunk were expected since the subterranean
invertebrates are on dependent of organic resources input (Culver and White 2005), which can
occur from surface runoff and percolation (Ferreira et al. 2010) and through rivers importation
(Souza-Siva et al. 2011), that act as distribution agents, supporting a regular food supply
(Hawes 1939). One of the possible interpretations is that forests in limestone areas produce
more leaf during dry periods (Brina 1998), which during rainfall periods can be imported,
including fallen trunks, however it only moves inside the caves in rainy periods with high
velocity and high-water flux. That creates an almost dependence on organic matter
importation (Bento et al. 2016). Although, the distinction between the use of microhabitats
and food resources not only depends on their availability but also on the competition for it

between species (Souza-Siva et al 2021).

About the resources such guano and feces, they are provided to the caves by bats and
by other mammals there enter seeking for shelter or food, therefore, playing an important role
in community structure. Concerning the types of guano, here are three mains: frugivorous,
hematophagous, and insectivorous. They are related to their feeding habitats, which varies
from seeds, blood of mammals and insects or others arthropods. Their feeding habits are also
influenced by variations in seasonality where in beginning of the rainy season there is an
thrive in flowering and fructification, leading to increase food availability to bats and
consequently intensifying guano deposition inside caves, and if they are deposited where is
not accessible to water, being available for longer time (Faria 1996; Wolda 1988; Souza-Silva
et al. 2011). Since most caves are an oligotrophic environment, places having such resources
can present higher diversity of invertebrate fauna and act as the main food font, as shown for

some authors (Decu 1986; Gnaspini 1989; Ferreira and Martins 1998; Ferreira and Martins
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1999; Ferreira et al. 2000). Although these variables work together, they can behave in

different ways and level over the subterranean fauna (Simdes et al. 2015).

The troglobitic fauna are more specialized to live in these oligotrophic environments.
One of the specializations is the resistance to starvation. In contrast, the non-troglobitic fauna
showed that is needed a wider range of food resources. These corroborate strongly to our
findings once the TB species were found mostly at the deepest parts of the caves and nTB
species reduces as far from the entrance. These indicate that there is no or low competition for
food resources and shelter. A similar pattern was found in Aguas Claras Cave System
(ACCS), where the microclimatic variables were the most important influencing the structure
and distribution of troglobitic and not the organic resources and habitat physical structure
(Souza- Silva 2021). On the opposite, non-troglobitic-fauna can support variations in

microclimatic features.

Variations in Habitat Structure

The observed differences in temperature, humidity, shelter and resource diversity, and
availability among the studied caves were expected, given the variability in cave features and
surface interactions that can facilitate or impede environmental dynamics. These features
include the distance between caves, altitude, number, distribution and size of entrances, and
cave extension. Additionally, cave relief morphology, position in recharge or discharge areas,
the presence of water courses, and vegetation near entrances can all affect internal cave
dynamics (Souza-Silva et al. 2020; Cardoso et al. 2022). Recharge areas with different
external features play a vital role in the movement, transport and deposition of organic and
inorganic sediment inside caves (Bonacci et al. 2009; Souza-Silva et al. 2011). Different
openings and water courses, such as skylights, horizontal entrances, rivers, runoffs and waters

that percolate through rock pores or fractures, represent various forms of transport for
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particulate or dissolved organic matter into the caves (Bonacci et al. 2009; Culver and Pipan

2019).

These findings are consistent with previous research that has highlighted the
importance of external factors in shaping internal cave environments and their associated
biodiversity. For instance, a study by Culver and Pipan (2019) found that the presence and
distribution of recharge areas, water courses, and other surface features were critical in
determining the abundance and distribution of cave-dwelling fauna. Similarly, Bonacci et al.
(2009) emphasized the role of external factors in shaping sediment transport and deposition
inside caves, which in turn can influence nutrient availability and other environmental factors

that impact cave biodiversity.

Taken together, these findings underscore the importance of considering external
factors in understanding the dynamics of cave environments and their associated biodiversity.
Such knowledge is critical for effective cave management and conservation efforts, as it can
help identify areas of high biodiversity value and inform strategies to mitigate threats to cave

ecosystems from human activities and other stressors.

In addition, the variation in physical and microclimatic features within caves can occur
at different scales, such as meso and micro scales, and can be related to the distance from the
entrance. Previous studies have shown that humidity, substrate diversity, resource diversity,
shelter availability, and resource availability varied along different sectors and quadrats
within caves (Pellegrini et al. 2016b). Humidity showed a positive relationship with distance
from the entrance, indicating higher environmental stability further inside the cave. However,
the other variables showed a negative effect with distance from the entrance, suggesting a
decrease in their presence further inside the cave. This could be attributed to the importation

of organic matter into the cave, which is influenced by hydrological factors and determines
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resource availability. The width of cave entrances is another determinant of resource
availability since larger entrances allow for more importation of organic matter, leading to an
increase in species richness from hypogean environments to the cave (Simdes et al. 2015,

Cardoso et al. 2022).

These findings highlight the importance of considering both macro and micro
environmental factors when studying cave ecosystems, as they can have significant effects on
species richness and community composition. Future studies could further investigate the
relationship between these environmental factors and the functioning of cave ecosystems, as
well as the potential impacts of anthropogenic disturbances on these delicate and unique

environments.

Relationship between landscape features and cave fauna

Our study showed that there were significant differences in the overall fauna between
caves and hydro zones, while the non-troglobitic and troglobitic fauna, as well as the substrate
features, only varied between hydro zones. This indicates that the presence of water bodies,
such as rivers and aquifers, can have a significant impact on the diversity and distribution of
invertebrate fauna in caves. This finding is consistent with previous studies that have
demonstrated the importance of water bodies in providing suitable conditions for subterranean

fauna (Culver and Piper 2009).

The presence of water bodies can also contribute to the transport of rocky substrates,
which in turn can provide shelter and increase the richness of invertebrate communities. In
semiarid conditions, the existence of groundwater is particularly important, as it can provide
the necessary conditions for the colonization of stygobites and also benefit terrestrial

troglobites by carrying organic matter and maintaining humidity levels (Bento et al. 2016).
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Overall, our findings highlight the importance of water bodies and substrate features in
shaping the diversity and distribution of cave invertebrate fauna. Further studies are needed to
better understand the mechanisms driving these patterns and to develop effective conservation

strategies for these unique and often fragile ecosystems.

Several studies have reported a positive correlation between invertebrate population
size and rainfall (Vasconcellos et al. 2010; Aradjo et al. 2010; Herndndez 2007). This
suggests that the availability of water bodies and rivers inputting organic matter increases the
availability of resources and shelter, leading to a higher number of species and microhabitats
(Ferreira et al. 2016). However, the amount of organic matter entering the cave is also
influenced by the season, as during the dry season leaves fall and form a little that is later
carried into the cave during the rainy season, along with substrates of different sizes (Souza-
Silva et al. 2011, 2012). On the other hand, intensive floods can also have a negative impact
on the fauna, especially in small caves with strict fauna, but this may not apply to large caves
with extensive linear extensions, where some species may be able to escape from the river and

flood areas (Simdes et al. 2015).

That is an interesting finding, and it highlights the importance of considering different
scales when studying subterranean fauna Eberle et al. (2018). Microhabitats can have a
significant impact on species diversity, and larger landscape features such as recharge and
discharge zones can also play a role in determining the identity of cave fauna. It is also worth
noting that the presence of rivers and water bodies can carry species and organic matter,
contributing to the richness of subterranean fauna. By examining these factors at different
scales, researchers can gain a more complete understanding of the complexity of subterranean

environments and the factors that influence species composition (Pellegrini et al. 2016a).

CONCLUSION
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In summary, the study highlights the importance of habitat heterogeneity and different
scales of sampling in understanding subterranean fauna. While non-troglobitic fauna may
have a wider range of resources and tolerance to microclimatic features, troglobitic fauna
require more specific conditions. Hydro zones were found to be important to the cave fauna
community, but further studies are needed to understand this relationship specifically.
Deforestation around cave entrances can negatively impact epigean and cave fauna by
reducing movement and affecting temperature and humidity conditions. Biological research is
crucial for understanding cave biodiversity and can inform management and conservation
efforts.
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Figure 1: Map of caves location, micro basins associated to the caves and if the cave are at
discharge or recharge zone. The numbers represent the caves:1- Trés Cobras Cave; 2- Pedro
Cassiano Cave; 3- Serra Verde Cave; 4- Grande Cave; 5- Serra Solta Il Cave; 6- Baixdo da
Canoa Cave; 7- Google Cave; 8- Pingueira do Jodo Nonato; 9- Enfurnado Cave; 10- Riacho
do Floriano Cave; 11- Trés Bocas Cave; 12- Govi Cave; 13- Zeferini Cave; 14- Lagoa do
Meio Cave; 15- Ventilador Cave; 16- Serra Solta |1l Cave; 17- Domingdo Cave; 18- Agua
Escura | Cave; 19- Agua Escura Il Cave; 20- Zool6gico Cave; 21- Vandecir Cave; 22- Tocas
Il Cave; 23- Pé de Serra Cave; 24- Mandiacu Cave; 25- Dedé Cave; 26- Quatro Cabras Cave.
The yellow dots are representing discharge zones, while the red dots are representing recharge
zones. The fade yellow represents the S&o Francisco River Basin, while the fade red
represents the Corrent River Basin. Lastly, the rivers are represented by the lines in blue.
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Figure 2. Richness of Overall Fauna (A); The richness of Non-troglobitic Fauna (B); The

richness of Troglobitic Fauna (C); nTB means non-troglobitic, while TB means troglobitic.
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Figure 3. Some of the troglomorphic species found in Serra do Ramalho: Xangoniscus uai
(A); Pectenoniscus carinhanhensis (B); Chaimowiczia monviridis (C); Styloniscidae (D);
Speleaeogammarus ginnae (F); Diplopoda (G, H, I); Pseudonannolene (J); Phaneromerium
(K); Araneae (L); Eukoenenia (M); Pseudochthonius (N); Acari (O); Giupponia chagasi (P);
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Charinus troglobius (Q); Ochyroceratidae (R); Ideoroncidae (S); Troglobentosminthurus
luridos (T); Endecous infernalis (U); Blattodea (V); Carabidae (W, X); Gastropoda (Y,Z);
Girardia (A’); Trichomycterus rubbioli (B’); Siluriformes (C’,D’).
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Figure 4. Metric multidimensional scaling (MDS) to show variations of the first model on
temperature, moisture, distance from the entrance and resource availability for the overall
fauna in the sectors (A); MDS showing variations of the second model on temperature,
moisture, distance from the entrance, roots (RZ), Moc6 feces (FZMO), guano (GU), trunks
(TRO), silt (SEF), medium branch (GALM) and plants debris (DTV) for the overall fauna in
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the sectors (B); MDS showing variations of the first model on temperature, moisture and
distance from the entrance for the non-troglobitic fauna in the sectors (C); MDS showing
variations of the second model on temperature, moisture, distance from the entrance, resource
diversity, roots (RZ), Tamandua feces (FZT), guano (GU), trunks (TRO), silt (SEF), sand
(ARE) and plants debris (DTV) for the non-troglobitic fauna in the sectors (D); MDS showing
variations of the first model on moisture and distance from the entrance for the troglobitic
fauna in the sectors (E); MDS showing variations of the second model on temperature,
moisture, distance from the entrance, roots (RZ), Mocé feces (FZMO), medium branch
(GALM), trunk (TRO), other organic substrate (OTO) and silt (SEF) for the troglobitic fauna
in the sectors (F). The colors of the dots represent the distance from the cave entrance to the
bottom of the cave, so as lighter the dot the closer from the entrance, and the darker the dot
the deeper is the sector.



Overall fauna

A Substrate Div

& | SResource.Div.
/@

=3

? i ? o
TRO
o
GU

2
‘ &
) [ ]

SEF
Distance ('Y

Setors
Entrance of the cave
W Deeper in the cave

@ROA (100%)

Non-troglobitic fauna

C Substrate.Div.

:
J

Troglobitic fauna
o
E 3

Distance

Distance -

Shelter.Div.

‘o‘*.o.

Shelter.Av.

Entrance of the cave
W Deeper in the cave

Setors

Entrance of the cave
m Deeper in the cave

Setors.

Overall fauna

Substrate.Div.
i!-.'%~
9 ~
[ ] °

Resource.Av.

L]
Distan& ()
[ ]
[ ]

Setors
Entrance of the cave
m Deeper in the cave

CORDA (100%.

Non-troglobitic fauna

Distance

(=]
A\i Substrate.Div.
34

Setors
Entrance of the cave
m Deeper in the cave

RDA (100%)

Troglobitic fauna

>

o~
[
. 3°
istance
(L 3
GR ’ .
L)
)
(o]
) Setors
Y Entrance of the cave
° ™ Deeper in the cave

45RDA (100%)

54

Figure 5. Metric multidimensional scaling (MDS) to show variations of the first model on
substrate diversity, resource diversity, distance from the entrance, guano (GU), trunks (TRO),
silt (SEF), plants debris (DTV), word acorn (BM) and other organic substrate (OTO) for the
overall fauna in the quadrats (A); MDS showing variations of the second model on substrate
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diversity, resource availability and distance from the entrance for the overall fauna in the
quadrats (B); MDS showing variations of the first model on substrate diversity and distance
from the entrance for the non-troglobitic fauna in the quadrats (C); MDS showing variations
of the second model on substrate diversity, distance from the entrance, guano (GU), water
pond (WP), silt (SEF), concrete like floor (RC), retraction cracks (GR) and other organic
substrate (OTO) for the non-troglobitic fauna in the quadrats (D); MDS showing variations of
the first model on distance from the entrance, shelter availability and diversity for the
troglobitic fauna in the sectors (E); MDS showing variations of the second model on distance
from the entrance, retraction cracks (GR), silt (SEF) and other organic substrate (OTO) for the
troglobitic fauna in the sectors (F). The colors one the dots represent the distance from the
cave entrance to bottom of the cave, so as lighter the dot the closer from the entrance, and the
darker the dot the deeper is the quadrat.

TABLES

Table 1. Information regarding the caves coordinates (UTM), municipality, altitudes, the
number of sectors that were collected, total richness and troglobitic richness of the cave, the
microbasin and hydro zone that the cave is insert. TB: troglobitic; SF: Sdo Francisco River
Basin; CR: Corrente River Basin; R: Recharge zone; D: Water zone;

Caves Municipality n2 sectors Lat Long Total Richness TB Richness Altitude Micro basins Hydro zones (R/D)
Trés Cobras Cave Serrado Ramalho (22 -13.618507  |-43.7527 |67 14 486.475 |SF D
Pedro Cassiano Cave Carinhanha 15 -13.798 -43.914 |39 5 473.538 |SF D
Serra Verde Cave Coribe 10 -13.724455  |-44.3241 |29 2 663.924 |CR D
Grande Cave Serrado Ramalho (9 -13.602472  |-43.7551 |41 3 486.443 |SF D
Serra Solta 2 Cave Serrado Ramalho (9 -13.510601  |-43.7521 |20 3 500.781 [SF D
Baixdo da Canoa Cave Coribe 8 -13.858135  |-44.1644 |27 3 654.786 |SF R
Google Cave Serra do Ramalho |7 -13.628315  |-43.8136 |32 3 565.711 |SF R
Pingueira do Jodo Nogueira Cave Coribe 6 -13.829726  |-44.1226 |15 4 742.194 |SF R
Enfurnado Cave Coribe 6 -13.646025 |-44.2022 |12 3 637.067 |CR D
Riacho do Floriano Cave Serrado Ramalho (6 -13.584813  |-43.7527 |19 2 486.809 |SF D
Trés Bocas Cave Serrado Ramalho (5 -13.699167 |-43.8016 |12 1 486.513 |SF D
Govi Cave Coribe 5 -13.945361 -44.2405 |42 12 682.335 |SF R
Zeferini Cave Coribe 5 -13.771024  |-44.2346 |26 2 698.921 |[CR D
Lagoa do Meio Cave Coribe 4 -13.756661  |-44.23 39 3 691.703 |[CR D
Ventilador Cave Coribe 4 -13.743252 -44.2624 |16 1 629.643 |CR D
Serra Solta 3 Cave Serrado Ramalho (4 -13.513154  |-43.7545 |19 1 497.387 |SF D
Domingdo Cave Carinhanha 3 -13.744734  |-43.8335 |8 1 473.96 SF D
Agua Escura 1 Cave Carinhanha 3 -13.817694  |-43.9504 |11 1 477.839 |SF D
Agua Escura 2 Cave Carinhanha 3 -13.818957  |-43.9496 (12 2 476.769 |SF D
Zooldgico Cave Serra do Ramalho |2 -13.57058 -43.844 (31 5 698.2 SF R
Vandecir Cave Serrado Ramalho |2 -13.636943  |-43.8352 |48 8 738.202 |[SF R
Tocas 2 Cave Serrado Ramalho (2 -13.645741  |-43.8699 |37 8 734.591 |[SF R
Pé de Serra Cave Serrado Ramalho (2 -13.661617  |-43.7885 |50 7 526.655 |[SF D
Mandiagu Cave Serrado Ramalho |1 -13.533514  |-43.7603 |59 9 499.485 |SF D
Dedé Cave Coribe 1 -13.880596  (-44.2171 (39 5 681.085 |[SF R
4 Cabras Cave Coribe 1 -13.747524  |-44.2341 |43 3 669.033 [CR D
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Table 2. Relationship between habitat structure of the sectors with species richness. P-value
(P); Estimate value (Est.); Overall is regarding all the fauna; T is for troglobitic fauna and n-T
is for the non-troglobitic fauna; plants debris (DTV), fine branch (GALF), medium branch
(GALM), trunk (TRO), other organic substrate (OTO), silt (SEF), bird feces (FZA), Moco
feces (FZMO), basidiomycetes (BAM), hardpan pinnacles (PHP), actinomycetes (ACT), fine
gravel (CAF) and roots (RZ); Rz refers to square R value of GLM models; R2M: refers to
square R value of fixed variables of GLMM models, and R2C: refers to square R value of
random variables of GLMM models.

Mesoscale/Sector

Model 1 Model 2
Variables Overall T n-T Overall T n-T
P Est. P Est. P Est. P Est. P Est. P Est.
Distance 1.0E 1 0.180 3.0E 1 0.150
- - 8.37 -
Temperature  0.020 0.1100 0.0300 0.150 0.006 0.140  0.003 0.030 0.220 E' 5 0.160
Humidity 0.0004 0.300 0.010 0.270  0.010 0.090
Resource 2.00E- 5.00E-
Av. 04 0.1600 04 0.160
- 1.33E-
DTV 1.09E 8 0.110 08 0.130
2.00E-
GALF 04 0.080 0.001 0.070
GALM 0.010 0.070 0.020 0.070
2.33E-
TRO 7.75E76 0.090 06 0.110
DP 0.004 0.070 0.010 0.090
7.00E-
OTO 0.001  0.060 04 0.070
4.11E-
SEF 1.02E 5 0.160 05 0.170
FZA 0.020  0.040 0.010 0.120
FZMO 0.009 0.060 0.012 0.060
BAM 0.040  0.040 0.002 0.120
PHP 0.030  0.050
ACT 0.004 0.200 0.040
CAF 0.020 0.080
RZ 0.020 0.390
R2/R2M 22.48% 20.00% 31.62% 80.07% 43.69% 87.14%
R2C 68.99% 72.92% 80.13%
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Table 3. Relationship between habitat structure of the sectors and quadrats with species
composition. doRDA 1: refers to model number one; dbRDA 2: refers to model number two.
Relationship between habitat structure of the sectors with species richness. Overall is
regarding all the fauna; T is for troglobitic fauna and n-T is for the non-troglobitic fauna;
plants debris (DTV), silt (SEF), guano (GU), medium branch (GALM), trunk (TRO), Mocé
feces (FZMO), roots (RZ), Tamandué feces (FZT), sand (ARE), speleothems (ES), other
organic substrate (OTO), basidiomycetes (BAM), retraction crack (GR), water pond (WP) and
concrete like floor (RC).

Variables

Distance
Humidity
Temperature
Resource av.

Resource div.
Substrate div.

DTV
SEF
GU
GALM
TRO
FZMO
RZ
FZT
ARE
ES
OTO
BAM
GR
WP
RC
Explanation

Mesoscales/Sector

Microscale/Quadrat

dbRDA 1 | dbRDA 2 dbRDA 1 | dbRDA 2
Overalll T n-T  Overall T n-T  Overall T n-T  Overall T n-T
0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.015 0.005 0.005
0.005 0.005 0.005 0.010 0.005 0.005
0.005 0.005 0.005 0.04  0.005
0.005 0.005 0.005

0.050 0.045 0.010
0.005 0.005 0.005 0.005
0.005 0.005 0.005
0.005 0.05 0.010 0.005 0.030 0.010
0.005 0.010 0.005 0.010
0.005 0.005
0.010 0.02  0.005 0.050
0.010 0.005
0.040 0.005 0.030
0.020
0.040
0.010
0.040 0.020 0.040 0.005
0.005
0.005 0.010
0.005
0.030
9.99% 6.00% 9.00% 19.00% 20.00% 18.00% 11.00% 14.00% 13.00% 17.00% 16.00% 18.00%



58

Table 4. Relationship between habitat structure of the quadrats with species richness.
Relationship between habitat structure of the sectors with species richness. P-value (P);
Estimate value (Est.); Overall is regarding all the fauna; T is for troglobitic fauna and n-T is
for the non-troglobitic fauna. and R?: refers to square R value of GLM models; R?M: refers to
square R value of fixed variables of GLMM models, and R2C: refers to square R value of
random variables of GLMM models. Plants debris (DTV), fine branch (GALF), other organic
substrate (OTO), silt (SEF), basidiomycetes (BAM), medium block (MB), small block (SB),
coarse gravel (CAG), hardpan (HP), sand (ARE), guano (GU), worm acorns (BM) and water
ponds (WP).
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Microscale/Quadrat

Model 1 Model 2
Variables Overall T n-T Overall T n-T
P Est. P Est. P Est. P Est. P Est. P Est.
Distance o0& - LB - 9 06E710 1120 1.00E-03 ., 1.00E-03 . 3.17E15 0.190
02 0140 02 0140 - : : 0170 0.170 > :
Ref\‘l”ce 7.84E79 0.240 7.85E°9 0.240
Rez(i)\lxjrce 0.020 0080 0020 0.080
S“g?\t/rate 0.008 -058 0040 0110 0.040 0.110 2.20E°15 3.43E-
: 01
Shelter div. 0010 0140 0010 0.140
DTV 9.49E°11 0.180 6.55E 10 0.150 1.00E-04 -4.210
GALF 1.00E-02 9.56E-
10
0TO 3.41E77 0.110 2.65E7 0110 1.03E°9 1'%‘15
SEF 4.00E-04 0210 4.00E-04 0.140
BAM 8.06E°10 0.090
MB 0.003  2.98E-
01
1.06E-
SB 0030 *+0°
CAG 2.00E-04 2.73E-
o1
1.14E-
HP 0010 7
_ 1.66E-
ARE 154E5 T
GU 3.71E6 0.120 L7565 0110 0.020 6'%‘;5
BM 2.37E710 0.100
WP 0.020 0.060
RZRZM 12.08% 12.08% 25.49% 41.89% 79.47% 85.00%

R2C 47.92% 47.92% 99.79%
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Supplementary material I. The values of temperature (°C), humidity (%), distance from the
entrance (m), substrate diversity, resource diversity, shelter diversity, availability of resources,

and shelter of the sectors. Div: diversity and Avail: availability.

Sector | Temperatu | Humidit | Distanc | Substrate | Shelter | Resource | Shelt | Resour
re (°C) y (%) e (m) Div. Div. Div. er ce
Avail. | Avail.

clsl 21.6 81.5 375 0.9188605 | 0.91886 |0 100 3
16 05

cls2 23.1 85.7 800 1.5699475 | 1.00794 |0 25 0
24 69

cls3 20.2 93.3 1175 1.0751957 |0.81874 |0 89 0
12 2

cls4 22.6 90.3 1612.5 | 1.4640315 | 0.79820 |0 28 0
26 43

cls5 21 95.8 21125 | 1.7178740 | 1.38236 | O 56 0
15 62

cls6 22.6 92.9 2737.5 |0.8095725 | 0.75893 |0 14 0
47 68

cls7 22.7 91.6 3050 0.9657309 | 1.0889 0 10 0
93

c1s8 23.6 96 3612.5 | 0.6564235 | 0.69314 |0 6 0
46 72

cls9 21.7 95.7 2487.5 | 1.1409266 | 0.69314 |0 14 0
81 72

clsl0 | 22.8 89.9 2925 1.0236929 | 1.37609 |0 30 0
9 56
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clsll | 23 83.2 3487.5 | 0.8382349 | 0.66627 | O 26 2
32 84

clsl2 | 22.8 84.6 1157.5 | 1.0342655 | 0.56256 |0 46 0
58 54

cls13 | 23 83 1687.5 | 1.2483514 | 1.42414 |0 315 |45
06 73

clsl4 | 22.4 92.8 1250 1.5242795 |1.41182 |0 56 0
16 56

clsl5 | 22.8 84.9 562.5 |1.3998564 | 1.17669 |0 37 0
1 72

clsle | 22.8 91.6 2500 0.6189464 | 0.90698 |0 12 2.2
97 48

clsl7 | 245 67 375 1.2918900 |1.31733 | 0.636514 |46.4 | 0.6
86 09 17

cls18 | 245 60.6 3125 | 0.9485027 | 0.65392 | 0.661563 | 38 8.5
61 96 24

cls19 | 245 56.6 750 1.3234566 | 1.01628 |0 76 0
08 51

cls20 | 215 75 250 0.9581181 | 0.59171 |0 305 |85
72 04

cls21 | 21.3 86.8 562.5 | 0.7841675 | 0.68290 |0 28 16
87 81

cls22 | 23.6 80.8 1062.5 | 0.3465153 | O 0 11 0
37

c2sl 23.1 88.3 42.54 |1.2617028 | 0.47809 |0 515 |55
84 84
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€2s2 25.8 83.3 133.58 | 1.2178505 | 0.55478 37 9
94 96

c2s3 23.1 94.1 256.06 | 1.0011925 | 0.69176 19 5.5
31 15

c2s4 24.4 91.5 371.72 | 1.2333111 | 0.66156 40 0.5
98 32

c2s5 23.4 95.5 470.33 | 0.9626378 | 0.21455 9 1
63 92

c2s6 24.3 93.1 528.19 | 1.3409893 | 0 14 0
99

c2s7 23.6 69.8 7115 |1.0482443 |0 1 0
14

c2s8 24.3 95.6 824.13 | 0.8158902 | 0 7 6
09

c2s9 24 97.1 995.72 | 0.9013551 | 1.25678 5 3.5
58 31

c2s10 | 25 94.9 1123.9 | 0.6137499 | O 10 0.5

8 03
c2sl1 | 24.8 95.3 1267.5 | 1.1146272 | 0.60579 8.5 3.5
7 43 75

c2s12 | 23.8 97.1 807.99 | 0.6859298 |0 0 0

c2s13 | 25 97.2 933.03 | 0.8051223 | 0 0 0
59

c2s14 | 23.6 96.9 1061.6 | 0.5222723 |0 1 1
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c2s15 | 24.4 97.3 1215.5 | 0.9310288 | 0.59826 |0 7 0
1 51 96

c3sl 22.2 70.8 50 1.8460984 | 1.29926 |0 25 6
94 59

€3s2 23.4 76.7 119.2 | 1.8090809 | 1.13863 |0 87 5.5
07 19

c3s3 23 87.6 196.1 | 1.4167897 | 0.96052 | 0.348832 |47 9
85 36 1

c3s4 235 90.5 263.4 | 1.6677210 | 1.32493 |0 68 2
31 17

c3s5 23.8 92.6 334.6 |1.6051740 | 1.16611 |O 75 0
04 46

c3s6 24 94.8 4115 |1.4522221 |1.09069 |0 39 2.5
65 13

c3s7 255 95.3 488.4 | 0.7051423 | 0.69314 |0 15 4.5
24 72

c3s8 255 93.7 559.6 | 0.9364412 | 0.68696 |0 9 4
64 16

c3s9 25.6 93.7 636.5 | 0.4271289 |0 0 0 3
78

c3s10 | 25.3 954 684.6 | 0.4600534 |0 0 0 1
22

c4sl 25.2 71.5 30.7 0.7824743 | 0.69018 | 0.167944 | 26 12.5
24 57 15

c4s?2 24.4 72.2 130.7 | 1.4130095 | 0.90122 |0 26 7
79 63
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c4s3 25.3 71.5 200 1.4580357 | 0.19882 |0 49 3
11 16

c4s4 24.9 76.1 269 1.7572271 | 0.81425 |0 43 0
08 49

c4s5 24.7 91.5 338 0.9541122 | 0.78013 | O 42 4
8 08

c4s6 25.5 94.6 399.5 0.8979457 | 0 0 10 0
25

c4s7 25.8 96.2 468.5 0.8649033 | 0.63651 | 0.693147 | 30 1.2
75 42 18

c4s8 26.2 96.2 530 0.6108643 | 0 0 30 0
02

c4s9 26.6 96.3 591.5 0.7054088 | 0 0 29 2.5
2

chsl 22 88.8 170 0.8790958 | 0.30463 |0 44 6.5
58 61

c5s2 25.4 74 270 1.2118314 | 1.08443 |0 21 0
53 17

c5s3 23.3 86.8 390 1.4962558 | 1.23706 |0 45 4
28 21

c5s4 24.7 92.7 540 0.6592146 | 0.45056 |0 24 0
18 12

c5s5 24.8 96 740 0.6152086 | 0 0 9 8
4

c5s6 26.7 94.2 990 1.7422582 | 1.00271 |0 54 0
02 83
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c5s7 | 27.8 96.3 1135 | 1.0711160 |0.32754 |0 89 0
74 48

c5s8 | 285 96.8 1260 | 0.6130642 |0 0 1 9
79

c5s9 | 28.6 69.9 1405 | 1.0606639 | 0.48257 |0 16 3
9 76

c6sl |19 84.1 10.8 | 1.8075578 |1.29110 |0 77 7
94 34

c6s2 | 20.4 91.8 115 0.5873751 | 0 0 105 |3
75

c6s3 | 21.4 90.3 147 0.4249409 | 0.67749 |0.540204 |85 |6.5
07 44 14

c6s4 | 217 96.1 198 0.9577709 | 0.30784 |0 325 |1
51 47

c6s5 | 22.6 90.2 260 0.9257995 | 0.32617 |0 99 |11
13 98

c6s6 | 22.7 96.4 392 0.8414462 | 0.27118 |0 325 |3
65 94

c6s7 |23 91 459 0.8924825 | 0 0 0 1
11

c6s8 | 25.1 97 550 1.1494391 | 0.56706 |0 525 |25
33 09

c7sl |21 84.3 715 | 1.2193352 |0.95783 |0 47 1.2
45 69

c7s2 | 22.4 95.7 85.8 | 17448315 | 1.33263 |0 75 7
81 77
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c/s3 23.2 96.1 1715 |0.8348714 |0 0 27 27
07

c/s4 24 96.4 328.64 | 0.5004024 |0 0 20 0
24

c7s5 25.2 96.8 428.64 | 0.6390318 |0 0 10 0
6

c7s6 25.9 97.7 528.64 | 1.7304910 | 1.35636 |0 50 9
62 21

c7s7 23.8 95.6 2715 | 1.0549201 | 0.63651 |0 60 20
68 42

c8sl 21.2 73.5 17.7 1.2437823 | 0.69092 |0 7.5 3.9
03 33

c8s2 20.2 82.9 24.3 1.5045344 | 1.00080 |0 625 |0
57 48

c8s3 205 86.7 41 1.6176206 | 0.83820 |0 30 1.8
63 61

c8s4 21.8 85.6 97 1.7590165 | 1.35359 |0 68 0
98 84

c8s5 211 93.2 110 1.4009547 | 1.07588 |0 345 |2
08 65

c8s6 21.3 81.8 35 0.8506410 |0 0.562335 |0 4
53 15

c9sl 22.4 95.8 100 0.6890721 | 0 0 0 0
02

€9s2 22.5 91.3 150 1.2596356 | 0.67652 |0 11 0.5
2 6
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c9s3 191 89.5 150 1.5457886 | 1.09695 | 0.398307 |43 22
81 11 11

c9s4 18.4 94.6 250 1.9402144 | 1.45271 |0 635 |2
32 31

c9s5 19.3 92 84 1.6258566 | 1.19240 | 0.500402 | 50 2.5
73 73 42

c9s6 19.7 92.1 66 0.6965389 | 0.41955 | 0.419555 |27 27
31 59 89

cl0s1 | 24 64.5 10 1.5005542 | 1.07952 | 0.611881 | 19 16.6
4 96 69

cl0s2 | 24 63 6 1.0629108 | 0.92384 | 0.689009 | 17 11
89 07 24

cl0s3 | 24.4 65.6 20 1.3628211 | 1.07168 |0 78 0
78 36

cl0s4 | 27.3 73.2 18 1.4414053 | 0.82622 |0 39 24
29 43

cl0s5 | 23.1 81 100 1.8101407 | 1.36005 |0 46 10
04 47

cl0s6 | 22.2 95.3 108 1.2963432 | 0 0.693147 | 10 20
93 18

cllsl | 26.6 63.3 20 1.0026983 | 0.58940 |0 28 6
56 1

clls2 | 25.7 68.5 55 1.0104678 | 0.62521 | 0.422709 | 35 12
45 95 09

cl1s3 | 27.3 61 6 1.0669998 | 0.50884 | 0.562335 |28.5 |12
65 51 15
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cllis4 | 25.4 66.7 70 1.4017727 | 0.66160 |0 71 10
55 1

cllsS | 25.1 67.6 150 1.9149689 |1.49736 |0 595 6.5
19 87

cl2sl | 21.6 77.5 20 1.2328670 |1.03119 |0 34 3
14 97

cl2s2 | 23 88.8 80 0.7237011 | 0.62108 |0 16 5
32 64

cl12s3 | 22.9 91.2 110 0.8219604 | 0.96324 |0 13 6.5
88 93

cl2s4 | 23 95 190 1.1456793 | 0.66627 | 0.348832 | 13 9
49 84 1

cl2s5 | 24 90 215 0.6967380 | 0.68461 |0 23 0
85 63

c13sl | 23.6 81.5 13 1.3733216 | 1.23979 |0 172 |0
66 66

c13s2 | 25.3 85.3 70 1.9002503 | 1.06011 | O 38 24
92 89

c13s3 | 26.1 87.9 98 0.9456993 | 0.16626 |0 76 1
65 79

cl13s4 | 26.1 91 125 0.9813335 | 1.02208 |0 105 |0
53 31

cl3s5 | 27.1 91 150 1.8233306 |1.23038 |0 64 0
74 44

cl4sl | 18.1 86.9 45 1.4753189 |1.22981 |0 71 0.6
05 3
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cl4s2 | 18.2 89.2 75 1.6915045 | 1.27098 |0 70 4.5
63

cl4s3 | 19.3 87 145 1.5491673 | 1.31082 |0 80 16
3 06

cl4s4 | 20.5 90.4 207 0.7732120 | 1.08444 |0 23 2
75 59

cl5s1l | 225 74.5 19 1.8687618 | 1.67867 | 0.357152 | 66 16.5
89 84 1

cl15s2 | 20.8 68.1 235 1.8388566 | 1.57739 | 0.636514 | 235 |35
15 92 17

cl15s3 | 21.4 76.2 46 1.3736314 | 0.69536 |0 255 |0
05 26

cl5s4 | 20.7 76.6 60 1.0936454 | 0.96427 |0 96 0
11 22

cl6sl | 23.5 84 1328 1.2644643 | 0.67919 |0 72 0
06 33

cl6s2 | 23.8 74.6 1079 0.7909873 |0 0 30 5
5

cl6s3 | 23.1 87.6 1204 0.7187175 | 0O 0 30 2.5
75

clesd | 24.2 90.9 1370 0.7838063 | 0.69314 |0 2 1.5
39 72

cl7sl | 25.2 73.5 80 0.6603622 | 0 0 30 0
16

cl7s2 | 24.9 73.3 176 1.6510448 | 0.96664 |0 55 0
46 13
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cl7s3 | 23.4 80.7 304 0.8123787 |0 0 0 4
25

cl8sl | 22.4 77 11.3 1.0799692 | 0.90955 |0 245 |4
82 87

c18s2 | 23.3 72.8 50.7 1.7533475 | 1.38854 |0 66 0
07 24

c18s3 | 225 78.7 36.7 0.8450287 | 0.56233 | 0.636514 |4 1.5
42 51 17

c19s1 | 23.9 79.3 45.3 1.0373923 | 0.82318 |0 206 |17
58 92

c19s2 | 24.3 73.7 69.3 0.9680738 | 0.94267 |0 19 0
01 5

c19s3 | 23.3 86.5 96 1.1680060 | 1.09861 |0 30 0
7 23

c20s1 | 221 914 15 1.3882386 | 1.46598 | 0.325082 | 475 |5
89 32 97

c20s2 | 215 94.4 50 0.6004829 | 0.19144 |0 84 80
08 41

c21s1 | 20.8 77.6 0 2.1220643 | 1.81281 | 0.957394 | 775 |24.5
71 26 26

c21s2 | 21.6 75.8 16 1.5968714 | 1.48037 | 0.120456 |40.3 |8.2
83 54 03

c22sl | 20.1 21.5 21.5 1.4114177 | 1.15003 |0 51 2
66 26

c22s2 | 20 89.5 49 0.6794841 | 0.59826 | 0.686961 |14 9
91 96 58
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c23sl | 20.6 84.7 60 1.3572830 | 1.18664 14 6
5 08

c23s2 | 20.8 83.2 191 1.2916420 | 1.33372 165 |2
83 27

c24sl | 255 68.7 33 1.2462632 | 0.96344 594 10.2
04 23

c25s1 | 24.2 7.7 12 0.9363884 | 1.05492 2.5 11
42 02

c26s1 | 26.2 80.8 13 1.7025160 | 1.09551 445 |95
38 05

Supplementary material Il. The values of distance from the entrance (m), substrate diversity,
resource diversity, shelter diversity, availability of resources, and shelter of the quadrats. Div:
diversity and Avail: availability.

Quadrats Distance | Substrate Shelter Resource Shelter Resource
(m) Div. Div. Div. Avail. Avail.

clslqgl 370 0.14359917 | 0.143599 |0 10000 0
9 2

clslg2 375 0 0 0 10000 0

cls1g3 380 0 0 0 10000 0

cls2qgl 795 0.94556472 | 0 0 3489.99 0
4

cls2g2 800 0.79502382 | 0.537489 |0 3170.4 0
9 6

cls2g3 805 1.29525400 |0 0 993.296 0
9

cls3qgl 1170 0.67994101 | 0.679941 |0 10000 0

c1s3g2 1175 0.32349147 |0.323491 |0 10000 0

5

c1s3g3 1180 0 0 0 10000 0

cls4ql 1607.5 0.61991513 |0 0 1680.95 0
6

cls4q2 1612.5 0.35140977 | 0.071982 |0 9289.76 0
9 9

cls4q3 1617.5 1.3059572 0.320967 |0 5697.93 0

1

cls5ql 2107.5 0.95813009 | 0.743930 |0 3893.696 0

2 4
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cls5g2 2112.5 0.32930956 |0 8980.67 0
cl1s5qg3 2117.5 3.94963339 0.487857 3388.48 0
cls6qgl 2732.5 8.73098856 (3; 90.346 0
cls6g2 2737.5 (2).57496444 0 0 0
cls6qg3 2742.5 ?.18305781 0.675031 3550.27 0
cls7ql 3045 (5J.48963404 3.139770 8801.56 0
cls7q2 3050 1.00115890 (7).543325 6255.48 0
c1s7qg3 3055 3.97214392 8.661389 8613.92 0
cls8qgl 3607.5 g g 0 0
c1s8qg2 3612.5 0.60568002 | 0.60568 10000 0
c1s8q3 3627.5 8.27811433 0 0 0
cls9qgl 2482.5 3.67876752 0 5845.89 0
c1s9qg2 2487.5 8.71558329 0 253.59 170.62
c1s9q3 24925 3.70899906 0 1072.49 252.29
c1s10q1 2920 8.78173716 0.202496 1430.33 1174.05
c1s10qg2 2925 1.09807647 3.693134 6512.94 0
c1s10q3 2930 3.81881766 3.673460 208.52 56.33
clsliql 3482.5 3.13240541 (2) 0 0
clsl1qg2 3487.5 (3; 0 0 0
cls11q3 3492.5 0.04521060 |0 0 77.14
cls12ql 1152.5 g 0 10000 0
c1s12092 1157.5 0.67295689 |0 6001.35 0
cls12q3 1162.5 (1).13791229 0.057175 9840.94 0
c1s13qg1 1682.5 ?).40518670 ?).405186 10000 0
c1s1302 1687.5 8.38152165 3).381521 10000 0
c1s13q3 1692.5 (2.95887749 §.363776 7560.36 0
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clsl4qgl 1245 1.32624956 | 1.018129 |0 7453.47 0
9
cl1s1492 1250 0.90612010 |0.505105 |0 4372.65 0
7 8
cl1s1493 1255 0.23207196 | 0.232072 |0 10000 18.24
6
cls15qg1 557.5 0.86297244 | 0.566001 |0 3651.26 0
4 4
c1s1592 562.5 1.65358279 | 1.449162 |0 7639.92 0
c1s15g3 567.5 0 0 0 10000 0
cls16ql 2495 0 0 0 10000 0
c1s1692 2500 0.22825604 |0 0 9395.31 0
7
c1s1693 2505 0.15603863 | 0.156038 |0 10000 0
4 6
clsl7qgl 370 0.32368588 | 0.195518 |0 9702.16 297.84
5 7
c1s1792 375 0 0 0 10000 0
c1s1793 380 0.36330570 | 0.363305 |0 10000 0
5 7
c1s18q1 307.5 0.10601213 |0 0 9779.24 220.76
3
c1s1892 3125 0.16576481 |0 0.35071617 | 9645.15 354.85
4 2
c1s1893 317.5 0.82641615 |0 0 6018.02 519.15
4
c1s19qg1 745 0.65901105 | 0.648078 |0 2145.72 0
2 5
c1s1992 750 0.37204616 |0.372046 |0 10000 0
3 2
c1s1993 755 0.66036250 | 0.475699 |0 2370.15 0
5 1
c1s20qg1 245 0.68597855 | 0.108358 |0 8084.23 498.99
6 5
c1s2092 250 0.32347162 |0 0 9007.32 992.68
2
c1s2093 255 0 0 0 10000 0
cls21qgl 557.5 0.65336639 |0 0 6400.9 0
4
cl1s2192 562.5 0.69112944 |0 0 4682.48 0
4
cls21g3 567.5 0.22251437 |0.222514 |0 10000 583.9
6 4
cls22qg1 1057.5 0.19909783 |0 0 501.98 0
c1s2292 1062.5 0 0 0 0 0
c1s2293 1067.5 0 0 0 0 0
c2slgl 37.54 0.86681189 |0 0 863.99 57.22

2
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c2slqg2 42.54 1.01013944 |1.010139 |0 10000 0
7 4

c2s1q3 47.54 0.83551306 | 0.267641 |0 5527.94 0

6

c2s2q1 128.58 0.68304045 |0 0 0 5709.67
6

€2s2q2 133.58 0.40159873 |0 0 0 0
9

€2s203 138.58 0 0 0 0 0

€2s3q1 261.06 0 0 0 0 0

€2s302 256.06 0.68747169 |0 0 5532.2 0
9

€2s303 261.06 0.63310912 | O 0 0 0
1

c2s4q1 366.72 0.49631927 |0 0 0 0
3

€2s4q2 371.72 0.67802662 |0 0 4132.7 0
9

c2s4q3 376.72 0 0 0 0 0

c2s5qg1l 465.33 0 0 0 0 0

€2s502 470.33 0.39717284 |0 0 8642.5 0
7

€2s503 475.33 0.24887414 | 0O 0 0 681.68
4

c2s6q1 523.19 0.98332293 | 0 0 0 0

€2s602 528.19 1.00607549 |0 0 0 126.52
3

€2s6Q93 533.19 0 0 0 10000 0

c2s7ql 706.5 0 0 0 0 0

€2s792 711.5 0.69311518 |0 0 4960 0

€2s793 716.5 0.67056398 |0 0 0 0
2

c2s8qg1l 819.13 0.58296022 |0 0 0 0
5

€2s80g2 824.13 0 0 0 0 0

€2s8093 829.13 0.67276763 |0 0 0 0
8

€2s9qg1 990.72 0 0 0 0 0

€2s992 995.72 0 0 0 0 0

€2s9q3 1000.72 0.18031309 |0 0 0 195.44
9

c2s10qg1l 1118.98 0 0 0 0 0

€2s10g2 1123.98 0.39410697 | O 0 0 0
6

€2s10q3 1128.98 0.72447117 |0 0 590.7 0
4

c2sllgl 1262.57 0.46984328 |0 0 0 0
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c2s11q2 1267.57 3.25290111 0 0 697.15
c2s11q3 1272.57 8.08824788 0 0 0
c2s12q1 802.99 (2) 0 0 0
c2s12q2 807.99 0.61371765 |0 0 0
€2s1293 812.99 0.64527441 | 0 0 141.7
c2s13ql 928.03 8.60240152 0 0 0
c2s13q2 933.03 (2).54836761 0 0 0
c2s13q3 938.03 8.69094494 0 204.5 0
c2sl4ql 1056.69 8.52724635 0 658.3 0
c2sl4q2 1061.69 8.36897218 0 0 0
c2s14q3 1066.69 8.62671710 0 0 0
c2s15ql 1210.51 (2).35830662 0.691695 878.52 0
€2s1592 121551 (7).07049668 g 103.84 0
€2s1593 1220.51 8.08061324 0 0 0
c3s1ql 45 8.8809239 0.633159 3596.43 0
€3s1q2 50 1.18203631 5.485636 3569.96 0
c3s1qg3 55 (2).19581814 0 490.87 0
c3s2q1 114.2 i.09570418 0.689802 6484.59 0
€3s202 119.2 ?.06820564 3.670380 5774.3 0
€3s293 124.2 %).46558834 (2) 0 0
c3s3g1 1911 3.32508297 0 1000 0
€3s302 196.1 8.80181855 0 2000 0
€3s3g3 201.1 8.61086430 0 3000 0
c3s4q1l 258.4 C2).86326138 0.608600 3522.94 0
€3s4q2 263.4 (5).65006254 g 0 0

4
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c3s4q3 268.4 0.68208585 | 0 0 0 0
€3s5q1 329.6 (3;.45541496 0 0 0 0
€3s5q2 334.6 8.69314718 0 0 0 0
€3s5q3 339.6 1.20164514 0.876221 |0 6063.4 0
c3s601 406.5 1.10852212 8.552789 0 7338.07 2196.06
€3s602 411.5 1.02507152 8.833138 0 4155.89 0
€3s603 416.5 11.08670318 8.881370 0 4518.06 0
c3s7ql 483.4 3.44002291 (7) 0 1602.13 0
€3s702 488.4 i16703399 0.964141 |0 4916.56 0
c3s793 493.4 8.69311753 (7) 0 0 4961.5
c3s8qg1 554.6 8.16302511 0 0 0 384.62
€3s8q2 559.6 (5).71676752 0 0 761.96 1213.47
c3s8q3 564.6 g 0 0 0 0
c3s9qg1 631.5 0 0 0 0 0
€3s992 636.5 0 0 0 0 0
€3s9q3 641.5 0.05491887 | 0 0 0 97.65
c3s10ql 679.6 0.73357473 | 0 0 0 1390.75
c3s10g2 684.6 3.55705177 0 0 0 923.31
€3s10g3 689.6 (2).36917090 0.218729 |0 177.26 0
c4slql 25.7 3.17912838 (7) 0 435.7 0
c4s1q2 30.7 (1).19851524 0 0 500 0
c4s1qg3 35.7 8.16794414 0 0 400 0
c4s2q1 125.7 (8).81543789 0 0 1724.43 0
c4s2q2 130.7 8.44395623 0 0 1626 0
c4s2q3 135.7 i34241912 0.303513 | 0.13092720 | 989.47 3094.94
c4s3q1 195 ?.60623526 g 3.62575748 585.03 2531.87
c4s3q2 200 (2).81467128 0 0 1139.84 0
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3
c4s393 205 0.13089014 | 0.130890 10000 0
c4s4ql 264 8.65130689 é 6436.2 0
c4s4q?2 269 (6).74445576 0.480321 2921.97 0
c4s4q3 274 3.55121705 8 0 0
c4s5ql 333 3.41579401 0 1460.49 0
c4s5q2 338 (3;.66167245 0 3752.14 0
c4s5q3 343 (7).68071099 0 4213.09 0
c4s6q1 394.5 8.67301166 0 4000 0
c4s602 399.5 (7).64744663 0 3500 0
c4s603 404.5 8.65341819 0 3600 0
c4s7ql 463.5 8.86642546 0 3519.08 0
c4s792 468.5 8.61203829 0 3013.91 0
c4s793 473.5 3.61086430 0 3000 0
c4s8qg1l 525 (2).59295331 0 2800 0
c4s802 530 (7).61910066 0 3100 0
c4s8q3 535 3.66406412 0 3800 0
c4s9q1 586.5 (7).59031425 0 2772.26 0
c4s9q2 591.5 (7).83642951 0.360740 4269.12 0
c4s9q3 596.5 (7).66156323 g 3750 0
c5s1ql 165 (8).60452066 0 2926.65 0
€5s1q2 170 (5).54217201 0 2324.1 0
€5s1q3 175 3.58188459 0 139 0
c5s2qg1 265 3.06795158 0 126.73 0
€5s2q2 270 ?.33446820 0.629229 3967.5 146.86
7 5
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€5s2q3 275 0.68864500 | 0 4525.9 0
€5s3q1 385 3.97347247 0.500354 6421.62 0
€5s3q2 390 0.16794414 é 400 0
€5s3q3 395 3.16794414 0 400 0
cos4ql 535 (8).35794794 0.328649 1000 0
c5s402 540 8.26562105 (8).434162 640 0
c5s493 545 8.26490725 ?) 744.13 0
c5s5q1 735 3.43540032 0 1574.4 0
55502 740 3.81352831 0.675546 3000 0
55503 745 3.93963313 3.666553 4000 0
€5s601 985 1.31610601 3.898705 8316.15 0
€5s602 990 1.09773505 | 0.953527 9532.73 0
€5s603 995 8.90891042 8 0 0
c5s7ql 1130 g 0 10000 0
€5s702 1135 0.95663498 | 0.486838 5526.16 0
€5s703 1140 8.43789297 8 8410.69 0
c5s8q1 1255 8.21501065 0 0 557.15
€5s802 1260 3.31480930 0 0 953.79
55803 1265 g 0 0 0
c5s9qg1 1400 0.81585623 | 0.612524 3149.05 0
55902 1405 8.65505726 8 6371.2 0
55993 1410 3.37290122 0 0 1230.21
c6s1ql 5.8 0.64677996 | 0.189634 8044.03 0
€6s1q2 10.8 8.89117680 (2).379486 5251.78 0
c6s1g3 15.8 (7).87386533 2.634579 9136.09 0
c6s2q1 110 3.61086430 8 3000 0
€6s2q2 115 (2).50040242 0 2000 0
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4
€6s203 120 0.50040242 |0 0 2000 0
€6s3qg1 142 3.72878752 0 0 1740.35 0
€6s302 147 (7) 0 0 0 0
€6s3q3 152 0 0 0 0 0
c6s4q1l 193 0.99816936 | 0O 0 1750.98 2890.57
€6s4q2 198 0.64597785 |0 0 3476.47 0
c6s4q3 203 8 0 0 0 0
€6s5q1 255 0.02888737 |0 0 45.15 45.15
€6s502 260 3.58188784 0.682372 |0 1744.39 744.39
€6s5q3 265 8.19851524 g 0 500 0
€6s6q1 387 (3;.52639742 0 0 0 2195.97
€6s602 392 3.70360094 0.618749 |0 2422.78 0
€6s6q3 397 (3;.73557388 (6).114211 0 6181.18 0
c6s7ql 454 (7).72915470 é 0 1435.9 1045.29
€6s7q2 459 g 0 0 0 0
c6s7q3 464 0.61988435 |0 0 50 0
€6s8q1 454 8 0 0 10000 0
€6s8q2 550 0.72005918 |0 0 225.18 225.18
€6s8q3 555 8.32508297 0 0 1000 0
c7slql 66.5 8.82047424 0.820474 |0 10000 0
c7slqg2 71.5 (7).69395320 (2).526472 0 2500 0
c7slqg3 76.5 1.04790859 (2).678159 0 5249.62 0
c7s2ql 80.8 5.08655149 (8).683358 0 6142.02 2642.02
€7s2q2 85.8 3.53273529 (5).161664 0 2000 76.08
c7s2q3 90.8 (1).32508297 g 0 0 0
c7s3ql 166.5 (3;.38752569 0 0 1306 1306
€7s392 1715 (2).64986964 0 0 3539.7 3539.7
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c7s3g3 176.5 3.44171212 0 1612.35 1612.35
c7s4ql 323.64 8.64450769 0 3453.3 0
c7s4q2 328.64 (5).67301166 0 4000 0
c7s493 333.64 (7).50040242 0 2000 0
c7s5qgl 423.64 g 0 0 0
c7s592 428.64 0 0 0 0
Cc7s503 433.64 0.31040257 |0 934.3 934.3
c7s691 523.64 i26518619 0.624103 4233.57 0
75602 528.64 i30646948 8.608238 5025.87 1492.32
c7s6q3 533.64 3.86106815 8.644416 1180.23 772.83
c7s7ql 266.5 3.27274115 3.685876 613.49 343.69
c7s7q2 2715 3.68501928 g 366.35 366.35
c7s793 276.5 0.97595432 |0 1947.07 1947.07
c8slqgl 12.7 (7).44196270 0 1613.87 0
c8slg2 17.7 i.09726702 0.923730 4442.34 0
c8s1qg3 22.7 3.18352113 g 9550 450
c8s2ql 19.3 (7).97285186 0.972851 10000 0
€8s2q2 24.3 g g 10000 0
85293 29.3 1.23925141 | 0.897328 7091.55 0
c8s3qg1 36 3.83073795 3.337371 7281.64 0
85302 41 8.94180082 ?).377055 7800.37 0
€8s3q3 46 1.04617165 3.666185 7806 0
c8s4q1l 92 (7) (2) 10000 0
c8s4q2 97 0.61086430 |0 7000 0
c8s4q3 102 5.75844599 0.627333 9644.95 0
c8s5q1l 105 3.53794377 (E; 2289 0

9
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€8s5q2 110 0.88917271 | 0.522171 |0 8301.09 0
c8s5q3 115 3.93597044 8.631657 0 4101.33 0
c8s6q1 30 8.83735976 3.486173 0 2915.21 203
€8s6q2 35 (3;.63276898 (3; 0 6719.78 0
€8s603 40 2.29350305 0.688064 | O 5894.67 861.09
c9slqgl 95 8.68197970 8 0 0 0
c9s1g2 100 i07573021 0 0 3822.69 0
c9s1g3 105 8.52836592 0 0 0 0
€9s2qg1 145 3.64892577 0.648925 |0 10000 0
€9s202 150 3.57063608 g 0 151.47 0
€9s293 155 11.00363807 0 0 727.25 0
€9s3q1 145 3.58293332 0.582933 |0 10000 2696.73
€9s3q2 150 8.78485412 8.262408 0.26240837 | 4106.53 4106.53
€9s3q3 155 3.94631626 3.475213 3.47521298 1107.47 1107.47
€9s4q1 245 2.06106312 1.061063 é 10000 2343.78
€9s4q2 250 3.84453846 3.844538 0 10000 0
€9s4q3 255 8.51448351 8.514483 0 10000 0
€9s5q1 79 3.84667946 8.313577 0 6636.79 0
€9s502 84 3.90792187 0.440007 |0 4886.97 0
€9s503 89 8.67136471 8.386587 0 9009.07 0
€9s6q1 61 3.91724361 8.847942 0.84794241 | 3320.91 3320.91
€9s602 66 8.75849347 g g 143.91 143.91
€9s603 71 3.69314718 0 0 5000 5000
cl10slqgl 5 3.32508297 0 0 1000 0
c10s1g2 10 8.90089979 0 0 1027.34 0
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7
c10s1q3 15 0.57230957 |0 0 125.05 125.05
c10s2q1 1 3.35669830 0.601783 | 0O 900 0
c10s2g2 6 3.33411909 (2).691871 0 800 420.2
c10s2g3 11 i.21592225 (5).687636 0 2248.54 0
c10s3qg1 15 0.74954309 (5).349210 0 8268.89 0
c10s3g2 20 (3;.99694893 i.092797 0 3311.94 0
c10s3g3 25 1.27644904 3.974426 0 8079.94 0
c10s4q1 13 1.04390404 |0 0 0 2203.62
c10s4q92 18 i.l4651075 1.309296 |0 3716.95 552.62
c10s4q93 23 i.38070879 (9).479542 0 5213.39 2775.01
c10s5qg1 95 i.03919488 ?.039194 0 10000 0
c10s592 100 0.79569584 (9).521551 0.54197544 | 1424.27 1323.47
c10s5g3 105 8.70802805 8 g 628.64 967.49
c10s6qg1 103 0.6182914 0.646452 |0 1944.39 677.43
c10s6q2 108 0.65893241 | 0.641950 |0 1779.07 154.03
c10s6q3 113 8.57822311 (7) 0 213.66 118.8
cllslql 20 3.50040242 0 0 2000 0
cl1sl1g2 25 3.76075459 0 0 1500 1156.3
cl1s1g3 30 (2).50040242 0 0 2000 0
cll1s2qgl 50 3.89794572 0 0 1000 3000
c11s2g2 55 (5).67301166 0 0 4000 0
c11s2g3 60 (7).80994591 0.663605 |0 3000 1862.8
c11s3qgl 1 (2).84289375 3.573808 0.28783337 | 2810.11 2267.35
c11s3q2 6 3.59841097 0 g 1614.7 385.3
c11s3g3 11 (5).39438598 0 0 492.35 507.65
clls4ql 65 (6).98876016 0.287337 |0 2265.91 1557.76
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clls4q2 70 0.93855356 | 0.596858 |0 4284.01 0
cl1s4q3 75 3.79366530 0.215618 |0 4729.67 0
cl1s5ql 145 (7).32508297 g 0 1000 0
c11s5g2 150 (3;.68226192 0.682261 |0 10000 0
c11s5g3 155 1.04796293 (9).624983 0 7017.21 0
cl2slqgl 15 3.93193778 (3;.702577 0.58189124 | 3807.51 848.64
cl12s1g2 20 (9).83645634 2.489125 g 3666.21 0
c12s1g3 25 (7).91250323 (1).412033 0 6618.56 79.02
cl2s2ql 75 0.88718331 | 0.621462 |0 3685.19 0
c12s2qg2 80 3.64209649 0.385663 |0 2389.99 0
c12s2g3 85 0.44768875 (3;.687834 0 1193.38 658.14
c12s3qgl 105 (7).44368569 (E); 0 0 0
€12s39g2 110 1.01591377 0 0 1539.27 0
c12s3q3 115 3.69314718 0 0 0 0
cl2s4ql 185 3.47777863 0 0 1842.51 0
c12s4q2 190 8.66905729 0 0 57.71 0
c12s4q3 195 3.40382279 0 0 599.91 0
c12s5q1l 210 (7).74425015 0.524350 |0 2830.65 0
c12s5q2 215 8.99325103 8.576452 0 5223.36 0
c12s5q3 220 8.09638827 C7) 0 195.77 0
cl13slqgl 8 (7).98006741 0.887610 |0 2045.38 0
c13s1g2 13 11.11731483 (2).322537 0 2590.63 0
c13s1g3 18 (7).83810016 0.590049 |0 3371.8 0
c13s2q1 65 3.48444126 8.936203 0 1217.71 0
c13s2q2 70 1.05345954 8.896649 0 9484.61 0
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c13s2q3 75 0.64738169 3.650959 0 2083.46 0
c13s3q1 93 i.11385281 0 0 709.24 1134.45
c13s3q2 98 0.60033851 |0 0 0 0
c13s3q3 103 8.45656737 0 0 1704.3 0
c13s4ql 120 3.88246839 0 0 42.38 0
c13s4q2 125 8.83306557 0.063221 |0 4887.065 0
c13s4q3 130 8.37390564 Z) 0 1235.33 0
c13s5q1 145 1.13515216 |0.821861 |0 8337.05 0
c13s5q2 150 i47893975 1.230856 | 0 7192.02 0
c13s5q3 155 ?.34491092 8.601863 0 3775.5 0
cl4slql 40 i.39967887 i399678 0.42246513 | 10000 601.03
cl4s1q2 45 i.28441162 E3.100354 g 9248.59 0
c14s1g3 50 3.92924675 3.448762 0 5301.72 4424.01
cl4s2qgl 70 2.85775801 8.857758 0 10000 0
cl14s2qg2 75 1.14406403 1.144064 | O 10000 0
c14s2qg3 80 (7).87544885 0.875448 |0 10000 53.61
c14s3qg1l 140 (7).61612681 8 0 7808.65 0
c14s39g2 145 8.83306261 0.833062 |0 10000 0
c14s3q3 150 3.93028757 8.930287 0 10000 0
cl4s4ql 202 %).69314718 8 0 5000 0
cl4s4q2 207 %).65157893 0 0 6431.59 0
cl4s4q3 212 8.69314718 0 0 5000 0
c15s1ql 14 1.13932094 0.903312 |0 4940.1 0
c15s1q2 19 8.82079989 3.820799 0 10000 5885.97
c15s1g3 24 8.74876704 (9).748767 0 10000 3465.79

5
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c15s2q1 18.5 1.35146716 | 1.083368 8368.62 0
c15s2g2 23.5 (2).45268183 2.049181 563.14 0
c15s2q3 28.5 3.75800394 (5) 236.69 0
c15s3q1 41 (5).73846247 0.359258 881.68 0
c15s3g2 46 8 8 0 0
c15s3q3 51 0.59052885 | 0.520018 9848.83 0
c15s4q1 55 2.40058817 i.124956 7991.48 0
c15s4q2 60 (7).55509103 (7) 2435.09 0
c15s4q3 65 (9).61086430 0 0 0
c16slql 1323 (2) 0 10000 0
cl16s1q2 1328 0.01753540 | 0.017533 10000 25.096
cl16s1q3 1333 i.13160402 0.748850 7225.827 57.03
cl6s2q1l 1074 (1).33055269 (3; 0 24.403
c16s2q2 1079 (2).25652176 0 320.656 0
c16s2q3 1084 2.05634125 0 0 0
c16s3ql 1199 3.21325796 0 0 0
c16s3q2 1204 0.35690603 |0 0 0
c16s3q3 1209 8.33962564 0 0 0
cl6s4ql 1365 3.45566397 0 0 257.34
c16s4q2 1370 8.33301888 0 0 71.226
c16s4q3 1375 3.42048921 0 0 148.985
c17s1ql 75 8.61086430 0 3000 0
c17s102 80 ?).61086430 0 3000 0
c17s1qg3 85 ?).61086430 0 3000 0
c17s2q1 171 ?).61086430 0 3000 0
cl7s2q2 176 (2).56209442 0 0 0

1
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cl17s2g3 181 0.48565260 | 0 0 1896.07 0
cl7s3ql 299 8.67301166 0 0 4000 0
c17s392 304 (7).67301166 0 0 4000 0
c17s3g3 309 (7).67301166 0 0 4000 0
c18s1ql 6.3 8.09269400 0 0 9813.61 186.39
c18s1q2 11.3 8.61149276 0.611492 | 0.68319935 | 10000 466.49
c18s1q3 16.3 8.30132611 3.301326 g 10000 0
c18s2ql 45.7 8.67301166 é 0 4000 0
c18s2q2 50.7 1.13863992 1.138639 |0 10000 0
c18s2q3 55.7 8.70071362 8.700713 0 10000 0
c18s3q1l 31.7 3.69027964 8.690279 0 10000 0
€18s37g2 36.7 2.18083983 (6).168661 0 9983.12 16.88
c18s3g3 41.7 8.18480844 3.084819 0 9790.36 0
c19s1qgl 40.3 1.20331200 3.368959 0 5318.65 0
c19s1qg2 45.3 (7).96108641 3.547384 0 7695.09 63.13
c19s1g3 50.3 8.84301531 (7) 0 448.72 0
c19s2q1 64.3 8.64153565 0 0 0 0
€19s2qg2 69.3 8.66848434 0 0 0 0
€19s2g3 74.3 0 0 0 0 0
c19s3ql 91 0.90668737 | 0.000883 |0 3637.35 0
c19s3q2 96 8.96895683 g 0 5604.71 0
€19s3g3 101 EZi.29225112 1.309188 |0 4600.55 0
c20s1qgl 10 (2).49287289 (1).202444 0 1714.42 88.02
c20s1g2 15 3.90319303 8 0 4862.96 0
c20s1q3 20 3.32508297 0 0 1000 0
c20s2q1 45 8.49754416 0.179017 | 0.17901709 | 8942.9 8942.9
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9 1 5
c20s2q2 50 0.50040242 | 0 0 8000 8000
c20s2q3 55 3.50040242 0 0 2000 2000
c21slqgl 0 1.44177429 1.441774 | 0.83958869 | 10000 1371.4
c21s1qg2 0 i.36087896 i.360879 8.64558137 10000 7597.8
c21s1g3 0 i.33345277 1.447857 2.39203778 4097.019 998.395
c21s2ql 11 1.22064785 2.187797 3.09441838 4384.283 1148.498
€21s2q2 16 2.46202938 ?.075996 8.68888633 8250.645 1262.529
€21s293 21 1.65141645 1.511484 g 9369.913 145.188
c22s1ql 16.5 2.90973632 8.718702 0.69061965 | 9520.677 479.323
c22s1q2 215 i.02958734 1.003328 0.67845354 | 9957.136 42.864
c22s1q3 26.5 8.09705632 0 8.29629221 9816.33 183.67
c22s2q1 44 0.70326256 | 0 S 0 18.137
€22s202 49 8.35856590 0 0 1158.46 1158.46
€22s2q3 54 3.32087254 0 0 980.933 980.933
c23s1ql 55 1.06349646 0.189494 | 0O 5894.57 81.95
€23s1g2 60 8.91534606 g 0 845.45 0
c23s1q3 65 0.99346989 | 0.640130 |0 8231.91 0
c23s2q1 156 8.88441313 8.884413 0 10000 113.21
€23s202 191 3.68906874 éL) 0 5451.27 0
€23s2q3 196 1.05180407 0.105081 |0 4592.13 0
c24s1qgl 27 1.14669370 3.836889 0 5472.97 0
c24s192 33 (5).40143712 (7) 0 1380.66 0
c24s193 38 (1).76371385 0 0 824.99 1982.83
c25s1ql 7 2.17922485 0.834725 |0 6134.03 0
€25s1q2 12 3.72224911 3.163410 0.58109642 | 3500.76 37
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€25s1q3 17 8.22446250 3.425120 384.69 77.46
c26s1ql 8 8.97034075 8.689868 8827.88 0
€26s192 13 1.22989871 8.956330 5722.02 0
€26s193 18 (9).27981589 (7) 0 0
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Artigo 2: Determining factors of microhabitats and invertebrate community structure
throughout a single cave: the role of spatial location and distance of the main entrances
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Abstract:

Even though the effects of location and distance from the entrance are known for a
few decades, however, the effects of these variations along a single cave and on cave fauna
are still quite unknown. So, this work has the objective to evaluate the effects of spatial
location and distance from the entrance in the microhabitats traits and how these variations
affect the troglobitic and non-troglobitic fauna. Other variables were also collected such as
temperature, humidity, trophic and physical attributes to assess whether they also influence
the fauna indirectly or directly. The invertebrate fauna was sampled using sectors (10x3m)
and quadrats (1x1m), displayed on the cave floor. The distance from the entrance had an
effect in decreasing humidity and shelter availability, while for resource availability had an
effect in increasing it as far from the entrance. The study calls attention to the usage of
different sampling scales and different abiotic and biotic features in only one cave. These
features showed to be more influential over troglobitic species than non-troglobitic species, in
both mesoscale (sector) and microscale (quadrat).

Keywords: Troglobitic, Serra do Ramalho, Savanah.

INTRODUCTION
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It is known that distance from the surface is an important environmental factor that
influences cave features such as temperature, humidity, substrate heterogeneity, shelter and
resource diversity and availability, among others (Souza-Silva et al., 2021; Pacheco et al.,
2020). Based on that, it is expected to observe a gradient of resources and conditions that
consequently can promote distinct microhabitats and allows different species to co-exist
(Culver & Pipan 2010; Pacheco et al., 2020; Souza-Silva et al., 2021). However, such
gradient can also work filtering and limiting species distribution for non-troglobitic species,
once as far from the entrance, more homogeneous is the habitat, are less resource available
when compared to the amount of resource near the entrance, less shelter availability and
stabler values of temperature and humidity (Souza-Silva et al., 2021), which creates an
unsuited environment for them. Therefore, the richness of non-troglobitic reduces as it enters
in the cave.

On the other hand, the richness of troglobitic species increase as it enters the cave,
once at deepest parts of the cave possess stabler conditions of temperature and humidity. So,
these microclimatic features are one of the main determinants of their distribution since they
are not able to tolerate microclimatic fluctuations. Another peculiarity of deeper zones of the
cave that allows the presence of troglobitic species, is the scarcity of food resources, since
they are resistant to starvation and also reduces the competition with other invertebrates
(Novak et al., 2012; Tobin et al., 2013, Souza-Silva et al., 2021).

The maintenance of specific or representative habitats inside the caves can be an
important strategy to protect populations and/or cave communities, mainly because the habitat
requirements are different at different scales, ranging from macro to microhabitats and habitat
specialization is primarily driven by those environmental filtering (Pellegrini & Ferreira,
2012; Mammola et al., 2020a; Nicolosi et al., 2021). For example, Ferreira & Martins (2001)
argued that the spatial distribution of terrestrial invertebrate communities in caves is strongly
influenced by the distribution of food resources and habitat requirements (resource-space-
dependent, resource-space independent, and para-epigean communities). The resource-space-
dependent communities are those formed by generally small organisms (smaller than 5 mm)
with low mobility, with populations preferentially observed within the limits of the organic
resources (e.g. guano communities). The resource-space-independent communities are those
in which organisms are not spatially restricted to the piles of organic resources, thus actively
moving among distinct organic patches inside caves. Para-epigean communities are those
occurring near the cave entrance, being composed of epigean and hypogean organisms with
low or moderate mobility (Ferreira & Martins, 2001; Prous et al., 2004). In addition, low-
adapted species of spiders have a distribution primarily associated with external or cave
entrance microhabitats, intermediate-adapted species live in shallow cave microhabitats, and
highly adapted species use deep cave microhabitats (Mammola et al., 2019; Cuff et al., 2021).
Furthermore, micro and meso habitats can be defined not only regarding the different
zonation of the cave (photic, twilight zone, transition zone and deep zone) but also concerning
different compartments within these zones (terrestrial, aquatic habitats, streams, puddles and
water table) (Eberhard, 2001; Prous et al., 2004, 2015). Cave species, in turn, can be restricted
to a certain type of habitat (Nicolosi et al., 2021, Souza-Silva et al., 2021) or they can present
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a wide distributional inside the cave, occurring in several habitat types (Peck, 1975; Eberhard,
2001; Ferreira & Martins, 2001).

So, studies regarding space-scale-dependence over cave invertebrates are
indispensable in order to identify and understand the patterns for conservation (Pellegrini et
al., 2016a). Thus, the main purpose of this study is to assess the response of the invertebrate
species richness and composition against variations in some physical, trophic, microclimate
features inside a cave. It was also tested if the responses are different at distinct spatial scales.
More specifically, it was evaluated the role of the spatial distribution of entrances and
distance from the cave entrance on the microhabitats characteristics and how such variations
can affect troglobitic and non-troglobitic distribution. It was hypothesized that troglobitic
species will respond to variations in cave environmental features choosing stable and
oligotrophic places far from the entrance. On the other hand, non-troglobitic distribution
inside the cave will be limited by the high humidity and oligotrophy.

MATERIALS AND METHODS

Study area

This study was carried out at “Trés Cobras” limestone Cave (13°37'6.63"S
43°45'9.87"0), located in the karst area of Serra do Ramalho, southwestern Bahia, Brazil
(Figure 1). This region is formed by large limestone areas, belonging to the Jacaré formation,
Bambui group. It is insert in Caatinga domain and in the middle of Sdo Francisco River basin.
According to Koppen’s climate classification system, the local climate type is “Aw”, with a
dry winter and an average annual precipitation rate between 800 and 1000 mm (Goncalves et
al., 2018)

The Trés Cobras Cave has 5620m of horizontal projection and slope of 32m. The cave
is composed of labyrinthine conduits, presenting seven entrances (Figure 1). This region
differs from the rest by presenting lower outcrops and isolated outcrops eminences. Entrance
A, B and C of the cave is faced to pasture, an area with a few/ almost none trees near, while
entrance D faced an area with a dry forest with scattered trees. Finally, the entrances E, F and
G, are faced to a densest dry forest.
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Figure 1. Map showing the outcrop where Three Cobras Cave ais inserted, as showing the
mapped area of the cave, the seven main entrances (marked with a blue star and white letters
A-F) and the places were the sectors where placed (number from 1 to 22).

Fields procedures
Sampling invertebrates along the Trés Cobras cave floor

To evaluate variations on invertebrate species composition and richness along the cave
sectors (3 x 10m) containing 3 quadrats (1 x 1m) were placed on the cave floor at least 100m
apart from each other. Sectors and quadrants were considered “mesoscale’ and “microscale”,
respectively. Distance from the entrances and sample unit positions were taken using a laser
tape measure.

The invertebrate fauna was recorded into the sectors and quadrats through detailed
visual search and hand sampling using tweezers and brushes (Souza-Silva et al., 2021,
Oliveira Furtado et al., 2022). Sampled invertebrates were stored in plastic tubes with alcohol
70% aiming the preservation of the material for identification in the laboratory. In order to
minimize the impact on cave fauna, some specimens were collected and their abundance
where accounted (Pacheco et al.,, 2020; Souza-Silva et al., 2021; Oliveira Furtado et al.,
2022).

The specimen’s identification was made through taxonomic keys at the lowest
taxonomic level accessible. Identify troglobitic species were considered troglomorphisms,
which are traits that represent their evolution and adaptability to subterranean environments.
The troglomorphisms observed were a lack or reduction in ocular structure and pigmentation,
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and elongation of appendices and sensorial structures (Culver & Pipan, 2009). When
specialists were available, they were consulted for the following groups: Isopoda,
Pseudoscorpiones, Orthoptera, Acari, Entomobryomorpha and Diplopoda. All the collected
specimens are deposited in the Lavras Subterranean Invertebrates Collection (ISLA), affined
to the Center of Studies on Subterranean Biology at the Federal University of Lavras, Minas
Gerais, Brazil (http://www.biologiasubterranea.com.br/en/about-the-group/).

Abiotic attributes of the cave floor

The temperature and humidity were taken with a thermohygrometer device inside
every sampling sector (accuracy = 1°C for temperature and £5% for relative humidity). The
device was placed on the cave floor and the values were obtain after its stabilization. To avoid
the interference/alter the values, the presence of people prevents (Souza-Silva et al., 2021,
Oliveira Furtado et al., 2022).

To measure of abiotic attributes in mesoscale, the sectors were fractionated into 10
sections of 1 meter each and were made a visual estimate of the percentual of substrate and
resources available on the cave floor, as proposed by Pellegrini et al., (2016a), and Souza-
Silva et al., (2021).

To measure of the abiotic in a microscale/quadrat, photographs were taken before the
collect occurred. To take the photographs were used Canon Powershot SX50, HS (4000 x
3000 pixels). Posteriorly, the photos were analyzed with the aid of ImageJ software (Rasband,
1997), and finally, the arithmetic average of every abiotic attribute was made (Souza-Silva et
al., 2021; Oliveira Furtado et al., 2022).

Data analysis
Biotic attributes of the caves

The abundance and richness of non-troglobitic and troglobitic were obtained by
counting individuals and morphotypes of each sample unit (22 sectors and 66 quadrats).

Abiotic attributes on the cave floor regarding the sectors

All the physical, trophic and microclimatic characteristics of the sectors were
classified in the following classes: guano GU, hematophagus guano-GH, others mammals
feces-FZM, carcass-CRC, litter-SER, plants debris-DTV (> 10mm), rock-RR, concrete like
floor-RC, medium rock -MB(500-1000mm), small rock -SB(250-500mm), cobbles-CB (64-
250mm), coarse gravel-CAG (16-64mm), fine gravel-CAF (2-16mm), sand-ARE (0.06-2mm),
silt-SEF (< 0.05 mm), hardpan-HP, stalagmite-EG, speleothems-ES, retraction cracks-GR,
cave-wall-PA, hardpan pinnacle-PHP, speleothems- ES, another inorganic substrate-OT].

Based on such classes we obtained the physical features that included distance from
the entrance, the substrate diversity (calculated considering all classes above), the shelter
diversity (calculated considering RR, RC, MB, SB, CB, CAG, CAF, ES, EG, GR, PA, and
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PHP) and trophic resources diversity (calculated considering GU, GH, FZM, CRC, SER and
DTV). All diversities were calculated using Shannon-Weaver Index (Buttigieg & Ramette,
2014).

The availabilities of each abiotic attribute were also included as physical, trophic and
microclimatic characteristics. The shelter availability was calculated by the sum of SER,
DTV, GALF, GALM, GALG, TRO, RR, RC, XB, MB, RR, RC, MB, SB, CB, CAG, CAF,
ES, EG, GR, PA, and PHP in each sector. On the other side, the trophic resource availability
was calculated by the sum of considering GU, GH, FZM, CRC, SER, and DTV in each sector,
and are also the same for the trophic resources. Finally, the microclimatic variables
considered were temperature and humidity.

Abiotic attributes on the cave floor regarding the quadrats

On the other hand, physical and trophic characteristics of the quadrats were evaluated
and classified into the following classes: guano—GU, roots—RZ, plants debris-DTV (>
10mm), fine branch -GRAF (11-30 mm), drip water-DP, another organic substrate—OTO,
smooth rock—RL, rough rock—RR, wide rock—XB (1000-4000mm), medium rock-MB(500-
1000mm), a small rock-SB(250-500mm), cobbles-CB (64-250mm), coarse gravel-CAG (16-
64mm), fine gravel-CAF (2-16mm), sand-ARE (0.06-2mm), silt-SEF (0.2 < diameter < 0.05
mm), hardpan-HP, speleothems-ES and retraction cracks-GR.

Based on such classes we obtained the physical features that included distance from
the entrance, the substrate diversity (calculated considering all classes above), the shelter
diversity (calculated considering RR, XB, MB, SB, CB, CAG, CAF, and GR), and trophic
resources diversity (calculated considering GU, RZ, DTV, GALF, and OTO). All diversities
were calculated using Shannon-Weaver Index (Buttigieg & Ramette, 2014).

The availabilities are also included in physical, trophic, and microclimatic
characteristics. The shelter availability was calculated by the sum of DTV, GALF, RR, XB,
MB, SB, CB, CAG, CAF, and GR in each quadrat. On the other side, the trophic resource
availability was calculated by the sum of GU, RZ, DTV, GALF, and OTO in each quadrat,
and are also the same for the trophic resources.

Relationship between habitat structure of the sectors and quadrats with cave fauna

To predict the influence of local abiotic variables on total species richness, species
richness of non-troglobitic and species richness of troglobitic (response variables), using
sectors as sample units was performed a General Linear Models (GLM) and temperature (°C),
humidity (%), distance from the cave entrance, diversity of shelter, diversity of substrate,
diversity of resources, availability of shelter and availability of resources as response
variables. The same was made using the quadrats as sample units, however, temperature and
humidity were not included in the model, since their values were not taken in each quadrat.

The Poisson family was chosen to be part of the GLM’s, since it is used when models depend
on the counting of events in space or time. To compare the model results with the null models,
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the ANOVA function from ‘Vegan’ package was performed. To assess the overdispersion the
function CHECK_OVERDISPERSION from the package ‘Performance’ was applied. Were used
function r.squaredLR from the ‘piecewiseSEM’ package in order to obtain r? values of the
GLM’s. The correlation of all variables was tested before running the models, for that,
CHART. CORRELATION from the ‘PerformanceAnalytics’ package. Variables with high
correlation values (>0.65) were excluded from the model as proposed by Zuur et al., (2010).
To test if exist multicollinearity, the function VIF from ‘Car’ package was used, however,
none of them were presented.

It was performed a Distance-based redundancy analysis (dbRDA) based on the Bray-
Curtis similarity matrix in order to explain the possible relationships, s strength, and direction
(- or +) between +) between overall fauna, non-troglobitic and troglobitic species composition
with the physical, trophic, and microclimatic variables (Clarke et al., 2014).

Variations on habitat structure

The possible differences between temperature, humidity, substrate diversity, shelter
diversity, resource diversity, availability of resource and availability of shelter among the
seven entrances, sectors, and quadrats (here temperature and humidity were not used since it
was not measure in this scale) using KRUSKAL.TEST function from the ‘Stats’ package in
RStudio. To compare all-pairs for Kruskall-Wallis ranked data, where is the difference were
used the function KWALLPAIRSNEMENYITEST from the ‘PCMCRplus’ package. To test if
trophic, microclimatic and physical attributes varied depending on the distance from the
entrance using the sectors, it was made a Linear Regression. The same analysis was
performed using the quadrats as sample unit. All regressions were performed using the
function LM from ‘Stats’ package in RStudio.

RESULTS
Biotic attributes of the cave

A total of 571 individuals were recorded, distributed in 26 orders and 55 families, and
126 morphospecies. From the total 15 morphospecies were considered troglobitic (11.9 %).
The richest order considering overall fauna was Araneae (31 ssp.), followed by Coleoptera
(19 ssp.) and Diptera (12 ssp.). The richest order of non-troglobitic species was Araneae (28
ssp.), followed by Coleoptera (19 ssp.) and Diptera (12 spp.). Lastly, the richest orders of
troglobitic species were Isopoda (5 ssp.), Collembola (3 ssp.) and Polydesmida, and Araneae
(2 ssp., each) (Figure 2A, B). The relationship between non-troglobitic and troglobitic fauna
are shown in Figure 2C. Some of the troglobitic species found in Three Cobras Caves are
showing in Figure 3.
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Figure 3. Some of the troglobitic species found in Three Cobras Cave: Charinus (A);
Lyniphiidae (B); Pseudochthonius (C); Ochyroceratidae (D); Eukoenenia (E); Prodidomidae
(F); Styloniscidade (G); Pectenoniscus (H); Phaneromerium (1); Blattodea (J);
Troglobentosminthurus luridos (K); and Kinnaridae (L).

Relationship between habitat structure inside the sectors with cave fauna

For the overall fauna, the non-troglobitic (nTB) and the troglobitic (TB), none of the
variables here used explained its species richness variations. While regarding the dbRDA, for
the overall fauna and troglobitic only distance from the entrance was the best predictor,
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explaining 8.0% and 11% of the variation in species composition (p=0.03 and 0.05,
respectively), (Figure 4). None of the used variables explained the variation in the
composition of the troglobitic species.

Trés Cobras Cave Trés Cobras Cave

-Distance| £ -1 Distance

eecscee 3
JeomMmoow>» 3
a

OTMTMOO®>

GBRDA (100% ROA (100%)

Figure 4. dbRDA shows the spatial variation in overall and troglobitic composition.
Distance from the entrance explained 8.0% and 11% of spatial variation in species
composition (A and B, respectively). The colored dots are representing the closest entrance
from the sector.

Relationship between habitat structure of the quadrats with cave fauna

For the troglobitic species, variation in species richness was best explained only by
resource availability (R?= 0.19, p=0.0007). Regarding the overall fauna and non-troglobitic
none of the variables here used explained species richness variations. While regarding the
dbRDA, for the troglobitic only resource availability was the best predictor, explaining 12%
of the variation in species composition (p=0.005). Regarding the overall fauna and non-
troglobitic none of the variables here collected explained variation in species composition
(Figure 5).
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Figure 5. dbRDA showing the spatial variation in troglobitic composition. Resource
Availability explained 12% spatial variation in species composition. The dots are representing
the closest entrance from the quadrat, the darker the dot the deeper in the cave the quadrat is
located.

Variations in habitat structure

The values of temperature, humidity, substrate diversity, resource diversity, shelter
diversity, availability of resources, and availability of shelter of the sectors and quadrats are
shown in Material Supplementary | and Il. When using the data of the sector, none of the
variables showed any differences in the averages among the entrances, while using the
quadrats data, the distance from the entrance (B#C, p=0.004; C#G, P= 0.01), resource
availability (A# C, p=0.052; B # C, p=0.056; C#G, P= 0.04) and shelter availability (C+#E,
p=0.03) showed differences in the averages among the entrances. Lastly, the remaining
predictor variables did not show differences in averages when using sectors and quadrats as
variables response.

Regarding the sectors, only the humidity indicated a negative relationship with the
distance from the entrance (R? = 0.36, p = 0.002), While regarding the quadrats, only the
resource availability (R?2 = 0.77, p = 2*°) showed a positive relationship with the distance
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from the entrance and shelter availability (R? = 0.17, p = 0.0003) showed a negative
relationship with the distance from the entrance.

DISCUSSION

The study calls attention to the usage of different sampling scales and different abiotic
and biotic features in only one cave. These features showed to be more influential over
troglobitic species than non-troglobitic species, in both mesoscale (sector) and microscale
(quadrat). Besides that, distance from the entrance had an effect in decreasing humidity and
shelter availability, while for resource availability had an effect in increasing it as far from the
entrance. So, the distance from the entrance is an important factor in structuring the
subterranean cave communities.

Relationship between habitat structure of the sectors and quadrats with cave fauna

Our findings support our hypothesis that troglobitic species presented distinct
responses to environmental variables compared to non-troglobitic species, and that their
distribution along the cave is also different.

It appears that the troglobitic species showed a relationship between their richness and
composition with the availability of resources and their distance from the entrance of the cave.
While, the non-troglobitic species did not show any significant response to the variables that
were explored. However, it seems that the overall fauna did show a response to the distance
from the entrance.

Plant debris and litter are important food resources for the invertebrate communities
living in Trés Cobras Cave (3CC). During the dry season, leaves and plant debris accumulate
in the soil of the Caatinga limestone outcrops. These resources are then transported into the
cave by rain or river input during the rainy season. The accumulated resources can then be
stored in the sediment bank of the cave, providing a consistent food source for the
invertebrate communities. Resource input can also occur through percolation and surface
runoff, as described by Ferreira et al. (2010).

In contrast, the other resource available in Trés Cobras Cave is guano which is
supplied by bats as they enter the cave. This resource is essential in the structure of
cavernicolous invertebrate communities once the guano can maintain many species. On the
other hand, guano deposited in places far from the water bodies cannot be exported, therefore
being available for longer periods (Faria, 1996; Souza-Silva et al., 2011 trophic). The low
guano availability can be due to a part of the 3CC surroundings being covered by pasture and
the other part by vegetation, meaning that caves surrounded by vegetation can potentially be
colonized by a bigger diversity of bats, therefore, preserving caves’ surroundings can affect its
invertebrate communities (Cardoso et. al. 2022).

The species richness decreased further from the entrances of the cave which can be
related to the habitat homogeneity and scarcity of food resource availability, found in the
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deepest parts. These environments can be suitable for troglobitic species since they present
morphological adaptations to live under extreme conditions, such as eye size reduction,
appendage elongation, thin coticule, and resistance to starvation, among others (Romero &
Green, 2005). These adaptations/specializations were developed through selective pressures
or the lack of them at the parts of the cave (Culver, 1982). As a result, troglobitic species are
rare and endemic, having a low population rate, and low tolerance to environmental changes.

Variations in habitat structure

The abiotic data set sampled inside the quadrats indicated that resource availability
from the entrances A and C, B and C, C and G are different (p=0.052, p=0.056 and 0.04,
respectively). The differences noted between these features can be related to the vegetation
near the entrances, the distribution, size, and inclination of entrances of Trés Cobras Cave,
and the type of substrate available. However, is not possible to affirm for sure since not all
entrances were accessed, and size and inclination were not measured. On the other hand, some
studies showed the importance of the land cover and land use surrounding the cave entrances
over cave fauna (Souza-Silva et al., 2015; Jaffé et al., 2018; Canedoli et al., 2022, Cardoso et
al 2022), since these underground environments are connected to external one. So, in areas
bordering caves with deforestation, soil erosion is common, which might be carried inside the
cave and silt up the water bodies present (Barany-Kevei, 1999).

Furthermore, when considering the physical and microclimatic characteristics within
subterranean environments at distinct sampling scales, they may increase/decrease as you
move farther from the entrance. About the sectors, only the humidity varied, while for the
quadrats only resource availability and shelter availability varied. Resource availability was
the only variable positively influenced by the distance from the entrance, which means as far
from the entrance higher its value, this can be probably explained due to that half of the
sectors were collected at least 1 km from the entrance. On the other hand, the humidity and
shelter availability showed a negative relationship with the distance from the entrance, which
means as far from the entrance its values reduce. Regarding the humidity, is the opposite of
expected, since it is expected the humidity gets stabler as far from the entrance, however in
3CC, eleven sectors were sampled at least one kilometer from the entrance, so probably is due
to the places the sectors were placed. The shelter, availability was expected since the cave was
extremely dry and presented a heterogeneity of substrates that can be used as shelters along
the cave. An elevated number of substrates can provide different types of shelter and
consequently attend to different species, increasing both species richness and composition
(Poulson & Kane, 1977; Pacheco et al., 2020). These results are supported by Holsinger &
Culver (1988), that geological structure affects the subterranean fauna and its ecological
complexity.

CONCLUSION

In conclusion, the distance from the entrance can creates filters over conditions and resources
that further will affect the subterranean invertebrate fauna by the formation of microhabitats
along the caves, permitting the co-existence of several species without niche overlapping. The
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presence of several entrances is another factor that can influence conditions and resources;
however, it was not evaluated in this study, therefore needing more studies to check the
relationship between several entrances and their external environment such as forest/pasture,
and the distance from the entrance.
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492 SUPPLEMENTARY MATERIAL
493  Supplementary material 1. The values of temperature (°C), humidity (%), distance from the
494  entrance (m), substrate diversity, resource diversity, shelter diversity, availability of resources,
495  and shelter of the sectors of Trés Cobras Caves. Div: diversity and Avail: availability.
Sectors | Humidit | Distanc | Temperatur | Substrat | Shelter | Resourc | Resourc | Shelte
y (%) e (m) a (°c) e Div. Div. e Div. e Avail. |r
Avail.
S1 81.5 375 21.6 0.91886 | 0.80836 | O 3 97
S2 85.7 800 23.1 1.56994 2.00794 0 0 25
S3 93.3 1175 20.2 2.07519 8.81874 0 0 89
S4 90.3 16125 | 22.6 2.46403 5.79820 0 0 28
S5 95.8 21125 |21 i.71787 11.38236 0 0 56
S6 92.9 27375 | 22.6 3.80957 8.75893 0 0 14
S7 91.6 3050 22.7 8.96573 3.53786 0 0 75
S8 96 36125 |23.6 3.65642 3.69314 0 0 6
S9 95.7 24875 |21.7 ‘11.14092 1.07409 0 0 25
S10 89.9 2925 22.8 1.02369 i.37609 0 0 30
S11 83.2 34875 |23 8.83823 8.66627 0 2 26
S12 84.6 11575 | 22.8 i.03426 3.56256 0 0 46
S13 83 1687.5 |23 2.24835 i.424l4 0.68696 | 4.5 31.5
S14 92.8 1250 22.4 1.52428 1.41182 S 0 56
S15 84.9 562.5 22.8 1.39985 i.17669 0 0 47
S16 91.6 2500 22.8 3.61894 3.90698 0 2.2 12
S17 67 375 24.5 2.29189 5.27879 0.63651 | 0.6 46
S18 60.6 3125 | 245 0.94850 S 3.84636 8.5 30
S19 56.6 750 24.5 i.32345 1.01628 g 0 76
S20 75 250 21.5 é.95811 §.23737 0 8.5 23.5
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S21 86.8 562.5 21.3 0.78416 | 0.41011 16 84
8 6
S22 80.8 1062.5 |23.6 0.34651 | O 0 11
5
496
497  Supplementary material 11. The values of temperature (°C), humidity (%), distance from the
498  entrance (m), substrate diversity, resource diversity, shelter diversity, availability of resources,
499  and shelter of the quadrats of Trés Cobras Caves. Div: diversity and Avail: availability.
Quadrats Distance Substrate Shelter Resource Resource Shelter
(m) Div. Div. Div. Avail. Avail.
S1Q1 370 0.143599 0.143599 0 0 10000
S1Q2 375 0 0 0 370.2872 10000
S1Q3 380 0 0 0 375 10000
S2Q1 795 0.945565 0 0 380 3489.99
S2Q2 800 0.795024 0.53749 0 795.9456 3170.4
S2Q3 805 1.295253 0 0 801.3325 993.296
S3Q1 1170 0.679941 0.679941 0 806.2953 10000
S3Q2 1175 0.323491 0.323491 0 1171.36 10000
S3Q3 1180 0 0 0 1175.647 10000
S4Q1 1607.5 0.619915 0 0 1180 1680.95
S4Q2 1612.5 0.35141 0.071983 0 1608.12 9289.76
S4Q3 1617.5 1.305957 0.320967 0 1612.923 5697.93
S5Q1 2107.5 0.958129 0.74393 0 1619.127 3893.696
S5Q2 2112.5 0.32931 0 0 2109.202 8980.67
S5Q3 21175 0 0.487857 0 2112.829 3388.48
S6Q1 2732.5 0.730987 0 0 2117.988 90.346
S6Q2 27375 0.574964 0 0 2733.231 0
S6Q3 2742.5 1.183058 0.675031 0 2738.075 3550.27
S7Q1 3045 0.489634 0.139771 0 2744.358 8801.56
S7Q2 3050 1.001159 0.543326 0 3045.629 6255.48
S7Q3 3055 0.972144 0.661389 0 3051.544 8613.92
S8Q1 3607.5 0 0 0 3056.634 0
S8Q2 3612.5 0.60568 0.60568 0 3607.5 10000
S8Q3 3627.5 0.278114 0 0 3613.711 0
S9Q1 2482.5 0.678768 0 0 3627.778 5845.89
S9Q2 2487.5 0.715583 0 0 2483.179 253.59
S9Q3 2492.5 0.708999 0 0 2488.216 1072.49
S10Q1 2920 0.781737 0.202497 0 2493.209 1430.33
S10Q2 2925 1.098076 0.693135 0 2920.984 6512.94
S10Q3 2930 0.818818 0.67346 0 2926.791 208.52
S11Q1 3482.5 0.132405 0 0 2931.492 0
S11Q2 3487.5 0 0 0 3482.632 0
S11Q3 3492.5 0.045211 0 0 3487.5 0
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S12Q1 1152.5 0 0 0 3492.545 10000
S12Q2 1157.5 0.672957 0 0 1152.5 6001.35
S12Q83 1162.5 0.137912 0.057175 0 1158.173 9840.94
S13Q1 1682.5 0.405187 0.405187 0 1162.695 10000
S13Q2 1687.5 0.381522 0.381522 0 1683.31 10000
S13Q83 1692.5 0.958877 0.363776 0 1688.263 7560.36
S14Q1 1245 1.32625 1.01813 0 1693.823 7453.47
S14Q2 1250 0.90612 0.505106 0 1247.344 4372.65
S14Q3 1255 0.232072 0.232072 0 1251.411 10000
S15Q1 557.5 0.862972 0.566001 0 1255.464 3651.26
S15Q2 562.5 1.653583 1.449162 0 558.929 7639.92
S15Q83 567.5 0 0 0 565.6027 10000
S16Q1 2495 0 0 0 567.5 10000
S16Q2 2500 0.228256 0 0 2495 9395.31
S16Q3 2505 0.156039 0.156039 0 2500.228 10000
S17Q1 370 0.323686 0.195519 0 2505.312 9702.16
S17Q2 375 0 0 0 370.5192 10000
S17Q3 380 0.363306 0.363306 0 375 10000
S18Q1 307.5 0.106012 0 0 380.7266 9779.24
S18Q2 312.5 0.165765 0 0.350716 307.606 9645.15
S18Q3 317.5 0.826416 0 0 313.0165 6018.02
S190Q1 745 0.659011 0.648078 0 318.3264 2145.72
S19Q2 750 0.372046 0.372046 0 746.3071 10000
S19Q3 755 0.000001 0.475699 0 750.7441 2370.15
S20Q1 245 0.685979 0.108358 0 755.4757 8084.23
S20Q2 250 0.323472 0 0 245.7943 9007.32
S20Q3 255 0 0 0 250.3235 10000
S21Q1 557.5 0.653366 0 0 255 6400.9
S21Q2 562.5 0.691129 0 0 558.1534 4682.48
S21Q3 567.5 0.222514 0.222514 0 563.1911 10000
S22Q1 1057.5 0.199098 0 0 567.945 501.98
S22Q2 1062.5 0 0 0 1057.699 0
S22Q3 1067.5 0 0 0 1062.5 0




