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RESUMO

As epifitas vasculares sdo um grupo de plantas especializadas em passar todo seu ciclo de vida
em arvores suportes (foréfitos), e contribuem significativamente com a diversidade de espécies
e servicos ecossistémicos em ambientes florestais. Este grupo possui particularidades no seu
processo de colonizagdo e crescimento nos foréfitos, que permite ter um padrdo de distribuicdo
vertical (base do caule até a parte exterior da copa do forofito), e horizontal (entre espécies e
especimes de forofitos). Varios aspectos bidticos e abidticos influenciam os padres de
distribuicdo, entre eles a estratificacdo, a relacdo positiva idade/tamanho, onde é predito que
apos a morte dos foréfitos ha uma perda répida de riqueza, e as interagdes comensalisticas. As
florestas nebulares fornecem um bom modelo de estudo para este grupo, visto que é um habitat
propicio para o recrutamento e crescimento destas espécies, devido a altitude elevada e a alta
umidade presente neste ambiente. O dominio Atlantico apresenta-se como um dos centros de
diversidade deste grupo, pois apresenta muitas florestais nebulares. Assim, o presente estudo
tem como objetivo analisar a alfa e beta diversidades (nestdness e turnover) na estratificacdo
vertical, horizontal e entre os individuos vivos e mortos, além da interacdo comensalistica entre
epifitas vasculares e forofitos de uma nanofloresta nebular com diferentes subfitofisionomias
em razdo da composicdo arborea e distinta composi¢do do solo de cada local. O presente
trabalho foi desenvolvido no Parque Estadual do Ibitipoca, Minas Gerais, localizado no
dominio da Floresta Atlantica, composto por um mosaico vegetacional que permite ser um dos
lugares com maior riqueza epifitica deste dominio, e possui uma significativa porcdo de
nanofloresta nebular. Foram estabelecidas parcelas de 20 x 10m em trés subfitofisionomias
(denominadas F1: tenuissélica humifera ripicola, F2: crassissélica arenosa de encosta e F3:
tenuissdlica arenosa de encosta), e avaliada a estratificacdo de Johansson ao longo dos foroéfitos,
divididos em tronco (estratos inferiores) e copa (estratos superiores). A comunidade arbérea foi
dividida em fordéfitos vivos x mortos para analisar a composicao e riqueza epifitica, e realizada
a analise de rede de interagbes com as métricas aninhamento, especializacdo, conectancia,
uniformidade de interagdo (interaction eveness) e robustez para compreender o padréo das
espécies no local entre as subfitofisionomias e com a retirada dos individuos mais abundantes
de fordfitos. A estratificagdo na area foi considerada reduzida, devido a pequena diferenga na
composicao entre os estratos, a copa apresentou maior riqueza quando comparada ao tronco,
pelas caracteristicas da arquitetura e a copa constituir um mosaico de microhabitats, e a
formagéo F3 foi menos diversa quando comparada com as outras duas pela transicdo com o

ambiente campestre e menor estatura dos seus individuos. Quando analisada a diferenga na



composicédo e riqueza dos individuos mortos x vivos foi encontrado diferenca entre ambos,
independente da subfitofisionomia, e um padréo aninhado com a riqueza epifitica dos foréfitos
mortos um subgrupo dos forofitos vivos. Enquanto as redes de interacdo (fisionomia e
subfitofisionomias) exibiram um padrdo aninhado do que as expectativas ao acaso, com uma
distribuicdo uniforme das interagdes, baixa especializac¢ao e robusta, mesmo com a retirada dos
forofitos mais abundantes, sendo abundéancia de espécies e o tamanho dos forofitos justificando
0 padrdo aninhado. Assim, este estudo demonstrou que a estratificacdo das espécies epifitas
possui algumas peculiaridades em seus padrdes, uma vez que as caracteristicas bidticas e
abidticas das diferentes formacBes da fisionomia sdo importantes para 0s processos de
colonizagdo. A alta umidade das nanoflorestas nebulares e sua altitude elevada permitem o
estabelecimento das epifitas apesar da morte dos forofitos e perda do microclima. O melhor
modelo explicando o aninhamento ndo inclui 0s processos neutros, mas sim os deterministicos,
com o tamanho do forofito e sua abundéncia influenciando o estabelecimento de epifitas. Desta
maneira, uma atencdo especial deve ser dada as espécies com essas caracteristicas, a fim de

conservar essas comunidades e todos 0s organismos a elas associados.
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ABSTRACT

Vascular epiphytes are a group of plants specialized in spending their entire life cycle on
supporting trees (phorophytes) and contribute significantly to the diversity of species and
ecosystem services on forest environments. This group has particularities in its process of
colonization and growth in phorophytes, which allows for a vertical distribution pattern (from
the base of the stem to the outer part of the phorophyte canopy), and horizontal (between species
and specimens of phorophytes). Several biotic and abiotic aspects influence the distribution
patterns, including stratification, and the positive age/size relationship, where it is predicted that
after the death of phorophytes, there is a rapid loss of richness and commensalistic interactions.
The cloud forests provide a good study model for this group, as it is a suitable habitat for the
recruitment and growth of these species, due to the high altitude and high humidity present in
this environment. The Atlantic Forest domain is one of the diversity centers of this group, as it
has many cloud forests. Thus, the present study aims to analyze the alpha and beta diversities
(nestedness and turnover) in the vertical and horizontal stratification and between living and
dead tree individuals, in addition to the commensalistic interaction between vascular epiphytes
and phorophytes of a dwarf cloud forest with different vegetation types due to tree composition
and distinct soil composition of each site. The present work was developed in the Parque
Estadual do Ibitipoca, Minas Gerais, located in the Atlantic domain, composed of a vegetational
mosaic that allows it to be one of the places with the greatest epiphytic richness in this domain,
and has a significant portion of dwarf cloud forest. Plots of 20 x 10m were established in three
vegetation types (called F1: tenuissolica humifera ripicola, ¥2: crassissolica arenosa de
encosta and F3: tenuissolica arenosa de encosta), and the Johansson stratification along the
phorophytes was evaluated, divided into trunk (lower strata) and canopy (upper strata). The tree
community was divided into live x dead phorophytes to analyze the composition and epiphytic
richness and performed the analysis of the network of interactions with the metrics nesting,
specialization, connectance, interaction uniformity (interaction evenness), and robustness to
understand the pattern of the species in the place between the vegetation types and with the
removal of the most abundant individuals of phorophytes. The stratification in the area was
considered reduced, due to the small difference in the composition between the strata, the
canopy presented greater richness when compared to the trunk, due to the characteristics of the
architecture and the canopy constituting a mosaic of microhabitats, and the F3 formation was
less diverse when compared with the other two due to the transition with the rural environment

and the smaller stature of their individuals. When analyzing the difference in the composition



and richness of dead x live phorophyte individuals, a difference was found between both,
regardless of the vegetation types, and a nested pattern with the epiphytic richness of dead
phorophytes a subgroup of live phorophytes. While the interaction networks (dwarf cloud forest
and vegetation types) exhibited a nested pattern than chance expectations, with a uniform
distribution of interactions, low specialization, and robustness, even with the removal of the
most abundant phorophytes, being species abundance and the size of the phorophytes justifying
the nested pattern. Thus, this study demonstrated that the stratification of epiphytic species has
some peculiarities in its patterns since the biotic and abiotic characteristics of the different
physiognomy formations are important for the colonization processes. The high humidity of
dwarf cloud forest and their high altitude allow the establishment of epiphytes despite the death
of phorophytes and loss of microclimate. The best model explaining nesting does not include
neutral processes but deterministic ones, with phorophyte size and abundance influencing
epiphyte establishment. In this way, special attention must be given to species with these
characteristics, in order to conserve these communities and all the organisms associated with

them.
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INTRODUCAO GERAL

As florestas localizadas em montanhas tropicais em elevacdes médias e superiores a
1000m costumam apresentar manchas isoladas de habitat nitidamente com mais névoa, quando
comparado com elevacdes mais baixas. Sob essas condi¢gdes, milhares de espécies unicas
evoluiram no que ¢ conhecido como florestas nebulares tropicais montanas (BRUIJINZEEL et
al., 2011). As mudangas climaticas, a fragmentacao florestal e outras perturbagdes antropicas
impactam essas florestas (HIGUCHI et al., 2013), influenciando no papel dessas florestas na
manuten¢do da agua doce de qualidade em virtude da captura e condensa¢dao das nuvens e
neblinas que estdo frequentemente presentes nestes locais (BRUIINZEEL et al., 2010), e
afetando diretamente a biodiversidade, por muitas dessas espécies serem extremamente restritas
a esses ambientes, portanto vulneraveis a perda de habitat (BETTS et al., 2017). Visto que,
esses ambientes se adaptaram e suportaram de maneira Unica uma complexa e rica
biodiversidade (GENTRY, 1992; DOUMENGE et al., 1995; HAMILTON et al., 1995;
FORSTER, 2001; BRUIUNZEEL et al., 2011; CADOTTE et al., 2011; PONCE-REYES et al.,
2012), no qual abrigam a maior diversidade mundial de epifitas, musgos, samambaias, liquens,
bromélias e orquideas (GENTRY, 1992; GOULD et al., 2006; BRUIJNZEEL et al., 2011;
CADOTTE et al., 2011; PONCE-REYES et al., 2012; SWENSON et al., 2012) e por sua vez,
uma variedade de animais adaptados a eles para alimentagdo e habitat que fornecem funcdes
criticas do ecossistema. As florestas nebulares da Floresta Atlantica brasileira sdo caracterizadas
como um hotspot da biodiversidade global (MYERS et al, 2000), onde apresentam um
conjunto unico de espécies endémicas, apesar do menor niumero de espécies em comparagao
com locais de menor altitude (HIGUCHI et al., 2012).

As epifitas sdo um grupo de espécies ocorrentes nas florestas tropicais, entre elas as
florestas nebulares, com grande ntimero de espécies nas florestas neotropicais (ZOTZ, 2003;
KELLY et al.,2014), que apresenta interagdo comensal com sua arvore suporte (JOHANSSON,
1974; WAGNER et al, 2015; WANG et al, 2016; ZOTZ 2016). Elas constituem
aproximadamente 10% de toda a flora vascular mundial, com representantes de mais de 80
familias, em que Orchidaceae, Bromeliaceae, Araceae, Polypodiaceae, Aspleniaceae e
Hymenophyllaceae sdo as mais ricas (BENZING, 1987; ZOTZ, 2021). Onde os servicos
ecossistémicos que elas desempenham, contribuem para sua diversidade, visto suas interagdes
com outros grupos de seres vivos da flora e fauna (RAMOS et al., 2021).

Dentre toda biodiversidade da flora mundial, as assembleias de epifitas possuem
18



particularidades que podem ser influenciadas tanto por fatores climaticos, como por exemplo,
umidade, luminosidade e temperatura e pelas interacdes que elas estabelecem com as arvores
hospedeiras, tanto no seu gradiente vertical (base das arvores até o dossel) quanto pelo gradiente
horizontal (entre os individuos e espécies de arvores), além do tamanho, idade e tipo de casca
que influenciam os padrdes de diversidade e distribui¢ao das espécies (BENZING, 1990; 1995;
GARCIA-SUAREZ et al., 2003; WOODS et al., 2015). Mas poucos trabalhos estudam seus
efeitos neutros, positivos ou negativos (FLORES-PALACIOS etal.,2014; SORIA et al., 2014;
FLORES-PALACIOS, 2016; FRANCISCO et al., 2019), sendo grande parte dos estudos sem
uma visdo conclusiva ou suficiente para destacar evidéncias desta relagio (MONTANA et al.,
1997; STATON et al., 2014; FRANCISCO et al., 2018).

A andlise da riqueza por fordéfito, como a diversidade alfa, pode ser a base para
comparagdes da diversidade beta, comparando a riqueza entre os fragmentos e/ou regides
florestais, (GENTRY & DODSON, 1987; HIETZ-SEIFERT et al., 1996, DUNN, 2000;
BARTHLOTT et al., 2001; LEIMBECK & BALSLEYV, 2001; NKONGMENECK et al., 2002;
WOLF & FLAMENCO, 2003; BENAVIDES et al., 2006), ou entdo em que a diversidade beta
fosse comparada ao nivel do fordfito (ZOTZ et al., 1999; SCHUETTPELZ & TRAPNELL,
2006; FLORES-PALACIOS & GARCIA-FRANCO, 2006; WOLF & FLAMENCO, 2003), ou
aos niveis de estratificacao vertical, sendo esse menos significativos o nimero de estudos feitos
(PARRA-SANCHEZ & BANKS-LEITE, 2020), ou a niveis de comparacao dos foréfitos vivos
versus mortos em pé, ndo sendo encontrado estudo sobre o tema.

Os estudos ecologicos visam entender os processos que influenciam a distribuigcdo
espacial das espécies ao longo do espago e tempo (HUBBELL, 2001; LEIBOLD et al., 2004;
SUTHERLAND et al., 2013), baseando-se na premissa de que o ambiente molda a assembleia
e a distribui¢do de espécies (ter STEEGE, 2010), e esta distribui¢dao dentro da comunidade pode
ser formada pela auséncia de pressdes no ambiente (processos neutros) ou por meio de
processos deterministicos (KADMON & ALLOUCH, 2007). Inicialmente as teorias
compreendiam que as relacdes entre os organismos atuavam como uma unidade e os fatores
bidticos, abiodticos e a historia local eram os que determinavam a estrutura da comunidade
(GLEASON, 1926). Entretanto, uma teoria deterministica tém sido particularmente usadas: de
um lado a Teoria de Nicho, postulada como a composi¢do de um conjunto de caracteristicas
ambientais (fatores abioticos e bidticos), que vao delimitar a distribuicdo de espécies e
consequentemente construir a comunidade (HUTCHINSON, 1957; SILVERTOWN, 2004;
MARI et al., 2016), e do outro a Teoria Neutra da Biodiversidade e Biogeografia, defendendo
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que as comunidades s3o estruturadas pelo acaso, fatores histéricos e limitagdes de dispersao
(HUBBELL, 2001; BURNS & ZOTZ, 2010) sendo ela fundamentada na Teoria da Biogeografia
de Ilhas onde os organismos sao funcionalmente equivalentes, possuem a mesma probabilidade
de se estabelecer e se manter em uma comunidade dependendo da sua capacidade de dispersao
(HUBBELL, 2001; MACARTHUR & WILSON, 1963; 1967).

A variagdo dos dados das espécies nos elementos ambientais e espaciais ¢ uma das
principais abordagens para analise dos efeitos de nicho e processos neutros (DINIZ-FILHO et
al., 2012). Esses estudos das variagdes dos dados das espécies em elementos espaciais e
ambientais sdo utilizados para pesquisar a importancia dos processos estruturais relacionados
ao nicho e a dispersdo em comunidades vegetais (LEGENDRE et al., 2009; GARBIN et al.,
2012; DISLICH & MANTOVANI, 2016; MARI et al., 2016).

Contudo, a heterogeneidade do ambiente e as limitacdes da dispersdo proporcionam
distribuicdes de espécies ndao homogéneas em grandes escalas. Mesmo em dareas
fisionomicamente semelhantes pode ocorrer uma substitui¢do gradual de espécies na
comunidade (TUOMISTO et al, 2003). At¢ em escalas menores, como em micro-habitats
verticais, que sao constituidas por variagdes microclimaticas, por exemplo, desde a base de
arvores até ramificagdes mais jovens da copa, representando um forte filtro ambiental para flora
no estabelecimento de epifitas vasculares e avasculares, visto que permitem encontrar
diferentes habitats verticais para se estabelecer e desenvolver JOHANSSON, 1974; KROMER
etal.,2007; ZHAO et al., 2015; WANG et al., 2016).

Com o crescimento dos forofitos as caracteristicas morfologicas e fisiologicas se
modificam influenciando o desenvolvimento da assembleia epifitica (BENZING, 1990). Essas
modificagdes incluem a arquitetura das arvores, caracteristicas da casca, quimica do solo da
copa, condi¢des microclimaticas e o tamanho da arvore (BENNETT, 1987; LOPEZ-
VILLALOBOS et al., 2008; GUSTAFSSON & ERIKSSON, 1995; FLORES-PALACIOS &
GARCIA-FRANCO, 2006). Durante o estagio inicial de sucessdao com o envelhecimento das
arvores, as epifitas passam por um processo de sucessao primdria, onde demonstram a relagao
linear positiva entre a riqueza de epifitas e o tamanho das arvores (HIETZ-SEIFERT et al.,
1996; BURNS & DAWSON, 2005; FLORES-PALACIOS & GARCIA-FRANCO, 2006;
HIRATA et al., 2008). Seguido por uma segunda fase com o aumento da riqueza epifitica pelos
fatores de dispersdo, e estrutura da copa e caracteristicas da casca (MENDIETA-LEIVA &
ZOTZ, 2015; PATINO et al., 2009; PATINO et al., 2018), e por tltimo o estagio onde as
assembleias decaem apos a morte destes foréfitos (TAYLOR et al., 2015; PATINO et al., 2018).
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Nessa perspectiva, em busca de uma estrutura que permita analisar a contribui¢ao dos
fatores ecologicos e historicos para determinar padrdes de diversidade, os componentes de
aninhamento e substitui¢ao de espécies da diversidade beta, se oferecem como ferramentas
fundamentais (BASELGA, 2010). Em ambientes naturais a biodiversidade pode ser medida em
trés escalas: “a diversidade alfa (o) ou diversidade local de um habitat ou comunidade
especifica; diversidade gama (y) ou diversidade em todos os habitats de uma determinada
regido, e diversidade beta (), que ¢ a de mudanca na composi¢do de espécies ao longo de um
gradiente ambiental ou entre habitats” (MAGURRAN, 2004).

As redes ecoldgicas que descrevem as interagdes entre espécies, € sdo uma ferramenta
atil na compreensdo de processos ecoldgicos que integram as comunidades (BLUTHGEN,
2010). As interagdes ecoldgicas podem ser reciprocas como o antagonismo, exemplificado
pelas relagdes de competigdo e mutualismo, ou unilaterais como amensalismo ¢ comensalismo
(MOUG]I, 2016). Dentre essas interagdes diversas métricas (e.g., conectancia, especializagao
da rede, aninhamento ¢ a modularidade) sdo empregadas para descrever a estrutura destes
diferentes tipos de relagao (SILVA et al., 2010; CEBALLOS ef al., 2016). Comparativamente,
a conectincia e a especializacdo da rede ainda sdo poucos explorados, sendo a organizacio das
interagdes entre espécies frequentemente averiguadas por padrdes de aninhamento e
modularidade. O aninhamento € caracterizado por um grupo de espécies com menor nimero de
interacdes (especialistas) que representam um subconjunto das espécies com maior nimero de
interagdes (generalistas) (ALMEIDA-NETO et al., 2008). Por sua vez, a modularidade trata da
divisdo de uma rede em compartimentos, ou modulos, em que as espécies dentro dos modulos
interagem mais fortemente umas com as outras do que com as espécies de outros mddulos
(GUIMERA & AMARAL, 2005; OLESEN et al., 2007, DORMANN & STRAUSS, 2014;
CARSTENSEN et al., 2016).

Desta forma, com o intuito de entender as interagdes positivas (mutualisticas) entre as
espécies vegetais que atuam (afetam) a dindmica e estrutura do funcionamento das comunidades
e por consequente a conservagdo da diversidade vegetal, em especial ambientes tropicais
(BERLOW et al., 2009; MCINTIRE & FAJARDO, 2014), as utilizagdes de diferentes
metodologias podem ser empregadas para que se aprofunde o conhecimento. Entre as
metodologias ja descritas temos a diversidade beta (BASELGA, 2012), a estratificacao vertical
dos forofitos (JOHANSSON, 1974) e o padrao de diversidade ap6s a morte dos mesmos, assim
como a rede de intera¢do horizontal de uma assembleia de epifitas vasculares.

Para esse propdsito, esta tese sera dividida em trés capitulos, incluindo esta introdugdo
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geral e conclusdo geral. No primeiro capitulo o objetivo ¢ analisar se a distribui¢ao horizontal
e vertical de epifitas vasculares sdo diferentes entre as subfitofisionomias da nanofloresta
nebular, uma vez que apresentam diferentes habitats, caracteristicas do solo, bem como
composi¢ao e estrutura arborea. O segundo capitulo tem como objetivo avaliar quais
caracteristicas dos foréfitos vivos e dos foréfitos mortos em pé tém influéncia no processo de
colonizacdo e desenvolvimento de epifitas em diferentes subfitofisionomias na nanofloresta
nebular. O terceiro capitulo o objetivo ¢ avaliar quais os padrdes de organizacao das interacdes
epifitas-forofitos em trés subfitofisionomias de uma nanofloresta nebular de um local
megadiverso. No final da tese sdo apresentadas as conclusdes finais, referentes aos estudos

desenvolvidos nos capitulos anteriores.
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RESUMO

As epifitas vasculares sdo plantas que crescem sobre individuos arboreos (forofitos),
apresentando padroes de distribui¢des espaciais verticais e horizontais. Compreender os fatores
que moldam a distribui¢do das epifitas e sua relagdo com as diversidades alfa e beta ¢ crucial
para a compreensdo dos padrdes de riqueza e composi¢do. Foi investigado a variagdo da
diversidade alfa e beta na estratificacdo vertical e horizontal das assembleias de epifitas em
diferentes tipos de vegetacdo em uma Nanofloresta Nebular. Foram estabelecidas 24 parcelas
de 20 x 10 m em trés subfitofisionomais (F1, F2 e F3) com diferentes caracteristicas de solo no
Parque Estadual do Ibitipoca, Minas Gerais. Os forofitos foram divididos em tronco inferior
(estratos) e copa superior (estratos) usando o método de estratificacdo de Johansson. Analises
de diversidade alfa e beta foram realizadas para cada local. Encontramos uma estratificagao
reduzida na area, indicando diferengas minimas de composi¢ao entre os estratos. No entanto, a
copa apresentou maior riqueza de espécies do que o tronco. As subfitofisionomias F1 e F2
apresentaram maior riqueza em relagdo ao F3. Orchidaceae foi a familia mais rica em geral,
enquanto Bromeliaceae e Polypodiaceae foram as mais frequentes. As holoepifitas foram
altamente representativas, demonstrando padrdes consistentes de riqueza, composicao €
dispersdo, sendo as espécies anemocodricas as mais abundantes. Este estudo destaca os padroes
unicos de estratificagdo epifita, enfatizando a importancia das caracteristicas bioticas e abidticas
nos processos de colonizacdo. Apesar do baixo dossel da floresta, a ndo uniformidade na
estratificacdo demonstra que as caracteristicas da formacao, como a altura, desempenham um

papel significativo na formacdo da riqueza epifita e nos padrdes de composigao.

Palavras-chaves: Comensalismo, Floresta Atlantica, Epifitismo, Nanofloresta Nebular.

ABSTRACT

Vascular epiphytes are plants that grow on phorophytes, and their distribution may vary
both horizontally and vertically. Understanding the factors shaping epiphyte distribution and
their relationship with alpha and beta diversities is crucial for understanding richness and
composition patterns. We investigated alpha and beta diversity variation in the vertical and
horizontal stratification of epiphyte communities across different vegetation types in a dwarf
cloud forest. Twenty-four 20 x 10 m plots were established in three vegetation types defined by

distinct soil characteristics, different phorophyte height and differences in tree species
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composition in Parque Estadual do Ibitipoca, Minas Gerais, Brazil. Phorophytes were divided
into four strata: (A) base of the trunk, (B) lower trunk, (C) inner canopy, and (D) outer canopy.
Alpha and beta diversity analyses were performed for each site. We found a reduced
stratification in the area, indicating minimal composition differences between the strata.
However, the canopy exhibited greater species richness than the trunk. Vegetation types F1 and
F2 displayed higher richness compared to F3. Orchidaceae was the richest family overall, while
Bromeliaceae and Polypodiaceae were more frequent. Holoepiphytes were highly
representative, demonstrating consistent patterns of richness, composition, and dispersion, with
anemochorous species being the most abundant. This study highlights the unique patterns of
epiphyte stratification, emphasizing the importance of biotic and abiotic characteristics in
colonization processes. Despite the low canopy of the forest, the non-uniformity in stratification
demonstrates that formation characteristics, such as height, play a significant role in shaping

epiphyte richness and composition patterns.

Key words: Alpha diversity, Atlantic Forest, Beta diversity, Commensalism,

Epiphytism.

INTRODUCTION

Species distribution is a complex phenomenon influenced by a wide range of factors
including topography, habitat heterogeneity, climate, edaphic conditions, and evolutionary
history (Kluge et al., 2006; Jones, 2011; Karger et al., 2011; Tuomisto et al., 2014; Vetaas et al.,
2019). Despite numerous studies exploring the community assemblage of various plant and
animal groups (Raven et al., 2020), epiphytes have received little attention (Taylor et al., 2022).
However, as they are bioindicators and components of ecosystem functioning (Barthlott et al.,
2001; Nadkarni et al., 2004; Diaz et al., 2010; Kromer et al., 2014; Gotsch et al., 2016; Zotz
2016), it is important to understand the community structure of these understudied life forms.
Vascular epiphytes are mainly a commensal group comprising about 10% of global plant
species that depend mechanically on other species for their survival (Zotz et al., 2021). They
can locally account for up to 50% of the vascular flora and occur mainly in tropical forests
(Zotz, 2013).

The distribution of vascular epiphytes is determined by both abiotic and biotic factors.
Macro and microclimatic conditions, including humidity luminosity, temperature, and

precipitation play a critical role in shaping their distribution (Gentry and Dodson, 1987a; Kreft
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et al., 2004; Kromer et al., 2013; Weigand et al., 2020; Elias et al. in Press). Biotic factors, such
as dispersal syndromes, bryophyte coverage, and tree characteristics such as crown volume,
area, deciduousness, phorophyte size and architecture, bark chemistry, stability, and roughness,
also significantly influence their distribution (Burns and Dawson, 2005; Arévalo and Betancur,
2006; Wagner et al., 2015; Tay et al., 2023). For example, horizontal branches can develop
canopy soils that retain more nutrients and humidity than naked bark, leading to a greater
richness and abundance of epiphytes (Hietz and Hietz-Seifert, 1995a). These factors not only
account for differences in epiphyte communities across different global ecosystems but also
explain differences at meso and microscales, such as among different forest physiognomies and
within the same tree.

Forests are complex ecosystems where the interindividual diversity of trees, such as age,
size, and species, leads to horizontal gradients, across epiphyte communities, that are
characterized by variations in bark texture and phorophyte architecture (ter Steege and
Cornelissen, 1989; Benzing, 1990; Schuettpelz and Trapnell, 2006; Sayago et al., 2013; Zhao
et al., 2015; de la Rosa-Manzano et al., 2017; Francisco et al., 2018). Each tree creates a
microhabitat gradient from the forest floor to the top and from the trunk center to the outermost
twigs and leaves (Cabral et al., 2015; Murakami et al., 2022). These microhabitats differ in
various factors, such as temperature, humidity, sun exposure, and wind velocity, which can have
a significant impact on the diversity and distribution of epiphytes (Petter et al., 2016; Murakami
et al., 2022). For instance, the base of a tree may have high humidity, low temperature, and
stable luminosity, while the outer branches may experience the opposite microclimate (Woods
etal., 2015). The microclimate can also be influenced by external factors, such as sun irradiation
in trees near gaps or emerging above canopies (Murakami et al., 2022). The diversity and
composition of epiphytes vary along the tree and crown and are influenced by the internal
microhabitats (Furtado and Menini Neto, 2016; Francisco et al., 2018; Marcusso et al., 2019).
Overall, the horizontal gradients within forests, created by interindividual diversity and
microhabitat gradients significantly affect the distribution of epiphytes and contribute to the
complexity and diversity of forest ecosystems.

The epiphytic community composition is not only influenced by individual tree
characteristics, but also by the structural and successional stages of the arboreal vegetation.
These aspects are influenced by the local tree species composition (Hietz and Hietz-Seifert,
1995a; Burns and Zotz, 2010). Forests are ecosystems with diverse topographical and plant

features, which are often categorized into different groups known as physiognomies (Oliveira-
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Filho, 2009). A diverse range of physiognomic and environmental characteristics affects the
distribution of plant species in tropical forests (Raven et al., 2020; Spicer et al., 2020). These
characteristics create variations in the distribution of forest types and their associated
microclimates, which are determined by geographic factors such as latitude, elevation, and
rainfall (Terborgh, 1995). These environmental variations result in luminosity and moisture
gradients, which in turn influence the composition of vascular epiphytes (Spicer et al., 2020).
The composition and distribution of vascular epiphytes may vary considerably among forest
types and tree strata, or horizontal and vertical distribution, respectively. For instance, taller and
denser trees and higher humidity can favor greater richness and differences in species
composition among strata, resulting in distinct microhabitats (Kromer et al., 2007; Spicer et al.,
2020).

There is a high abundance and richness of epiphytes in cloud forests (Bruijnzeel et al.,
2010). Cloud forests are natural forests that occur in areas with climatic and topographic
conditions that are frequently enveloped in fog and clouds (Oliveira-Filho and Fontes, 2000;
Bruijnzeel et al., 2010). These forests account for only 2.5% of the total area of tropical forests
worldwide (Bubb et al., 2004) and are found in mountain peaks or ridges of mountainous relief,
but in narrow altitude belts (Vazquez-Garcia, 1995). The water interception from the fog is
responsible for hidden precipitation, which constitutes an essential process of the hydrological
cycle for this habitat. Cloud forests are characterized by high biological diversity, high beta
diversity, and a high percentage of endemic species, making them one of the most important
ecosystems worldwide. Despite their limited geographical extent, cloud forests provide critical
ecosystem services such as carbon sequestration, water regulation, and habitat for a wide range
of fauna and flora (Williams-Linera et al., 2013; Gual-Diaz and Gonzales-Medrano, 2014).

Investigating the relationships between environmental factors and epiphytic
communities, we can gain insights into the ecological mechanisms that shape these
communities and identify the drivers of their spatial patterns. This knowledge can be applied to
inform conservation practices that promote the persistence of epiphytic communities in natural
forests. Therefore, we here aim to investigate if the horizontal and vertical distribution of
vascular epiphytes differs among distinct types of cloud forest, as these present different
habitats, soil characteristics as well as arboreal composition and structure. Our hypothesis was
that the variation of microhabitats or environment, both among stratum and forest types, affects
the composition, richness, and stratification of the vascular epiphytic community. We expected

that physiognomies with taller and denser trees, more humidity, and lower canopy openness
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will present higher vascular epiphyte diversity and more differences of composition among tree

strata.

MATERIALS AND METHODS

2.1 Study area

Located in the southeastern region of Minas Gerais, specifically within the Conceicao
do Ibitipoca district of Lima Duarte municipality, the Parque Estadual do Ibitipoca (PEIB) is
part of the Serra da Mantiqueira complex (Fig. 1). Encompassing an area of approximately 1488
ha, the park is characterized by its diverse topography, consisting of steep cliffs and hills that
span altitudes ranging from 1000 to around 1800 m. The prominent peaks in the region include
Pico do Pido, which stands at 1721m on the eastern side, and Lombada or Pico do Ibitipoca,
reaching 1784 m on the western side (Forzza et al., 2013). The prevailing climate in the area is
classified as Cwb according to the Kdppen climate classification system, indicating a humid
mesothermal climate with dry winters and mild summers. The average annual precipitation
measures around 1532 mm, while the average annual temperature is recorded at 18.9°C (Rocha,

2013).
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Gerais, Brazil.

Located within the Atlantic Domain, the Parque Estadual do Ibitipoca (PEIB) comprises
a diverse array of grassland and forest physiognomies, making it an area of paramount
importance for conserving the flora of Minas Gerais (Drummond et al., 2005; IEF, 2021). The
PEIB is characterized by the prevalence of the campina nebular (cloud grassland) vegetation,
which exhibits exceptional floristic richness and harbors numerous endemic species. Fragments
of the cloud forests are interspersed with campina nebular (cloud grassland) vegetation, and
comprise approximately 20% of the park's vegetation(Oliveira-Filho et al., 2013).

The physiognomy of the dwarf cloud forest within Parque Estadual do Ibitipoca (PEIB)
exhibits altitudinal variation and is categorized into four distinct vegetation types, delineated
by differences in soil attributes, geographical location, and tree composition (Oliveira-Filho et
al., 2013). The first type, tenuissolica humifera ripicola (F1), occurs in shallow soils less than
0.5 m thick and is typically associated with watercourses and caves, with trees mean height of
8 m. The second type, crassissolica arenosa de encosta (F2), thrives on the slopes of valleys,
characterized by deep sandy soils with a thickness greater than 0.5 m, and trees with a mean of
7 m height. The third type, tenuissolica arenosa de encosta (F3), is found on the valley slopes
and consists of sandy, shallow soils less than 0.5 m thick, and the smallest tree with a mean
height of 5 m. Unfortunately, the fourth formation, fenuissolica humifera de encosta, which
occurs in moist and shallow soils less than 0.5 m thick on the valley slopes, was not included
in this study due to limited accessibility (Furtado and Menini Neto, 2018).

The vegetation types investigated in this study exhibit a continuous gradient, with F1
situated in close proximity to caves within the park, providing natural wind protection. These
areas are often found near watercourses such as Pido, Viajantes, Cruzeiro, and Trés Arcos,
although they can also be absent in certain locations like Coelhos and Bromeliads. The presence
of organic-rich soils in F1 supports the development of dense vegetation and emergent trees.
F2, positioned slightly more exposed to winds due to its location, features deep soils covered
by mosses and dense arboreal vegetation, representing an intermediate stage. F3 serves as a
transitional environment between the cloud forest and campina nebular (cloud grassland),
characterized by sandy and shallow soils that act as an environmental filter. As a result, the tree
community in F3 is sparser and more vulnerable to wind exposure (Furtado and Menini Neto,

2018; Fig. 2).
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Fig. 2. The dwarf cloud forest exhibits a vegetation mosaic consisting of three delineated

vegetation types: F1 (tenuissolica humifera ripicola), F2 (crassissolica arenosa de encosta),

and F3 (tenuissolica arenosa de encosta).

2.2. Data collection
From 2014 to 2015, we collected data within Parque Estadual do Ibitipoca (PEIB),

employing a total of 24 plots, each measuring 10 x 20 m. We distributed eight plots in each of
the three distinct vegetation types. The plots representing the F1 vegetation type were
strategically positioned near cave entrances, serving as reference points for the other two
vegetation types. These reference plots were chosen for their close proximity and similar
altitudes to the F1 plots. Within each plot, we thoroughly examined all phorophytes (considered
as the sampling units for this study) with a diameter at breast height (DBH) equal to or greater
than 10 cm. Each tree was labeled with aluminum tags, and the presence of vascular epiphytic
species was meticulously recorded. Specimen collection was limited to instances where it was
deemed necessary, and all collected specimens were appropriately stored in the CESJ herbarium
(acronym according to Thiers, 2023). Species identification was accomplished by consulting
specialized literature, examining collections in the CESJ and RB herbariums (acronym
according to Thiers, 2023), and seeking guidance from experts. Moreover, we categorized the
identified species into three ecological categories based on their association with the phorophyte
(holoepiphytic characteristics: epiphytic habit throughout their life cycle; facultative
holoepiphytes: they can grow, in the same community, both on trees and in the soil;
hemiepiphytes: epiphytic habit only during part of your life; Benzing 1990), and dispersal
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modes following the Flora e Funga do Brasil (2023). Occurrence records of epiphytic species
were also documented for each ecological stratum present on the phorophytes. These strata
were categorized into four zones (adapted from the vertical zonation scheme by Johansson,
1974): the base of the trunk (A) and lower trunk (B) referred to as the trunk, the inner canopy
(C), and the outer canopy (D) known as the canopy (Fig. 4). This methodology was adopted on
the premise that a microclimatic gradient exists from the base to the apex of the phorophytes,
potentially resulting in varying epiphytic composition vegetation within each ecological

stratum (Nieder et al., 1999).
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Fig. 3. Vertical division of the phorophyte into four distinct ecological zones, based on
Johansson (1940). (A) base of the trunk, (B) lower trunk, (C) inner canopy and (D) outer

canopy.
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2.3. Statistical analyses

In order to assess the adequacy of the collected samples within each vegetation type, we
utilized the INEXT' package (Hsieh et al., 2020) to generate rarefaction, completeness, and
sample coverage graphs (Fig. 4). To investigate differences in epiphytic species richness,
ecological categorization, and dispersion among phorophytes strata, as well as the variation in
total height and height of the first bifurcation (HFB) of phorophytes, we employed the Kruskal-
Wallis test. The richness of epiphytes in each ecological stratum, ecological categories,
dispersal syndrome, height and HFB of phorophytes across the three vegetation types were
tested for normality and homogeneity assumptions. Furthermore, pairwise comparisons
between ecological strata and vegetation types were conducted using the Wilcoxon test.
Statistical significance was determined at a significance level of p < 0.05.
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Fig. 4. Rarefaction, completeness, and sample coverage of epiphytes species in each of the
vegetation types. F1 (tenuissolica humifera ripicola), F2 (crassissolica arenosa de encosta), F3
(tenuissolica arenosa de encosta). Lines of the same color show 95% confidence intervals for

each vegetation type.

In order to determine the classification of species as generalists or specialists within
each vegetation type and ecological stratum (A, B, C, and D), we employed the Multinomial
Species Classification Method analysis (CLAM). Which uses pooled species occurance data
from two groups to classify species into four categories: (1) ‘group A specialist’; (2) ‘group B
specialist’; (3) ‘generalist’, and; (4) ‘too rare to classify’ (Chazdon et al., 2011). To examine the
composition of epiphytic species within ecological strata, multivariate cluster analysis and
Nonmetric Multidimensional Scaling (NMDS) were conducted. Dissimilarity between
vegetation types (areas, phorophytes, and stratification) was assessed using the Sorensen
distance (Sorensen, 1948) in the 'betapart' package (Baselga and Orme, 2012), with the results
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visualized through cluster analysis. The presence of a nested pattern in the epiphyte community
among vegetation types was evaluated using the nesting index proposed by Baselga (2010),
followed by a cluster analysis for visualization. Additionally, to examine species turnover, the
Simpson index was applied to quantify the degree of species replacement between
environments (Simpson, 1943; Baselga, 2010), followed by a cluster analysis. The dissimilarity
measure that best explains the pattern of beta diversity, indicating either nestedness or turnover
was determined based on the observed increasing dissimilarity between communities (Baselga,
2010; Baselga and Orme, 2012).

Redundancy Analysis (RDA) was employed to investigate the relationships between
environmental and biological variables. RDA was used to examine the correlation between
beta-diversity among the three vegetation types and several environmental variables, including
the total height of phorophytes, height of the first bifurcation (HFB), diameter at breast height
(DBH), altitude, and bark characteristics (smoothness, presence of grooves, and roughness).
The analysis excluded HFB due to its autocorrelation with total height (r = 0.74). Separate
RDAs were conducted for each stratum and area, and the data were transformed and
standardized using scaling 1. The significance of the RDAs was evaluated through permutation
tests implemented in the 'vegan' package (Oksanen et al., 2013).

We employed the Mantel test implemented in the 'vegan' package (Oksanen et al., 2013)
with 10,000 randomizations (Mantel, 1967) to investigate the spatial dependence and assess the
floristic similarity between nearby areas. This analysis involved correlating two dissimilarity
matrices: one based on floristic distance (Bray-Curtis, 1957) and the other on spatial distance
(Euclidean distance). The spatial distances between areas were determined using
georeferencing points obtained from a GPS device.

All statistical analyses were conducted using the R software (R Development Core

Team, 2016).

3. Results
The PEIB community presented 128 species of vascular epiphytes, distributed in 62
genera and 19 families (Table S1). The richest family was Orchidaceae (Monocotyledons) with
51 species (39%) in 21 genera, being Epidendrum (8), Gomesa (7), and Octomeria (5), the
mostspecies-rich. The second richest family was Polypodiaceae (ferns) with 17 species (13%),
distributed in 11 genera, among which Pleopeltis (3), Campyloneurum (2), Cochlidium (2),

Pecluma (2), and Serpocaulon (2) are the most species-rich. The third was the Bromeliaceae
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family with 14 species (11%) in six genera, being Tillandsia (5) and Vriesea (6) the most
species-rich. The characteristic holoepiphytes were the most representative, with 85 species
(66%), followed by the facultative holoepiphytes with 38 species (30%), and the hemiepiphytes,
with 3 species (2%). While 104 (81%) anemochoric and 24 (19%) zoochoric species were
found.

We found a similar species composition among the three vegetation types (beta diversity
=56,4%, Adonis F = 1,76; DF= 2, 23; P=0.09). The geographical distance between areas was
not related to the beta diversity (Mantel, P > 0,08). Although the composition was similar (beta
diversity = 56,7%, Adonis F = 2,55; DF= 1, 15; P=0.052), F3 vegetation type had a lower total
species richness (66) than the F2 and F1 vegetation types (96 and 105 species, respectively, Fig.
5 and Fig. 6). The size (total height and DBH) and bark of trees, as well as altitude, influenced
species composition between vegetation types (RDA, F=2,81; DF= 5,18; P=0.001, Fig. 7). In
turn, F1 and F2 presented phorophytes with greater height (Kruskal-Wallis = 614,09; df = 2; p-
value = 2.2e-16) and HFB (trunk) than F3 (Kruskal-Wallis = 42,216; df = 2; p = 2,2e-16; Fig.
8).
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Fig. 5. Percentage (a) and mean and standard deviation (b) of the number of epiphytic species

in each phorophyte stratum (A: base of the trunk, B: lower trunk, C: inner canopy, D: outer
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canopy) for each vegetation type (F1: tenuissolica humifera ripicola, F2: crassissolica arenosa
de encosta, F3: tenuissolica arenosa de encosta). The bars represent the standard deviation of

mean epiphyte richness.
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Fig. 6. The structure of the epiphytic assembly was analyzed using Principal Coordinate
Analysis (PCoA) to visualize the Bray-Curtis dissimilarities among the three vegetation types:
F1 (tenuissolica humifera ripicola), F2 (crassissodlica arenosa de encosta), and F3 (tenuissolica

arenosa de encosta), PCoAl (21,8%) e PCoA (6,1%).
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Fig. 7. Epiphyte species ordination diagram from the RDA analysis with environmental
variables: altitude, bark, DAPm (mean diameter breast height), Altm (mean height) represented

by blue arrows and species represented by red arrows. The vegetation types F1: tenuissolica
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humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta.
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Fig. 8. The boxplot illustrates the height (a) and height of the first bifurcation (HFB) (b) of the
phorophytes across the different vegetation types. (F1: tenuissolica humifera ripicola,

F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta).

Composition did not differ across the four strata, regardless of vegetation type (beta
diversity = 13,3%, Adonis F = 0,74; DF= 3, 95; P=0.74). The canopy strata (C and D) did not
differ from each other, as well as the trunk strata (A and B). However, strata C and D (from now
on called canopy) showed greater richness than strata A and B (from now on called trunk)
(Kruskal-Wallis = 53,5, df = 3; p-value = 1.455e-11, Fig. 9). Among the three most
representative families, Orchidaceae did not present vertical stratification (Kruskal-Wallis =
3.5065, df = 3, p-value = 0.3199), while Polypodiaceae and Bromeliaceae showed vertical
stratification (Kruskal-Wallis = 40.524, df = 3, p-value = 8.248e-09 and Kruskal-Wallis =
46.703, df = 3, p-value = 4.019¢-10) with the D strata (outer canopy) showing greater richness
(Fig. 10). The tank and atmospheric Bromeliaceae species demonstrate similar patterns, being
canopy the richest stratum (Kruskal-Wallis = 10.293, df = 3, p-value = 0.01 and Kruskal-Wallis
=13.581, df = 3, p-value = 0.003; Fig. 11).
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Fig. 9. Mean and standard deviation of trunk stratification (A: base of the trunk, B: lower trunk)
and canopy (C: inner canopy, D: outer canopy) for each vegetation type (F1: fenuissolica

humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta).
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Fig. 10. Mean and standard deviation of each strata A: base of the trunk, B: lower trunk, C:
inner canopy, D: outer canopy for each vegetation types (F1: tenuissolica humifera ripicola,

F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta) in the main families

Bromeliaceae, Orchidaceae, and Polypodiaceae.
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Fig. 11. Mean and standard deviation of each strata A: base of the trunk, B: lower trunk, C:
inner canopy, D: outer canopy for each vegetation types (F1: tenuissolica humifera ripicola,
F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta) in the family

Bromeliaceae: trunk and atmospheric.

We did not find indicator species either from vegetation types or from different strata.
The generalist species (occurring in all strata) in F1 were Pleopeltis hirsutissima
(Polypodiaceae) and Tillandsia stricta (Bromeliaceae), in F2 were P hirsutissima
(Polypodiaceae) and Vriesea penduliflora (Bromeliaceae), while in F3 they were P. macrocarpa
(Polypodiaceae) and V. pendulifiora (Bromeliaceae). The species that occurred mostly on the
trunk (strata A and B), regardless of the vegetation types, were 7. stricta (Bromeliaceae) and P,
hirsutissima (Polypodiaceae), and in the canopy (strata C and D) were V. penduliflora
(Bromeliaceae) and P. hirsutissima (Polypodiaceae) (Table S.1). Regardless of the vegetation
types, the exclusive trunk species were: Begonia sp. (Begoniaceae), Cochlidium punctatum
(Polypodiaceae), Lellingeria piculate (Polypodiaceae), Peperomia diaphanoides (Piperaceae),
while the canopy exclusives were: Rumohra adiantiformis (Dryopteridaceae) and the species:
Bulbophyllum granulosum, Octomeria rubrifolia, O. wawrae and Pleurothallis rubens
(Orchidaceae).

However, when viewed by the vegetation types, F1 presented species that did not have
as many records when compared to the other vegetation types. On the trunk, the species
Nidularium ferdinandocoburgii (Bromeliaceae) (41 occurrences) presented the highest number
of records, followed by Hymenophyllum polyanthos (Hymenophyllaceae) (39 occurrences), 7.
stricta (32 occurrences) and V. friburgensis (26 occurrences). In both canopy strata the most

common species were P. hirsutissima (54 and 66 occurrences) and 7. stricta (44 and 49

47


https://docs.google.com/document/d/1Bw7NMb8HhBtz9N5551ABZrtQEcFlVo4_vb1fxrhZm2A/edit

occurrences). In F2, Dichaea cogniauxiana (Orchidaceae) (22 occurrences), P. hirsutissima (22
occurrences) and 7. stricta (50 occurrences) were the most representative on the trunk. At the
same time as in the canopy the species P. hirsutissima (50 and 41 occurrences), and V.
penduliflora (43 and 42 occurrences) were dominant. F3 was the one with the lowest number
of occurrences and showed a difference in richness between the trunk and crown strata. On the
trunk, the species V. penduliflora (50 occurrences), and Microgramma squamulosa
(Polypodiaceae) (21 occurrences), and P. hirsutissima (26 occurrences) were the species with
the highest number of records. In the canopy, the species V. penduliflora (39 occurrences), P.
macrocarpa (71 occurrences), and 7. stricta (28 occurrences) were recorded as dominant in the
number of records.

The holoepiphytes showed greater richness in all strata and vegetation types than the
group comprising the facultative epiphytes and hemiepiphytes. The latter two groups showed
the same pattern when we analyzed all species together: greater diversity in the crown than on
the trunk in the three vegetation types (Fig. 12a). The dispersion syndrome, the anemochoric
species showed greater richness than the zoochoric ones, and stratification with greater richness

in the canopy in the vegetation types (Fig. 12b).
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Fig. 12. Mean and standard deviation of ecological classification (a) and dispersion (b) of
epiphytes species along the strata (A: base of the trunk, B: lower trunk, C: inner canopy, D:
outer canopy) for each vegetation type (F1: tenuissolica humifera ripicola, F2: crassissolica
arenosa de encosta, ¥3: tenuissolica arenosa de encosta). HEM — hemiepiphytes, HLC —
characteristic holoepiphytes, HLF — facultative holoepiphytes, anem — anemochoric, zoo —

zoochoric.

4. DISCUSSION

Our findings revealed a consistent pattern of higher species richness in the canopy
compared to the trunk, while the composition between the strata remained similar. This pattern
was observed across the three vegetation types examined in this study. Among the epiphyte
families, Bromeliaceae and ferns (mainly Polypodiaceae) were the most frequent, with
Orchidaceae being the richest family across all four tree strata. Holoepiphytes were more
dominant than facultative and hemiepiphytes, exhibiting a consistent pattern of richness and
composition across different vegetation types and stratifications. Anemochorous dispersal was
more prevalent than zoochorous dispersal, and stratification was observed in both
anemochorous and zoochorous species across all vegetation types. The height, DBH, bark
characteristics of the host trees, as well as the altitude, influenced the stratification pattern in

species composition.

4.1 Difference among vegetation types

Our study revealed that F3 vegetation (tenuissdlica arenosa de encosta) had
lower species richness compared to the other two vegetation types. The species composition
within the vegetation types was influenced by tree characteristics, such as tree size, bark texture,
and microclimate, such as the altitude as a proxy. Acebey et al. (2017) also found significant
differences in three areas of humid montane forest in Mexico, where the presence of unique or
frequent species of ferns among the areas are related to microclimate and soil. F3 vegetation,
proximity to campina nebular (cloud grassland), i.e. open areas, benefits from high cloudiness
throughout the day, creating a humid environment suitable for epiphytes (ter Steege and
Cornelissen, 1989; Kluge and Kessler, 2011). However, F3 is located at the transition between
dwartf cloud forest and campina nebular (cloud grassland), away from the valley bottom,
resulting in a large extent of open areas and the absence of a closed canopy. These
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characteristics contribute to higher wind incidence, solar radiation, and shallow sandy soils with
high drainage, leading to reduced local humidity (Oliveira-Filho et al., 2013; Furtado and
Menini Neto, 2018). Conversely, F1 and F2 vegetation types (tenuissolica humifera ripicola
and crassissolica arenosa de encosta respectively) provide a more favorable environment for
high epiphyte richness, being closer to moisture-rich areas such as caves and watercourses
(Rodela and Tarifa, 2002; Kluge and Kessler, 2011; Acebey et al., 2017). Alongside these
characteristics, dwarf cloud forests also have a low canopy height, ranging from 3 to 10 m
(Oliveira-Filho et al., 2013). The limited tree height hinders the formation of distinct
microhabitats, which are crucial for supporting high diversity in epiphytes (Kromer et al.,

2007).

4.2 .Stratification

Our study revealed a consistent pattern across different vegetation types, showing that
the canopy had higher species richness compared to the trunk. This pattern has also been
observed in various Brazilian formations, including the mixed ombrophilous forest in the
Southern region (Kersten and Silva, 2002), semideciduous forests (Bataghin et al., 2017;
Marcusso et al., 2019), and inselbergs in the Southeast region (Couto et al., 2019), as well as
humid montane forests in Bolivia (Kromer et al., 2007) and China (Zhao et al., 2015). The
greater species richness in the canopy can be attributed to the availability of diverse
microhabitats, increased light exposure, and the presence of debris and organic matter, which
create favorable conditions for the colonization and growth of epiphytic species (Kromer et al.,
2007; Kersten and Silva, 2002). Conversely, the lower species richness observed on the trunk
is likely due to the scarcity of accidental or hemiepiphytic species in this zone (Acebey and
Kromer, 2001; Addo-Fordjour et al., 2009). This phenomenon can be attributed to several
factors. Firstly, the limited availability of attachment points on the trunk for epiphytic species
results in diminished opportunities for successful colonization (Kromer et al., 2007). Moreover,
heightened shading, as documented by ter Steege and Cornelissen (1989), and Furtado and
Menini Neto (2016), exacerbates the challenge. Additionally, the influence of a colder climate
plays a role, impacting species distribution. For instance, species from the Araceae family are
typically less abundant in montane humid forests compared to their prevalence in lowland rain
forests (Kreft et al., 2004; Acebey and Kromer, 2008).

Although all three vegetation types are classified as cloud forests, the variation in tree

height among them plays a significant role in influencing the colonization process across the
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different strata (Francisco et al., 2019). Since the majority of epiphytic species propagules are
small and dispersed by wind (i.e., of orchids, ferns and Tillandsioideae; Benzing, 1990; Zotz,
2016), the height at which the tree first branches can be a critical factor in determining the
colonization of epiphytic seeds. An experiment conducted by Shaw et al. (2004) demonstrated
that depending on the height of the first branching and the architecture of the tree, the seed rain
of epiphytes forms horizontal layers across different forest strata, consequently shaping the
composition of the epiphyte community along the strata.

Among the various taxa studied, ferns, lycophytes, and Bromeliaceae exhibited a
distinctive stratification pattern, revealing a higher richness in the crown region as opposed to
the trunk. Notably, ferns and lycophytes play a pivotal role in shaping epiphytic communities
within tropical and subtropical forests worldwide (Xu and Liu, 2005; Geraldino et al., 2010).
Interestingly, in Cloud Forests situated above 1100 meters, there is a notable elevation-
associated increase in species richness within each stratum. This phenomenon can be attributed
to the fact that, as elevation rises, fern species are better adapted than other epiphyte families,
to exploit varied habitats due to the diminished microclimatic disparities engendered by cloud
cover (Acebey et al., 2017). Consequently, they can more effectively establish themselves
throughout the canopy. Conversely, Bromeliaceae species possess adaptive characteristics such
as leaf tanks, water-capturing scales, and effective seed dispersal mechanisms, enabling their
colonization across various vertical strata (Smith, 1986; Fisher and Aratijo, 1995; Freitas et al.,
2016). Our study unequivocally corroborated the substantial presence of Bromeliaceae within
the canopy, aligning perfectly with their established distribution pattern that indicates a higher
richness in this upper stratum (Gentry and Dodson, 1987b; Benzing, 1990; Zotz, 2013; 2016).
In contrast, Orchidaceae did not exhibit significant stratification in our study. However,
variations can be observed within this family, as Orchidaceae species employing the
ecophysiological CAM pathway were primarily located in exposed sites, highlighting notable
distinctions between species growing on the trunk and those inhabiting the outer canopy (Zotz
and Ziegler, 1997). Nonetheless, this family displayed a remarkable diversity across the study
area, representing 39% of the recorded species, mainly due to their taxonomic diversity (Hietz
and Hietz-Seifert 1995b; Zotz, 2016). Orchidaceae is recognized as one of the richest families
in various tropical regions and can contribute up to 50% of the epiphytic diversity in many
montane forests worldwide (Barthlott et al., 2001; Kelly et al., 2004; Kromer et al., 2007).

Among the specialist species exclusive to the canopy, some exhibit a small size, such as

Bulbophyllum granulosum Barb.Rodr., Octomeria rubrifolia Barb.Rodr., O. wawrae Rchb.F.,
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and Anathallis rubens (Lindl.) Pridgeon & M.W. Chase (Orchidaceae). This characteristic is
likely an adaptation to the microclimatic variability experienced in the canopy, including higher
light intensity, temperature fluctuations, stronger winds, lower humidity, and thinner branches,
which pose challenges for the establishment and growth of certain species (Kersten and Silva,
2001; Kromer et al., 2007). However, Rumohra adiantiformis (G.Forst.) Ching
(Dryopteridaceae), despite being a facultative holoepiphyte, primarily occurs in the inner
canopy, where substrate accumulation provides favorable conditions for the development of its
long and dense rhizomes, supporting its persistence in that location (Sundue et al., 2013).
Among the trunk specialist species, four are facultative holoepiphytes: Begonia sp.
(Begoniaceae), Elaphoglossum vagans (Mett. ex Kuhn) Hieron. (Dryopteridaceae),
Nematanthus strigillosus (Mart.) H.E.Moore (Gesneriaceae), and Peperomia diaphanoides
Dahlst. (Piperaceae). These species readily colonize the trunk, as observed in previous studies
(e.g., Kromer et al., 2007; Oliveira-Filho et al., 2013). The other trunk specialist species belong
to the family Polypodiaceae: Cochlidium punctatum (Raddi) L.E.Bishop and Lellingeria
apiculata (Kunze ex Klotzsch) A.R.Sm. & R.C.Moran. These species belong to the group of
grammitids characterized by chlorophyllous (green) spores (Kreier et al., 2008). In the montane
forest, they encounter a favorable environment for their growth. Prior research has indicated
that epiphytic fern richness notably increases in cloud-covered environments at higher altitudes
compared to lower altitude settings, primarily due to the elevated humidity prevalent in such

locations (Kessler, 2000; 2001; Kluge et al., 2006; Acebey et al., 2017).

4.3.Importance of findings for conservation

This study emphasizes the significance of conducting comprehensive investigations into
vegetation formations to gain a deeper understanding of their unique characteristics. Our
findings clearly demonstrate variations along both the horizontal and vertical gradients within
the same cloud forest formation, influencing the richness and composition of the stratification.
Deforestation in this important ecosystem could disrupt the complex relationships and patterns
observed in epiphyte communities, leading to changes in their diversity, composition, and
distribution across different strata and habitats. It is important to recognize that epiphytes are
predominantly represented by families that face significant threats from human activities,
including collection pressure and habitat fragmentation (Barros, 2007; Bataghin et al., 2008,

2012; Bernardi and Budke, 2010; Martinelli and Moraes, 2013; Bianchi and Kersten, 2014;
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Dias-Terceiro et al., 2015; Menini Neto et al., 2016; Silva et al., 2017; Brazil Flora Group,
2021). These insights are vital not only for species reintroduction and the implications of
deforestation in the ecosystem most endangered in the world (Meyers et al. 2000; Mittermeier
et al. 2004), but also for shedding light on specific aspects of the study area and the species
inhabiting it. There is a significant lack of research focusing on species reintroduction and its
intricate interactions with both abiotic and biotic factors. This particular subject remains
understudied, despite the fact that this group has demonstrated highly distinct performances and
outcomes (Duarte and Gandolfi, 2017; Agudelo et al., 2019; Benavides et al., 2023). This
underscores the importance of understanding the preferences and specificities of epiphytic
species and their colonization areas in informing future decision-making processes for

environmental protection policies.

4.4.Conclusion

The species composition exhibited remarkable similarity among the three vegetation
types and within the strata. However, there were variations in species richness, with the canopy
(strata C and D) showing higher richness compared to the trunk (strata A and B), and lower
richness in F3 compared to the other two vegetation types. Notably, the stratification played a
significant role for the families Polypodiaceae and Bromeliaceae, which displayed greater
species richness in the canopy than on the trunk. These findings hold substantial importance for
understanding epiphyte ecology for several reasons. The observed variations in species richness
between the canopy and trunk, as well as among different vegetation types, underscore the
significance of vertical stratification and habitat heterogeneity in shaping the diversity and
distribution of epiphyte species. Unraveling these patterns can provide valuable insights into
the drivers of species richness and the ecological processes influencing epiphyte communities.
This information enhances our understanding of the ecological preferences and habitat
requirements of different epiphyte taxa. By shedding light on species composition, richness
patterns, and the role of stratification for specific epiphyte families, these findings contribute to
a deeper comprehension of the ecological dynamics and functioning of epiphyte communities.
Such knowledge is essential for the development of effective conservation and management

strategies aimed at preserving epiphyte diversity and maintaining ecosystem integrity.
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SUPPLEMENTARY MATERIAL

Table S1. List of 128 vascular epiphytes species, attributed to 64 genera and 18 families. EC — Ecological category. hlc - characteristic
holoepiphytes, hif — facultative holoepiphytes; hem — hemiepiphytes. Disp — Dispersion, anem: anemochoric, zoo — zoochoric. F1: crassissolica
arenosa de encosta; F2: tenuissolica arenosa de encosta; F3: tenuissolica humifera de encosta. (A) base of the trunk, (B) lower trunk, (C) inner

canopy and (D) outer canopy. After the family’s names in brackets are presented the number of genera and species.

Occurrences ‘Occurrences in stratas from each vegetation types

Family/Species EC Disp
F1 F2 F3 Al A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3
Araceae (2/4)

Anthurium minarum Sakur. & Mayo hif zoo 33 3 5 12 8 1 4 6 0 10 14 4 7 5 O
Anthurium scandens (Aubl.) Engl. hc zoo 49 15 0 5 1 0 7 4 0 20 5 0 17 5 0
Anthurium sp. zoo 3 0 0 1 O O 1 O O O O O 1 o0 O
Philodendron appendiculatum Nadruz & Mayo hem zoo 54 23 3 22 15 0 14 4 0 10 4 3 8 0 O

Aspleniaceae (1/7)
Asplenium auriculatum Sw. hic anem 17 8 6 8 2 3 4 0 2 2 3 1 3 3 0
Asplenium auritum Sw. hlc anem 16 4 10 3 1 6 2 0 1 8 2 1 3 1 2
Asplenium feei Kunze ex Fée hf anem 6 O O 4 0 O 1 0 O 1 0 O O O O
Asplenium geraense (C.chr.) Sylvestre hif anem 2 0 O 2 0 0 O O O O O O O O0 O
Asplenium incurvatum Fée hf anem 0 1 O O O O O O O O 1 0 O O0 O
Asplenium praemorsum Sw. hf anem 0 1 O O0 1 0O O O O O O O O O O
Asplenium serra Langsd. & Fisch. hif anem 15 0 O 7 0 0 2 0 0 4 0 0 2 0 O

Begoniaceae (1/1)
Begonia sp. hif anem 10 0 O 8 0 O 1 0 O 1 0 O O O0 O

Bromeliaceae (6/15)
Aechmea nudicaulis (L.) Griseb. hc zoo 12 6 1 0 0 O 3 2 0 3 3 0 6 1 1
Billbergia distachia (Vell.) Mez hif zo0o0 13 3 6 5 1 0 3 0 0 4 2 6 1 0 O
Neoregelia ibitipocensis (Leme) Leme hif zoo 8 2 3 4 0 0 1 1 1 2 1 2 1 0 O



Occurrences Occurrences in stratas from each vegetation types
Family/Species EC Disp
F1 F2 F3 Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3

Nidularium ferdinandocoburgii Wawra hif zoo 102 52 3 41 16 3 19 15 0 22 15 0 20 6 O
Tillandsia gardneri Lindl. hlc anem 13 11 4 1 0 O 1 4 1 4 4 0 7 3 3
Tillandsia geminiflora Brongn. hlc anem 26 34 26 4 5 1 5 3 18 7 13 2 10 13 5
Tillandsia stricta Sol. hlc anem 158 143 49 33 38 16 32 34 0 44 36 4 49 35 29
Tillandsia tenuifolia L. hc anem 1 5 30 0 1 0 1 2 0 0 2 30 0 0 O
Tillandsia usneoides (L.) L. hc anem 2 0 0 2 0 O O O O O O O O 0 O
Vriesea bituminosa Wawra hif anem 28 30 27 7 5 6 1 5 8 10 7 1 10 13 12
Vriesea friburgensis Mez hif anem 96 135 29 28 31 9 26 25 1 21 35 8 21 44 11
Vriesea gutatta Linden & André hlc anem 0 1 16 0 0 0 O O 0O O 1 15 0 o0 1
Vriesea heterostachys (Baker) L.B.Sm. hc anem 0 O 5 0 0 O O O 5 0 0 O O 0 O
Vriesea longicaulis (Baker) Mez hif anem 8 82 15 31 14 2 17 15 5 20 20 0O 12 33 8
Vriesea penduliflora L.B.Sm. hif anem 99 189 115 12 17 26 16 20 24 30 68 39 41 84 26

Cactaceae (4/6)
Hatiora salicornioides (Haw.) Britton & Rose hif zoo 6 2 2 2 0 0 0 0O O O 1 2 4 1 0
Lepismium houlletianum (Lem.) Barthlott hlc zoo 1 11 0 0 0o O O o 1 1 1 0 O0 O
Rhipsalis floccosa Salm-Dyck ex Pfeiff. hlc zoo 27 39 8 1 4 4 2 9 0 10 10 0 14 16 4
Rhipsalis juengeri Barthlott & N.P.Taylor hlc zoo 8 56 8 10 8 0 20 18 2 25 14 6 25 16 O
Rhipsalis pulchra Loefgr. hlc zoo 49 34 4 7 8 1 11 13 0 14 9 0 17 4 3
|S_|cuhr:;1mbergera opuntioides (Loefgr. & Dusén) D.R. e 200 0 2 0 0 1 0 0 1.0 0 0 0 0 0 0

Clusiaceae (1/1)
Clusia criuva Cambess. hif zoo 1 2 0 1 0 O O O O O 1 0o 0 1 o0

Dryopteridaceae (2/4)

Elaphoglossum gayanum (Fée) T.Moore hic anem 17 34 4 4 14 3 5 8 0 6 8 1 2 4 0
Elaphoglossum lingua (C.Presl) Brack. hlc anem 6 1 0 5 1 0 0 O O O o 0o 1 o0 O
Elaphoglossum vagans (Mett. ex Kuhn) Hieron. hif anem 31 18 2 9 15 0 8 0 O 9 2 2 5 1 O



Occurrences Occurrences in stratas from each vegetation types
Family/Species EC Disp
F1 F2 F3 Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3
Ruhmora adianthiformis (G.Forst.) Ching hif anem 30 9 7 2 1 0 2 0 0 13 5 7 13 3 0
Gesneriaceae (2/2)
Nematanthus strigillosus (Mart.) H.E.Moore hif zoo 32 42 5 6 8 5 6 5 0 13 18 0 7 11 O
Sinningia cooperi (Paxton) Wiehler hc zoo 1 0 0 1 0 O O O O O O O O 0 o
Griselinaceae (1//1)
Griselinia ruscifolia (Clos) Ball hem zo00 13 11 2 2 1 0 3 2 1 3 5 1 5 3 O
Hymenophyllaceae (2/3)
Hymenophyllum polyanthos (Sw.) Sw. hlc anem 107 21 2 39 12 2 23 4 0 26 5 0 19 0 O
Hymenophyllum spl hc anem 7 0 0 4 0 O 2 0 O O O O 1 0 O
Trichomanes polypodioides L. hc anem 2 0 0 2 0 O O O O O O O O 0 O
Lycopodiaceae (1/3)
Phlegmariurus biformis (Hook.) B.@lIg. hc anem 1 0 O O O O O O O O O O 1 o0 O
Phlegmariurus fontinaloides (Spring) B.@llg. hlc anem 1 1 0 0 0 0 0 0 0O O O o 1 1 O
Phlegmariurus heterocarpon (Fée) B.@llg. hc anem 0 4 0 O O O O O O O 2 0 0 2 O
Nephrolepidaceae (1/1)
Nephrolepis sp.1 hlc anem 0 1 0 0 1 0o O O O O O o o0 o0 O
Orchidaceae (25/51)
Acianthera cryptophoranthoides (Loefgr.) F.Barros hlc anem 0 1 3% 0 1 1 0 O O O 0 38 0 0 O
Acianthera luteola (Lindl.) Pridgeon & M.W.Chase hic anem 4 0 2 0 0 O O O O 3 0 2 1 0 O
Acianthera saundersiana (Rchb.f.) Pridgeon & hc anem 21 4 9 3 1 0 5 1 4 7 1 4 6 1 1
M.W.Chase
Anathallis rubens (Lindl.) Pridgeon & M.W.Chase hic anem 28 54 5 0 2 1 2 4 1 5 12 0 21 36 3
Bifrenaria aureofulva (Hook.) Lindl. hlc anem 0 4 6 0 1 2 0 0 2 0 2 O 0 1 2
Bifrenaria vitellina (Lindl.) Lindl. hlc anem 43 101 13 9 28 3 12 35 4 14 29 3 8 9 3
Bulbophyllum exaltatum Lindl. hif anem 0 4 0 0 O O O O O o 2 o0 o 2 o0
Bulbophyllum granulosum Barb.Rodr. hic anem 17 4 12 0 0 O O O 4 4 1 0 13 3 8

(@)
S



Occurrences Occurrences in stratas from each vegetation types
Family/Species EC Disp

F1 F2 F3 Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3
Bulbophyllum micropetaliforme J.E.Leite hic anem 1 4 7 0 0 O O O O O 1 6 1 3 1
Cattleya coccinea Lindl. hif anem 1 5 3 0 1 2 0 1 0 1 2 1 0 1 O
Dichaea cogniauxiana Schiltr. hlc anem 59 134 19 4 41 9 12 32 0 20 40 1 23 21 9
Encyclia patens Hook. hc anem 1 2 0 1 0 O O 1 0 O 1 0 O 0 O
Epidendrum armeniacum Lindl. hc anem 2 0 3 1 0 O 1 0 3 0 0 O O 0 O
Epidendrum chlorinum Barb.Rodr. hc anem 3 8 3 0 3 1 0 1 0 2 1 0 1 3 2
Epidendrum difforme Jacq. hc anem 5 2 6 0 0 O O 1 4 3 1 2 2 0 O
Epidendrum paranaense Barb.Rodr. hif anem 23 89 10 3 21 2 2 27 1 11 32 5 7 9 2
Epidendrum proligerum Barb.Rodr. hlc anem O 7 12 0 2 4 0 1 2 0 2 0 0 2 6
Epidendrum ramosum Jacq. hif anem 1 2 1 0 O O O O O O O 1 1 2 0
Epidendrum rigidum Jacqg. hic anem 4 0 O O O O O O O O O O 4 0 O
Epidendrum secundum Jacqg. hif anem 0 0 2 0 O 1 0 O O O O 1 0 o0 O
Eurystyles cogniauxii (Kraenzl.) Pabst hc anem 1 0 1 1 0 1 0 O O O O O O 0 O
Gomesa glaziovii Cogn. hif anem 26 23 1 8 6 0 8 7 0 8 6 1 2 4 0
Gomesa gomezoides (Barb.Rodr.) Pabst hlc anem 12 2 0 4 0 O 3 0 O 4 1 0 1 1 O
Gomesq praetexta (Rchb.f.) M.W.Chase & he anem 10 2 0 0 0 0 2 0 0 1 0 0 7 2 0
N.H.Williams
Gomesg r_anlfera (Lindl.) M.W.Chase & he anem 0 4 0 0 0 O 0 0 0 O 1 0 0 3 0
N.H.Williams
Gomesq qnlflora (Booth ex Lindl.) M.W.Chase & hc anem 1 0 0 0 O 0 1 0 0 0 0 0 0 0 0
N.H.Williams
Grobya amherstiae Lindl. hlc anem 0 1 0 0 0 0O O O O O o o o0 1 o0
Isabelia violacea (Lindl.) van den Berg & M.W.Chase hlc anem 0 2 0 0 0O o o 1 o O0O 1 O O o0 o
Isochilus linearis (Jacq.) R.Br. hlc anem 0 1 0 0 0 0O O O O O O o o0 1 o0
Lankesterella gnoma (Kraenzl.) Hoehne hlc anem 0 3 2 0 2 2 0O 1 O O O O o0 o0 O
Maxillaria brasiliensis Brieger & lllg hif anem 0 o 1 0 o 0O o O O O O 1 o o0 o



Occurrences Occurrences in stratas from each vegetation types
Family/Species EC Disp

F1 F2 F3 Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3
Maxillaria notylioglossa Rchb.f. hc anem 3 0 1 2 0 0 1 0 1 0 0 O O O O
Maxillaria picta Hook. hif anem 0 1 2 0 0 0 O O o o0 1 2 0 0 O
Maxillaria subulata Lindl. hif anem 11 6 3 2 1 1 5 2 1 3 2 0 1 1 1
Octomeria crassifolia Lindl. hic anem 21 24 4 1 1 0 4 5 0 6 6 2 10 12 2
Octomeria diaphana Lindl. hlc anem 0 1 0 0 1 0o O O o O O o o0 o0 O
Octomeria grandiflora Lindl. hlc anem 17 14 4 6 5 1 4 2 0 4 3 3 3 4 0
Octomeria rubrifolia Barb.Rodr. hc anem 3 7 4 0 0 O 1 0 1 0 3 0 2 4 3
Octomeria wawrae Rchb.f. hic anem 6 5 0 0 O O O O O O 1 0 6 4 O
Oncidium wentworthianum Bateman ex Lindl. hlc anem 0 1 0 0 0 0 O 0O O O O o o0 1 o
Polystachya paulensis Rchb.f. hc anem 0 3 1 0 0 O O O O O 3 1 0 0 O
Prescottia stachyodes (Sw.) Lindl. hlc anem 1 1 0 1 1 0 O O o O O o o0 O0 O
Promenaea stapelioides (Link & Otto) Lindl. hc anem 1 0 O0 1 0 O O O O O O O O 0 O
Prosthechea allemanoides (Hoehne) W.E.Higgins hif anem 11 28 13 2 4 4 5 6 0 1 13 0 3 5 9
Prosthechea pachysepala (Klotzsch) Chiron & hif anem 13 17 21 1 4 0 4 5 5 4 6 15 4 2 1
V.P.Castro
Scaphyglottis modesta (Rchb.f.) Schltr. hc anem 0 O 1 0 0 1 O O O O O O O 0 O
Scuticaria novaesii F.Barros & Cath. hc anem 1 3 14 0 1 0 1 0 14 0 1 0 O 1 O
Stelis parvula Lindl. hlc anem 3 63 0 2 7 0 5 12 0 9 21 0 19 23 O
Stelis papaquerensis Rchb.f. hlc anem 4 12 2 0 0 O O 3 0 0 4 2 4 5 0
Trichosalpinx montana (Barb.Rodr.) Luer hc anem 0 5 0 0 0 O O O O O 3 0 O 2 O

Piperaceae (1/5)

Peperomia crinicaulis C.DC. hic zoo 18 4 0 8 1 0 2 1 0 4 2 0 4 0 O
Peperomia diaphanoides Dahlst. hif zoo 2 9 0 2 9 0 0 O O O O O O o0 o
Peperomia galioides Kunth hif zoo 9 7 2 4 2 0 1 0 1 2 4 0 2 1 1
Peperomia mandioccana Mig. hic zoo 40 25 4 15 11 1 2 4 1 9 8 1 14 2 1
Peperomia tetraphylla (G.Forst.) Hook. & Arn. hic zoo 81 64 5 16 9 3 18 16 0 26 22 0 21 17 2



Occurrences Occurrences in stratas from each vegetation types
Family/Species EC Disp
F1 F2 F3 Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3
Polypodiaceae (10/17)
ggtrgpyloneurum austrobrasilianum (Alston) de la hc anem 16 2 2 4 2 0 4 0 0 6 0 2 2 0 0
Campyloneurum nitidum (Kaulf.) C.Presl hlc anem 2 1 0 0 1 0o 1 0 O O O o 1 0 O
Cochlidium punctatum (Raddi) L.E.Bishop hlc anem 15 73 15 7 25 5 3 24 9 3 14 1 2 10 O
Cochlidium serrulatum (Sw.) L.E.Bishop hic anem 4 0 0 4 0 O O O O O O O O O O
Lellingeria apiculata (Kunze ex Klotzsch) A.R.Sm. & hic anem 35 38 7 20 17 4 7 11 2 2 5 1 6 5 0
R.C.Moran
Leucotrichum organense (Gardner) Labiak hc anem 5 0 0 4 0 O O O O 1 0 O O 0 O
Xﬂpgmerj&eg"cosl\'jg'r’;‘ﬁ (M-Martens & Galeotti) hic anem 59 71 3 13 28 3 11 19 0 15 15 0 20 9 O
Microgramma squamulosa (Kaulf.) de la Sota hif anem 66 47 42 12 7 21 11 8 0 19 16 0 24 16 21
Niphidium crassifolium (L.) Lellinger hif anem 0 1 0 0 1 0o O O O O O o o0 o0 O
Pecluma pectinatiformis (Lindm.) M.G.Price hlc anem 16 4 2 4 2 1 4 1 0 5 0 1 3 1 O
Pecluma truncorum (Lindm.) M.G.Price hc anem 2 0 0 O O O 2 0 O O O O O 0 O
Phlebodium pseudoaureum (Cav.) Lellinger hif anem 3 0 26 0 0 O 2 0 26 1 0 0O 0 0 O
Pleopeltis astrolepis (Liebm.) E.Fourn. hc anem 2 0 0 O O O O O O 1 0 O 1 0 O
Pleopeltis hirsutissima (Raddi) de la Sota hlc anem 165 245 71 21 51 20 24 50 23 54 74 0 66 70 28
Pleopeltis macrocarpa (Bory ex Willd.) Kaulf. hlc anem 66 83 89 11 4 19 2 8 1 15 29 36 38 42 33
Serpocaulon catharinae (Langsd. & Fisch.) A R.Sm.  hif anem 92 127 14 10 18 9 17 25 0 32 49 0 33 3 5
Pteridaceae (2/4)

Radiovittaria gardneriana (Fée) E.H.Crane hlc anem 0 1 0 0 0 0O O O O O O o o0 1 o0
Radiovittaria stipitata (Kunze) E.H.Crane hlc anem 0 2 3 0 0 o 0o 0 o o 1 3 0 1 o
Vittaria graminifolia Kaulf. hlc anem 1 o 8 0 o O 1 0 8 0O O O o0 o0 O
Vittaria lineata (L.) Sm. hif anem 2 o o o o o o o o o o o 2 o0 o0

Rubiaceae (1/1)



Occurrences Occurrences in stratas from each vegetation types

Family/Species EC Disp
F1 F2 F3 Al A2 A3 Bl B2 B3 C1 C2 C3 D1 D2 D3
Hillia parasitica Jacg. hif zoo 1 7 1 0 2 0 0 2 0 O 2 1 1 1 O
Solanaceae (1/1)
Dyssochroma viridiflorum (Sims) Miers hem zoo 81 34 10 22 8 1 23 8 0 22 8 9 14 10 O
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RESUMO

Os padrdes de distribuicao das epifitas vasculares destacam a relagdo positiva idade/tamanho
do forofito e a riqueza, mas o que acontece ap6s a morte do forofito ¢ previsto como uma perda
rapida de espécies. Assim, o presente estudo avaliou quais caracteristicas dos foréfitos mortos
em pé, e da espécie Eremanthus erythropappus (DC.) MacLeish (popularmente conhecida
como “Candeia”) devido ao facil reconhecimento mesmo apos a morte, terdo mais influéncia
na colonizacao e recrutamento de epifitas vasculares em uma nanofloresta nebular. Para avaliar
esse padrao, foram estabelecidas 24 parcelas de 20 x 10 m em trés fitofisionomias da
nanofloresta nebular do Parque Estadual de Ibitipoca (Minas Gerais). Foram feitas analises nas
diferentes subfitofisionomias diferenciadas pelos tipos de solos (denominados F1, F2 e F3), e
determinadas as caracteristicas dos for6fitos vivos € mortos em pé, e também para os individuos
de Candeia, através da andlise da diversidade alfa e beta (nestedness e turnover). Os resultados
mostraram que a riqueza e a composicao de epifitas vasculares entre individuos vivos e mortos
diferiram, independentemente dos tipos de vegetacdo. Um padrao aninhado foi encontrado nos
for6fitos mortos em pé, pois eles apresentam um subgrupo de ~50% das espécies epifiticas
encontradas em foro6fitos vivos. J4 os individuos mortos em pé e vivos de “Candeia”
apresentaram composi¢do semelhante, devido as caracteristicas de arquitetura e pela casca
rugosa da espécie. Assim, esse padrao pode ser explicado pela alta umidade e altitude das
nanoflorestas nebulares que permitem o estabelecimento de epifitas apesar da morte de forofitos

causando a perda de microclima.

Palavras-chave: Comensalismo, Diversidade alfa, Diversidade Beta, Floresta Atlantica,

Floresta Nebular.

ABSTRACT

The distribution patterns of vascular epiphytes highlight the positive relationship
age/size of the phorophyte and the richness, but what happens after the death of the phorophyte
1s predicted as a rapid loss of wealth. Thus, the present study evaluated which characteristics of
standing dead phorophytes, and of species Eremanthus erythropappus (DC.) MacLeish
(popularly known as “Candeia”) due easy recognition even after death, will have more
influences on colonization and recruitment of vascular epiphytes in the dwarf cloud forest. To
evaluate this pattern, plots of 20 x 10 m were established in three vegetation types of the dwarf

cloud forest in the Parque Estadual de Ibitipoca, which present different types of soils (called
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F1, F2, and F3), and determined the live and dead standing phorophytes, and for the individuals
of “Candeia”, through analysis of alpha and beta diversity (nestedness and turnover). The
results showed that the richness and composition of vascular epiphytes between living and
dead-standing individuals differed, regardless of the vegetation types. A nested pattern was
found in standing dead phorophytes, as they present a subgroup of ~50% of the epiphytic
species found in living phorophytes. On the other hand, the dead standing and living individuals
of “Candeia” showed a similar composition, due to the characteristics of the architecture and
rough bark presented by the species. Thus, this pattern can be explained by the high humidity
and altitude of dwarf cloud forests allows the establishment of epiphytes despite the death of

phorophytes and loss of microclimate.

Key-words: Alpha diversity, Atlantic Forest, Beta diversity, Commensalism, Cloud forest.

INTRODUCTION

Epiphytes are plants that utilize other plant species as substrates and account for nearly
10% of the global diversity of the Plantae kingdom, especially in the tropics (Zotz 2021). They
are a significant group of organisms supporting the hypothesis that phorophyte diversity
contributes to the diversity of organisms dependent on them (Wagner and Zotz 2019). As
phorophytes grow old, their provide various environmental conditions, including microclimate,
architecture, physicochemical properties of barks and leaves, trunk diameter and available
substrate for these plants (Wagner et al. 2015; Rasmussen and Rasmussen 2018). Larger
phorophytes generally exhibits higher epiphytic species richness due to these characteristics
(Burns and Dawson 2005; Flores-Palacios and Garcia-Franco 2006; Hirata et al. 2008).

In natural environments, disturbances such as storms, lightning, fires and pest outbreaks
can lead to the mortality of these tree individuals (Stokland et al. 2012), with dead wood playing
asignificant role in forest ecosystems (Holeksa 2001). Depending on its level of decomposition,
wood can provide habitat for various organisms, including bacteria, fungi, invertebrates, as well
as nesting sites for birds and mammals (Staniaszek-Kik et al. 2016). However, it is expected
that after the death of the phorophytes there will be a rapid decrease in the richness of the
vascular epiphytes, mainly due to the reduction in available niches resulting from the loss of
the crown, bark, branches or even the fall of the phorophytes themselves (Benzing 1981,
Balfour and Bond 1993; Campbell and Newbery 1993; Lyons et al. 2000; Malizia 2003; Male

and Roberts 2005). Consequently, epiphytes become exposed to increased light incidence,
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reduced humidity, or closer proximity to the ground, which may lead to contact with pests and
subsequent mortality (Staniaszek-Kik et al. 2014; 2016; 2019).

One of the primary reasons for the scarcity of studies conducted on this subject is the
belief that, unlike mosses, liverworts and lichens, only generalist vascular plants colonize dead
phorophytes (Staniaszek-Kik et al. 2016), making them less recognized as deadwood colonizers
(Stokland et al. 2012). Research exploring the richness and structure of mosses, liverworts and
lichens on dead phorophytes focus mainly on fallen logs, where the decay state of the wood is
a crucial factor influencing the diversity and colonization of these organisms, along with
external factors (as humidity and luminosity) and species dispersion limitations that provide the
substitution of them. In this context, lichens represent the pioneer stage, followed by avascular
plants as the secondary stage, and finally vascular epiphytes as the tertiary stage (Staniaszek-
Kik et al. 2016; Patifio et al. 2018; Petter et al. 2020; Gora et al. 2021). Many fallen dead
phorophytes manage to maintain the richness of vascular epiphytes through this ecological
succession of lichens, mosses and liverworts, facilitating possible colonizations (Staniaszek-
Kik et al. 2014; 2016; 2019; Matelson et al. 1995; Dittrich et al. 201;, Gora et al. 2021).

Hence, the present study aims to evaluate which characteristics of alive phorophytes
and standing dead phorophytes have the most significant influence on the colonization process
and development of vascular epiphytes across different vegetation types of dwarf cloud forest.
We tested the hypothesis that the richness of standing dead phorophytes decrease due to the
reduction in available niches from the loss of the crown and bark. To address this, we sought to
answer the following questions: 1) Is it possible to observe the same diversity and composition
of vascular epiphytes in dead and living phorophytes? 2) Are there differences in composition
and structure between the standing dead phorophytes within the assemblages of the three

vegetation types?

MATERIALS AND METHODS

Study area

The Parque Estadual do Ibitipoca (PEIB) is located in the southeast region of Minas Gerais, in
the district of Conceicao de Ibitipoca (Lima Duarte). Geographically, it is a divider between the
plateaus of Itatiaia and Andrelandia, with coordinates 21°40'-21°44'S latitude 43°52'-43°55'W
longitude (Menini Neto and Salimena 2013; Figure 13). The PEIB is part of the Serra da

Mantiqueira complex with altitudes ranging from 1000 to approximately 1800 meters. The

73



lowest point, Cachoeira dos Macacos, lies at an altitude of about 1100 meters, while the highest
points includes Lombada or Pico do Ibitipoca at 1784 meters in the west slope, and Pico do
Pido at 1721 meters at the east slope (Forzza et al. 2013). The climate of PEIB, classified under
the Koppen system, falls into the humid mesothermal Cwb category, characterized by dry
winters and mild summers. The average annual temperature in the area is 18.9°C, with an
average annual precipitation of 1532 mm (Rocha 2013).
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Figure 13. Location of Parque Estadual do Ibitipoca (PEIB), and the eight study areas Minas

Gerais, Brazil.

Being part of the Atlantic Forest domain, PEIB serves as a mountainous ecological
refuge comprising diverse forest, shrub, savannah and high-altitude grassland vegetation types.
Among the physiognomies of the cloud forests are interspersed with campinas nebulares [cloud
meadows] that, together, dominate more than half of the park’s territory. These cloud forests

are known for their remarkable floristic richness and the presence of endemic species (Oliveira-
Filho et al. 2013).
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Dwarf cloud forest within the Atlantic Forest are typically found at the boundaries
between forest and savannah, with shrubs or grasslands physiognomies, marked by the
transition to marginal habitats at high altitudes, where environmental stressors such as strong
winds, low temperatures, and high cloud cover influence their formation (Scarano 2002). In
PEIB, dwarf cloud forests are distributed throughout the entire altitude range, forming the
largest forest cover within the park (occupying 15.6% of the territory). These forests are futher
categorized into four vegetation types based on soil characteristics, tree composition, and
location within the area. (Oliveira-Filho et al. 2013). The first vegetation (F1) occurs in shallow
soils, less than 0.5 m thick, associated with watercourses and caves, it is called crassissolica
arenosa de encosta [riparian humiferous tenuissolic]; The second (F2) occurs in deep sandy
soils, with a thickness greater than 0.5 m, situated on the slopes of the valleys, classified as
tenuissolica arenosa de encosta [slope sandy crasissolic]; The third (F3), occurs in sandy,
shallow soils, less than 0.5 m thick, also on the slopes of the valleys, denominated as
tenuissolica arenosa de encosta [slope sandy tenuisol]. The fourth vegetation, denominated as
tenuissolica humifera de encosta [slope humiferous tenuisol], occurs in moist and shallow soils
less than 0.5 m thick, on the slopes of the valleys. Although present in the park, this formation
was not studied due to limited accessibility to the environment (Furtado and Menini Neto 2018).

The vegetation types of dwarf cloud forest form a continuous gradient, where F1 occurs
in soils rich in organic matter and sustain dense vegetation with emerging trees close to the
existing caves in the Park, sheltered from strong winds, and frequently associated with
watercourses (such as Pido, Viajantes, Cruzeiro and Trés Arcos) or not (such as Coelhos and
Bromeliads). The F2, while still relatively protected, experiences more exposure to winds due
to its location, but with deep soils and covered by mosses and dense arboreal vegetation, being
an intermediate environment. The F3 represents the transition zone between the dwarf cloud
forests and the campina nebular [cloudy meadow], with sandy and shallow soil acting as an
environmental filter, leading to reduced tree community richness and increased exposure to
winds (Furtado and Menini Neto 2018).

Within the dwarf cloud forest of Mantiqueira Meridional, the species Eremanthus
erythropappus (DC.) MacLeish (popularly known as “Candeia”), is easily recognizable even
when dead, due to the particular, deeply rough bark, striking odor and high wood density (0.
99¢g/cm?®) (Souza et al. 2007). “Candeia” plays an important ecological role as a pioneer species,
contributing to the dynamics between field and forest. Doe to its specific characteristics, it

serves as a focal point in studying the impact of phorophyte death on epiphyte richness,
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allowing researches to narrow the study to a single phorophyte species and eliminating the

influence of various factors.
Data collect

For data collection, a series of monthly field expeditions was conducted between 2014
and 2015. During this period, 24 plots measuring 10 x 20m were established within the dwarf
cloud forest, encompassing three vegetation types. To ensure representative sampling, eight
areas that contained the three vegetation types in close proximity were carefully selected. This
resulted in three plots being allocated within each reference area, amounting to a total of eight
reference areas.

The plots associated with vegetation type F1 were associated with cave entrances and
served as a reference for the following plots at similar altitudes. All living and standing dead
phorophytes (trees) (considered as sampling units) with a diameter at breast height (DBH) equal
to or greater than 10 cm, were thoroughly examined. The phorophytes were identified with
aluminum platelets and analyzed for the presence of epiphytic species. Epiphytic specimens
were collected only when necessary and deposited in the Leopoldo Krieger Herbarium (CESJ).
This step was taken in light of the existence of a comprehensive listing for the flora of PEIB
(Forzza et al. 2013). The listed species of epiphytes and phorophytes were identified according
to the specialized bibliography, consultations of the material deposited in the CESJ and RB
herbariums and assistance from specialists. Additionally, they were classified according to their
ecological relationship with the respective phorophytes, adhering to the criteria outlined by
Flora e Funga do Brasil (2023).

Statistical analyses

To verify the differences in epiphytic species richness between live and dead
phorophytes, a one-way ANOVA test was conducted. Additionally, to determine the variation
in epiphytic species richness among the vegetation types F1, F2 and F3 for both living and dead
phorophytes, two-way ANOVA tests were performed. In all cases, normality and homogeneity
were tested. Pairwise comparisons between alive and dead phorophytes within each vegetation
type were conducted using Tukey's t-test. Significance was considered at p < 0.05.

To delimit the generalist and specialist species in the categories of alive and dead
phorophytes in the physiognomy and each vegetation type, the Multinomial Species

Classification Method - CLAM analysis (Chazdon et al. 2011) was employed. To investigate
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the composition of epiphytic species in ecological strata, we used multivariate analysis of
grouping and Non-Metric Multidimensional Scaling (NMDS) ordination based on Jaccard
similarity index.

To assess dissimilarity between categories in the physiognomy and vegetation type, the
Sorensen distance (Sorensen 1948) was calculated using the 'betapart' package (Baselga &
Orme 2012), and a multivariate analysis were employed for visualization. Furthermore, to
explore whether epiphyte assemblages in the phorophytes among vegetation type exhibit a
nested pattern, the nesting index proposed by Baselga (2010) was utilized. This index quantifies
the degree of nesting between two communities, and from this index, we performed a
multivariate analysis to visually observe whether assemblies have a nested pattern. To
investigate whether assemblages have a species replacement pattern (turnover), Simpson's
index, which quantifies the degree of species replacement between environments (Simpson
1943, Baselga 2010) was used. A multivariate analysis was applied to visualize the pattern. The
measures that generated a growing dissimilarity between assemblages explained the best
process for the beta diversity pattern (Baselga 2010; Baselga and Orme 2012).

Redundancy Analysis (RDA) was conducted to explore the relationship between
environmental and biological variables. RDA aimed to investigate correlations between
epiphytic species richness in the three vegetation types and the environmental variables for both
dead and living phorophytes. The environmental variables included total height of phorophytes,
height of the first bifurcation (APB), diameter of breast height (DAP), altitude and bark
characteristics of the phorophytes that were classified as 1 - smooth, 2 - showing grooves, and
3 - rough. In the analysis, the APB of live phorophytes was removed from the analyzes because
it was autocorrelated with total height (r = 0.74). Separate RDA analyses were performed for
each category and area, and data were transformed and standardized using scaling. 1.
Permutation tests were applied to each RDA using the 'vegan' package (Oksanen et al. 2013) to
assess the significance of the correlations.

All statistical analyzes were carried out using the R software (R Development Core
Team, 2016).

RESULTS

The PEIB community in the dwarf cloud forest presented 901 phorophyte individuals,

792 (88%) alive and 109 (12%) dead. All epiphyte species (127) were found on living
phorophytes, and no species occurred exclusively on dead phorophytes. Although dead
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phorophytes were only 12% of all individuals, they had a richness of 47.2%, harboring almost
half of the epiphytic species (60) (Figure 14a). Over the dead phorophytes, we found 13 families
of epiphytes, with Orchidaceae (24 species) being the richest, followed by Bromeliaceae and
Polypodiaceae (12 species each) (Table 4). On living phorophytes, we found 18 families, with
Orchidaceae (52 species) being the richest, followed by Polypodiaceae (17 species) and
Bromeliaceae (15 species) (Table 4).
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Figure 14. Percentage of live and dead phorophytes (a) and dead E. erythropappus “Candeia”
in the dwarf cloud forest (DCF) and vegetation types (F1: tenuissélica humifera ripicola, F2:

crassissdlica arenosa de encosta, F3: tenuissolica arenosa de encosta).

Among the phorophytes species, Eremanthus erythropappus (“Candeia”) is abundant in
the area and presents characteristics that are easy to identify, even when dead. In this way we
found 149 (17%) individuals of “Candeia” (Figure 14b), distributed in 114 (76%) living
individuals and 35 (24%) dead individuals, colonized by 48 species of epiphytes (38% of the
total number of epiphytes), with 31 epiphytes in dead individuals and 38 in living ones (Figure

15). In the dead “Candeias” we found six families with Orchidaceae (10 species), Bromeliaceae

78



(seven species) and Polypodiaceae (six species) being the richest (Table 5). The alive
“Candeias” presented eight families, being Orchidaceae (18 species), Polypodiaceae (eight
species) and Bromeliaceae (six species) the richest (Table 5).

In vegetation type F1 we found 284 (31%) individuals of phorophytes colonized by 103
(81%) epiphytic species, and the “Candeias” had 20 (13%) individuals colonized by 16 (13%)
epiphytic species. The F2 vegetation type presented 373 (42%) individuals, with 96 (76%)
epiphyte species, and we found 64 (43%) individuals of “Candeia” colonized by 16 (13%)
epiphyte species. In vegetation type F3, there were 244 (27%) individuals of phorophytes,
colonized by 68 (54%) species of epiphytes, while in “Candeias” we found 65 (44%)
individuals, with 25 (20%) species of epiphytes.

In total, we found greater epiphyte richness in living phorophytes (5.8 + 4.8 species)
than in dead ones (4.2 + 3.1 species) (F = 9.5, P = 0.00213, Figure 15). The composition of
epiphytic species between living and dead trees, overall (all three vegetation types together), is
different (Betadiversity = 47%, Adonis F = 3.4; DF = 1; P = 0.005), and this difference is due
to nesting: the epiphyte species we sampled on dead trees are a subset of the species that occur
on living trees. However, when dividing between the three vegetation type, we only found no
difference in richness between the alive and dead phorophytes in vegetation type F3 (F = 1.1;
P =0.294). Live phorophytes have an average of 3.4 & 2.5 species, and dead phorophytes 2.8 +
2.3 species (Figure 16). However, each vegetation type, analyzed individually, demonstrated to
have the same composition between alive and dead phorophytes, being F1: Betadiversity =
49%, Adonis F = 0.9; DF = 1; P = 0.67; F2: Betadiversity = 52.6%, Adonis F = 0.86; DF = 1; P
= 0.54; F3: Betadiversity = 72.46%, Adonis F = 1.0178; DF = 1; P = 0.49.
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Figure 15. Mean and standard deviation of richness in each category of phorophytes (Dead x

Alive) in the dwarf cloud forest.
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Figure 16. Mean and standard deviation of richness in each category of phorophytes of the

species (dead x alive) for each vegetation type (Fl: tenuissolica humifera ripicola, F2:
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crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta).

Tree size (total height and DBH) and bark, as well as altitude, influenced the species
composition of living phorophytes across vegetation type (RDA, F=4.2; DF=5; P=0.001, Figure
17). While in the vegetation type F3 the bark of the trees was the characteristic that most
influenced the epiphyte assemblage, in the vegetation type F1 and F2 they were more influenced
by the size (total height and DBH) of the trees and the altitude. However, among the dead
phorophytes, no characteristic influenced the species composition between the vegetation type

(RDA, F=1.5; DF=5.2; P=0.135) (Figure 18).
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Figure 17. Species ordination diagram from the RDA analysis in living phorophytes with
environmental variables: altitude, bark, DBH (mean breast height diameter), Altm (mean
height) represented by the gray arrows. The vegetation types F1: tenuissolica humifera ripicola,

F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta.
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Figure 18. Species ordering diagram from the analysis of RDA in the dead phorophyte with
environmental variables: altitude, bark, DAPm (average breast height diameter), Altm (average
height) represented by the gray arrows. The vegetation types F1: tenuissolica humifera ripicola,

F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta.

Among individuals of the species Eremanthus erythropappus (“‘Candeia”), there was a
difference in epiphyte richness in live and dead phorophytes in general, all vegetation types
together (F = 7.4; P = 0.007), with the mean number of species in living phorophytes ( 2.5 +
1.7) smaller than the dead (3.6 + 2.3; Figure 19). When comparing the vegetation type, there
was no difference in epiphyte richness between living and dead individuals of “Candeia” in any
of them (F1: F =0.077, P=0.784; F2: F = 3.302, P=0.074; F3: F = 0.198, P = 0.658; Figure
20). The composition of epiphyte species between living and dead individuals of “Candeia”
was generally the same, repeating the same pattern between vegetation type (Betadiversity =
56%, Adonis F = 0.97; P=0.432). Likewise, no characteristic of the live and dead phorophytes

of “Candeia” or the altitude influenced the species composition both in general and between

vegetation types (RDA, F=1.8; DF=3; P=0.167).
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Figure 19. Mean and standard deviation of epiphytic richness in phorophytes of Eremanthus

erythropappus - “Candeia” in each category (Dead x Alive) in the dwarf cloud forest.
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Figure 20. Mean and standard deviation of richness in each category of phorophytes of the
species Eremanthus erythropappus “Candeia” (Dead, Alive) by each vegetation type (F1:
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tenuissolica humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa

de encosta).

The most frequent species in dead and alive phorophytes were Vriesea penduliflora (36
and 463 occurrences respectively), Tillandsia stricta (36 and 499 occurrences) and Pleopeltis
hirsutissima (28 and 604 occurrences) and the most frequent species in the vegetation types is
shown in Table 2. While in the “Candeia” phorophytes, the most frequent species were 7. stricta
(33 and 117 occurrences), Vriesea friburguensis (32 and 102 occurrences) and P, hirsutissima
(16 occurrences) in dead individuals and Prosthechea allemanoides (44 occurrences ) in living

individuals and vegetation types in Table 3 (Figure 20).
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Table 2. Occurrence of the most epiphyte species in the dead and alive phorophytes indivuduals at the vegetations types - F1: tenuissolica humifera

ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta.

Number of occurrence
Family/Species
F1 dead F1 alive F2dead F2alive F3dead F3 alive

Bromeliaceae (3/5)

Nidularium ferdinandocoburgii Wawra 10 0 0 0 0 0
Tillandsia stricta Sol. 0 191 17 182 8 0
Vriesea friburgensis Mez 0 121 0 0 0 0
Vriesea penduliflora L.B.Sm. 17 0 0 199 11 144

Hymenophyllaceae (1/1)

Hymenophyllum polyanthos (Sw.) Sw. 15 0 0 0 0 0
Piperaceae (1/1)
Peperomia tetraphylla (G.Forst.) Hook. & Arn. 0 0 10 0 0 0
Polypodiaceae (1/2)
Pleopeltis hirsutissima (Raddi) de la Sota 10 199 13 278 0 127
Pleopeltis macrocarpa (Bory ex Willd.) Kaulf. 0 0 0 0 9 134
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Table 3. Occurrence of the most epiphyte species in the dead and alive phorophytes indivuduals of the Eremanthus erythroppapus (“Candeia’)

individuals dead and alive at the vegetatios types - F1: tenuissolica humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa

de encosta.

Family/Species

F1 dead F1 alive F2 dead F2alive F3 dead F3 alive

Number of occurrence

Bromeliaceae (2/2)
Tillandsia stricta Sol.

Vriesea friburgensis Mez

Orchidaceae
Maxillaria subulata Lindl.
Prosthechea allemanoides (Hoehne) W.E.Higgins
Polypodiaceae

Pleopeltis hirsutissima (Raddi) de la Sota

15

25
22

14

50
52

24

25
41

25
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Figure 21. Epiphytes species occuring at the Parque Estadual do Ibitipoca. A: Dichaea

cogniauxiana; B: Nidularium ferdinandocoburgii; C: Peperomia tetraphylla; D: Pleopeltis

hirssutissima; E: Prosthechea allemanoides; F: Vriesea penduliflora. Photo: Luiz Menini Neto.
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DISCUSSION

We found differences in the richness and composition of vascular epiphytes between
living and dead standing phorophytes, regardless of vegetation types. Although dead
phorophytes represent only 12% of the abundance of individuals, we found a subgroup of 47%
of the epiphyte species of the living nested in the standing dead phorophytes. In contrast, we
found a similar composition in alive and dead phorophytes of the species E. erythropappus
(“Candeia”), but with fewer species, on average, in living phorophytes. Species from the
families Orchidaceae, Bromeliaceae and Polypodiaceae were the richest both in live and dead
phorophytes in general, as well as when we analyzed only the phorophytes of “Candeia”.
Tillandsia stricta, Vriesea friburguensis (Bromeliaceae) and Pleopeltis hirsutissima
(Polypodiaceae) were the most frequent epiphyte species in all phorophytes. Thus, the present
work is one of the pioneers to analyze the richness of epiphytic species among living and dead

standing phorophytes.

Decrease in richness

In the present study, we found 60 (~50%) species of epiphytes in dead trees, most of
them from the Orchidaceae, Polypodiaceae and Bromeliaceae families, maintaining the pattern
of diversity found for this group of plants (Zotz 2016). Among the species found in standing
dead phorophytes, about 55% are widely distributed species, found in different physiognomies
throughout the Neotropical Region (Flora e Funga do Brasil 2023; Zotz 2021), persistent and
physiologically adapted to weather conditions such as water stress and high temperatures
(Cascante-Marin et al. 2006) by loss of crown foliage. Menini Neto et al. (2019) drew attention
to the importance of dead trees in the savannah, an ecosystem much drier than the studied cloud
forest, where they found seven species of vascular epiphytes in dead phorophytes, representing
58% of the sampled species.

The age of the phorophyte, as well as the size, are related to several factors for the
establishment and growth of epiphytes, since old trees have more time and a larger area to
capture and establishment of spores and seeds of species more vulnerable to stress and
desiccation (Cummings and Rogers 2006; Mojiol et al. 2009). Dittrich et al (2014) found that
large-diameter dead wood had more epiphytic species (avascular and vascular), for these
characteristics allow for a greater variety of habitats with high substrate quality, different
incidences of light and moisture in the crown and trunk. Another factor that helps maintain the

richness of vascular epiphytes in dead phorophytes is that some tree species have a slower wood
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decomposition, especially in cloud forests that have environmental characteristics such as low
temperatures at high altitudes (Staniaszek-Kik et al 2016; Santos et al. 2021).

The results demonstrated that there is a difference in epiphytic richness in living and
dead standing phorophytes, and as expected, species loss (Benzing 1981; Balfour and Bond
1993; Campbell and Newbery 1993; Lyons et al. 2000; Malizia 2003; Male and Roberts 2005).
One of the reasons may be related to the architecture of the canopy which is essential to support
large communities (Taylor and Burns 2015). The longevity of the branches is one of the decisive
factors for the maintenance populations, over the years, older and/or dead phorophytes lose
from their branches that were colonized by epiphytes (Larson 1992; Ackerman et al. 1996;
Hietz 1997; Tremblay 1997; Zotz 1998), thus loses individuals and a local to recruitment of
seeds. Due to low seedling recruitment, the phase that becomes most important for population
growth is vegetative growth or adult survival (Mondragdn et al. 2004), which is directly linked
to branch longevity (Winkler et al. 2007). In a study in a cloud forest in Mexico, it was shown
that the probability of an epiphyte individual falling along with its branch increases inversely
with its diameter, and in smaller branches (< 4 cm in diameter) mortality can be around 45 %
(Cortes-Anzures et al. 2017). As such, the main cause of death in larger individuals would be
the detachment and fall of individuals, alone or together with the branches that support them
(Hietz 1997).

Furthermore, the dead phorophytes by having their canopy defoliated, compromise the
formation and accumulation of humus, causing the loss of the shaded and humid microclimate,
in addition, and loss of the bark prevents the colonization and survival of vascular epiphytes,
due to the compromise the capturing water resources (Larson 1992; Ackerman et al. 1996; Hietz
1997; Tremblay 1997; Zotz 1998). A study developed that Malaysia that the canopy region of
a dead phorophyte had less epiphytic richness than the trunk (Mojiol et al. 2009), explained by
the mortality of seedlings and young individuals that can vary from 30 to 50% (Hietz 1997;
Tremblay 1997; Zotz 1998), and reach up to 70% due drought (Mondragén et al. 2004). For
Burns (2007) the sequential colonization of epiphytic species allows that, over time, specialist
species manage to establish themselves in dead trees, due to the environmental changes caused
by previous colonizers. Therefore, the dwarf cloud forest physiognomy with its high humidity
throughout the day at an average altitude of 1200m (Furtado and Menini Neto 2018) allows the
other ~50% of the epiphytic species to remain in the dead phorophytes.

The high number of orchid species in the dead phorophytes may be related to the

presence of mycorrhizal fungi in the substrate (Yeaton and Gladstone 1982), since after the
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species is fixed on the phorophyte, the hyphae of the associated fungi throughout the branches
and trunk, facilitates the establishment and germination of other species of Orchidaceae (Burns
2007; Silva et al. 2010; Klein 2018). Likewise, some species of the Polypodiaceae family,
including P. hirsutissima, have poikilohydria and xeric adaptations (as leathery leaves and high
cell wall elasticity), mechanisms that allow them to remain in dead phorophytes, showing high
tolerance to water deficit and recovery without any physiological damage (Hietz and Briones
1998; Kreier et al. 2008; Acebey et al. 2017). Among the species of the Bromeliaceae family,
73% are tank species, such as V. friburgensis, where their structure allows them to retain debris
and water from rain, fog, dust, and nutrients released from other plants, as well as the remains
of animals and /or organic matter, and to having thick leaf cuticles and high stomatal control
that allow them to avoid desiccation, thus forming a microhabitat for their survival (Benzing
1990; 2000; Romero et al. 2010; Reyes-Garcia et al. 2012). And the other 27% are atmospheric
species of the genus Tillandsia that have developed adaptations, mainly in the function and
shape of leaf trichomes to reach a more refined state in water absorption and thus able to adapt
to extreme environmental conditions (Smith and Downs 1974; Benzing et al. 1978; Benzing
2000).

Nested pattern

The nested pattern found in the composition of epiphyte species demonstrates that only
a subset of the epiphytes that occur in living trees can maintain themselves in dead trees. A
study on epiphytic Orchidaceae also found a nested pattern in species composition, highlighting
that ancient phorophytes are important in explaining this pattern, because young tree individuals
with poorly developed crowns, which do not have a high density of leaves, hindered the
establishment of epiphyte species that are not resistant to high luminosity, and end up
compromising themselves in this location (Klein 2018). Thus, we can infer that the reduction
in richness found in dead phorophytes is justified by this aspect, for the loss of crown after its
death. Moreover, the death of phorophyte compromises the stability of the forest, because the
environment with few changes in its dynamics, allows for greater heterogeneity and inter and
intraspecific interaction (Burns 2007; Silva et al. 2010; Sayago et al. 2013; Zhao et al. 2015).
Where old and young individuals are in a stabilized succession stage (climax) and tend to
maintain characteristics of environments as species exchange (Baselga and Araujo 2009), after
death, this stability is committed favored the nested pattern.
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The death of phorophytes for electrical discharges can also cause the nested pattern
between living and dead phorophytes. Gora et al. (2021) demonstrated that this phenomenon
has an effect on the composition of epiphyte assemblages, which rays probably influence
creating habitat heterogeneity. It was demonstrated that the species that were on the phorophyte
affected showed high mortality rates, as soon as the event happened, while the epiphyte species
that were on phorophytes close to that was reached, also showed an increase in mortality rates
by desiccation or fragmentation over the time. However, epiphytes resistant to desiccation in
surviving trees can benefit from increased light availability in the short term (Sanger and
Kirkpatrick 2017).

Moreover, the species that remain in the dead phorophytes are species whose main
families have CAM metabolism (Crassulacean Acid Metabolism) (Orchidaceae, Bromeliaceae,
Polypodiaceae) that tend to have greater resistance to long periods of light due to the loss of the
crown (Holtum and Winter 1999; Andrade et al 2007; Silvera et al 2009; Silvera and Lasso
2016). This fact is exemplified in the study by Zotz (2004) in which most CAM species are
found in the upper part of the canopy, an area with greater exposure to the sun. Like atmospheric
Bromeliaceae (Tillandsia) to maintain a favorable water status, they have developed a
metabolic strategy, which minimizes water loss by closing stomata during the day and opening
them at night when there are deficits in atmospheric vapor pressure (Kluge and Ting 1978;
Pierce et al. 2002), or Orchidaceae species developed photosynthetic roots, pseudobulbs with
water storage capacity, and thicker leaves (Benzing 1990; Cardelds and Mack 2010).

The present study is one of the first in neotropical forests to compare the epiphytic
richness of vascular species between alive and standing dead phorophytes. A study carried out
in the northern hemisphere in a montane forest in Germany, with both avascular and vascular
epiphytes, found that 68% of the epiphytic species found on dead phorophytes (standing or
fallen) were avascular and only 16% of the species were vascular. Where able to perceive that
wood with larger diameters harbor more vascular than avascular species in the initial stage of
decomposition and, as the wood progresses in its decomposition, the avascular species increase
their richness, and the vascular ones decrease. And that, despite not being found obligatory
colonizers of dead wood, dead phorophytes play a key role in forest diversity, by providing an
environment of low competition and facilitating the establishment of species (Dittrich et al.
2014). While Werner (2010) demonstrated that monocotyledons, among them Orchidaceae and

Bromeliaceae, are the surviving species in the first years after death.
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The variables DBH, height, altitude, and bark did not influence the species composition
of the dead phorophytes in the present study. Staniaszek-Kik et al. (2016) analyzed dead trunks,
it demonstrated that for vascular epiphytes the variables altitude, shade, humidity, stage of
decomposition, and bryophyte cover are important for colonization. At the same time, avascular
epiphytes tend to reduce their richness in processes of competition with lichens, and DAP, stage
of decomposition, presence of bark and high altitudes were significant (Staniaszek-Kik et al
2019).

Eremanthus erythropappus - “Candeia”

The difference in epiphytic richness between living and dead individuals of the species
Eremanthus erythropappus (“Candeia”), allows highlighting that the loss of foliage is one of
the important points for the maintenance of epiphytes (Taylor and Burns 2015), since live
phorophytes are richer than the standing dead. This tree species has highly resistant wood (due
to its density of 0.99g/cm?3), and a rough bark that does not come off easily, even after death
(Souza et al. 2007), it manages to partially maintain its richness epiphytic after death. One study
in the north hemispheric, demonstrated the species Bursera copallifera (Sesse & Moc.) Bullock
(Burseraceae), has traits similar to "Candeia", proved to be important to concentrate epiphyte
populations, by facilitating seed capture and the maintenance of young and adult individuals,
due to canopy architecture, and long-lasting branches (Vergara Torres et al. 2010; Cortés-
Anzures et al. 2020).

In the same way that the composition between living and standing dead individuals
proved to be similar, which may be related to the slow putrefaction of the dead wood of this
species (Souza et al. 2007), being habitable for a growing number of organisms, such as
avascular epiphytes, which allow the maintenance of local humidity (Odor and van Hees 2004;
Bunnell and Houde 2010), and for the microclimate in which individuals are able to maintain
and reproduce in the location. It is important to emphasize that dead wood is essential for
species diversity in forest environments (Lindenmayer et al. 2006; Swanson et al. 2011), in all
groups of living beings, including epiphytes, invertebrates, and birds (Ehnstrém 2001; Swanson
etal. 2011), the past generation is important for the current local structure (Dittrich et al. 2013).

The species renewal component of beta diversity, in contrast, reflects the replacement
or change in species composition across ecological gradients (Baselga 2010; Qian et al. 2005),
where environmental filter excludes species that lack adaptive traits to settle on particular parts

of the gradient (Kraft et al. 2015). This suggests that similar ecological mechanisms such as
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niche partitioning operate along the entire elevation gradient and likely determine changes in
community composition (Soininen et al. 2018). Our results agree with previous studies, which
reported changes in the composition of vascular epiphytes in environments that underwent some
type of intervention, such as clearing or high exposure to light (Hietz-Seifert et al. 1996;
Barthlott et al. 2001; Werner et al. 2005; Wolf 2005; Benavides et al. 2006; Flores-Palacios and
Garcia-Franco 2008; Larrea and Werner 2010).

Inference

This study demonstrated that dead phorophytes despite losing microclimates can still
maintain a portion of the diversity of local epiphytes. Since they are capable of maintaining
adult epiphytic individuals reproducing themselves, they are sources for the colonization of new
trees or old trees in the forest, adding the existing living trees there. Where they are part of the
dynamics of the epiphyte community, and despite the loss of species, as predicted, they maintain
a significant part of the local richness. For future studies, it would be important to record the
abundance of epiphytic species in these dead phorophytes, because even if the epiphytes of
dead trees are a subset of living trees, it is likely that some species are more abundant in dead
trees than in living ones, which is significant for this population dynamics. Despite presenting
a nesting pattern that is not very common in natural environments and characteristic of
environments that suffer some type of disturbance (Baselga 2010; Qian et al. 2005), the dead
wood present in these natural environments and mainly in a forest that reached the climax stage,
is part of the regeneration and future sites for young individuals. The continuous persistence of
dead wood in consecutive generations of trees is of great importance since many epiphytes are
threatened by their limited dispersal capacity and depend on microorganisms that are present in
these dead individuals for the establishment and development of populations (Dittrich et al.

2013).

Conclusions

Based on the results of our study, it is evident that standing dead phorophytes play a
crucial role in maintaining a substantial diversity of vascular epiphytes. These dead trees
provide habitat for almost half of the observed epiphytic species, and also represent a distinct
subset compared to the living phorophytes, as highlighted in the case of the "Candeia” species.
The dynamic within the forest aging cycle leads to structural changes, characterized by the

increase in tree diameter and the creation of environments with decaying wood, thus facilitating
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for epiphytic establishment. The remarkable abundance of vascular epiphytes in the study area
on standing dead trees can be attributed to the high humidity throughout the day, combined with
high altitudes (above 1200m), which serves to delay the decay of trees, prolonging the
colonization window of epiphytes. In addition, the post-leaf fall period allows for the successful
establishment and survival of epiphytic species that exhibit resilience to increased light
exposure and lower humidity conditions. The presence of standing dead phorophytes emerges
as a recognized well-established ecological component, fostering the community of vascular
epiphytes. Recognizing the importance of these dead trees in sustaining epiphytic life
contributes to a more profound comprehension of forest dynamics and highlights the
importance of conserving these habitats to safeguard regional biodiversity.
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SUPPLEMENTARY MATERIAL

Table 4. List of the number of occurrences of epiphytic species in the alive and dead phorophytes in different Vegetation Types (F1: tenuissolica

humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta) and Dwarf Cloud Forest (DCF)

Number of occorrence alive Number of occorrunce
Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Araceae (2/5)
Anthurium minarum Sakur. & Mayo 31 33 6 70 3 2 0 5
Anthurium minarum Sakur. & Mayo 31 33 6 70 3 2 0 5
Anthurium scandens (Aubl.) Engl. 49 16 0 65 3 0 6
Anthurium sp. 1 3 0 0 3 0 0 0 0
Philodendron appendiculatum Nadruz & Mayo 56 18 0 74 5 4 0 9
Aspleniaceae (1/5)
Asplenium auriculatum Sw. 21 8 6 35 5 0 0 5
Asplenium auritum Sw. 17 9 9 35 2 0 2 4
Asplenium feei Kunze ex Fée 6 0 0 6 0 0 0 0
Asplenium geraense (C.Chr.) Sylvestre 2 0 0 2 0 0 0 0
Asplenium serra Langsd. & Fisch. 15 1 0 16 2 0 0 2
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Number of occorrence alive Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Begoniaceae (1/2)
Begonia spl 10 0 0 10 0 0 0 0
Begonia sp2. 0 1 0 1 1 0 0 1
Bromeliaceae (6/15)

Aechmea nudicaulis (L.) Griseb. 13 3 0 16 0 3 1 4
Billbergia distachia (Vell.) Mez 14 3 0 17 4 0 0 4
Neoregelia ibitipocensis (Leme) Leme 9 6 0 15 1 0 0 1
Nidularium ferdinandocoburgii Wawra 107 65 6 178 10 3 0 13
Tillandsia gardneri Lindl. 16 7 5 28 0 4 0 4
Tillandsia geminiflora Brongn. 31 33 15 79 3 8 2 13
Tillandsia stricta Sol. 176 143 115 434 15 39 11 65
Tillandsia tenuifolia L. 1 5 1 7 0 1 0 1
Tillandsia usneoides (L.) L. 5 0 0 5 0 0 0 0
Vriesea bituminosa Wawra 28 33 43 104 2 3 1 6
Vriesea friburgensis Mez 112 141 46 299 9 33 8 50
Vriesea gutatta Linden & André 0 2 1 3 0 0 0 0
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Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Vriesea heterostachys (Baker) L.B.Sm. 0 0 1 1 0 0 0 0
Vriesea longicaulis (Baker) Mez 91 80 22 193 5 7 2 14
Vriesea penduliflora L.B.Sm. 103 191 133 427 17 8 11 36
Cactaceae (4/6)
Hatiora salicornioides (Haw.) Britton & Rose 7 4 1 12 1 0 0 1
Lepismium houlletianum (Lem.) Barthlott 1 1 0 2 0 0 0 0
Rhipsalis floccosa Salm-Dyck ex Pfeiff. 27 52 16 95 0 2 3 5
Rhipsalis juengeri Barthlott & N.P.Taylor 8 69 0 157 8 2 0 10
Rhipsalis pulchra Loefgr. 51 47 13 111 4 2 0 6
Schlumbergera opuntioides (Loefgr. & Dusén) D.R.Hunt 0 3 0 3 0 0 0 0
Clusiaceae (1/1)
Clusia criuva Cambess. 1 2 1 4 0 0 0 0
Dryopteridaceae (2/4)
Elaphoglossum gayanum (Fée) T.Moore 19 36 6 61 1 3 0 4
Elaphoglossum lingua (C.Presl) Brack. 6 1 0 7 1 0 0 1
Elaphoglossum vagans (Mett. ex Kuhn) Hieron. 29 24 0 53 3 4 0 7

106



Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Ruhmora adianthiformis (G.Forst.) Ching 30 9 0 39 0 0 0 0
Gesneriaceae (2/2)
Nematanthus strigillosus (Mart.) H.E.Moore 34 54 14 102 2 2 0 4
Sinningia cooperi (Paxton) Wiehler 1 0 0 1 0 0 0 0
Griselinaceae (1/1)
Griselinia ruscifolia (Clos) Ball I5 10 O 25 1 2 0 3
Hymenophyllaceae (2/3)
Hymenophyllum polyanthos (Sw.) Sw. 105 28 2 135 15 0 0 15
Hymenophyllum sp1 7 0 0 7 0 0 0 0
Trichomanes polypodioides L. 2 0 0 2 0 0 0 0
Lycopodiaceae (1/3)
Phlegmariurus biformis (Hook.) B.Ollg. 2 0 0 2 0 0 0 0
Phlegmariurus fontinaloides (Spring) B.Ollg. 1 1 0 2 0 0 0 0
Phlegmariurus heterocarpon (Fée) B.Ollg. 0 4 0 4 0 0 0 0
Nephrolepidaceae (1/1)
Nephrolepis sp.1 0 1 0 1 0 0 0 0
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Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Orchidaceae (25/51)

Acianthera cryptophoranthoides (Loefgr.) F.Barros 0 1 5 6 0 0 0 0
Acianthera luteola (Lindl.) Pridgeon & M.W.Chase 4 0 0 4 0 0 0 0
Acianthera recurva (Lindl.) Pridgeon & M.W.Chase 2 0 0 2 0 0 0 0
Anathallis rubens (Lindl.) Pridgeon & M.W.Chase 29 57 10 96 3 3 0 6
Acianthera saundersiana (Rchb.f.) Pridgeon & M.W.Chase 24 5 3 32 1 1 0 2
Bifrenaria aureofulva (Hook.) Lindl. 0 5 17 22 0 0 0 0
Bifrenaria vitellina (Lindl.) Lindl. 44 113 16 173 1 5 2

Bulbophyllum exaltatum Lindl. 0 2 0 2 0 2 0 2
Bulbophyllum granulosum Barb.Rodr. 20 7 19 46 1 0 0 1
Bulbophyllum micropetaliforme J.E.Leite 0 4 4 8 1 2 0 3
Cattleya coccinea Lindl. 1 6 6 13 0 0 0 0
Dichaea cogniauxiana Schltr. 66 151 36 253 3 10 2 15
Encyclia patens Hook. 1 2 0 3 0 0 0 0
Epidendrum armeniacum Lindl. 2 0 0 2 0 0 0 0
Epidendrum chlorinum Barb.Rodr. 3 12 10 25 0 1 2 3
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Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Epidendrum difforme Jacq. 5 2 0 7 0 0 0 0
Epidendrum paranaense Barb.Rodr. 24 104 7 135 2 4 1 7
Epidendrum proligerum Barb.Rodr. 0 11 23 34 0 0 1 1
Epidendrum ramosum Jacq. 1 4 1 6 0 0 0 0
Epidendrum rigidum Jacq. 4 | 0 5 0 0 0 0
Epidendrum secundum Jacq. 0 0 3 3 0 0 0 0
Eurystyles cogniauxii (Kraenzl.) Pabst 1 0 2 3 0 0 0 0
Gomesa glaziovii Cogn. 25 25 0 50 3 1 0 4
Gomesa gomezoides (Barb.Rodr.) Pabst 15 4 1 20 0 0 0 0
Gomesa praetexta (Rchb.f.) M.W.Chase & N.H.Williams 10 2 0 12 0 0 0 0
Gomesa ranifera (Lindl.) M.W.Chase & N.H.Williams 0 3 3 6 0 2 0 2
Gomesa uniflora (Booth ex Lindl.) M.W.Chase & N.H.Williams 1 0 0 1 0 0 0 0
Grobya amherstiae Lindl. 0 0 1 1 0 0 0 0
Isabelia violacea (Lindl.) van den Berg & M.W.Chase 0 2 0 2 0 0 0 0
Isochilus linearis (Jacq.) R.Br. 0 0 1 1 0 0 0 0
Lankesterella gnoma (Kraenzl.) Hoehne 0 3 4 7 0 0 0 0
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Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF

Maxillaria brasiliensis Brieger & Illg 0 0 3 3 0 0 0 0
Maxillaria notylioglossa Rchb.f. 2 0 0 2 1 0 0 1
Maxillaria picta Hook. 0 1 0 1 0 0 0 0
Maxillaria subulata Lindl. 10 3 5 18 1 3 0 4
Octomeria crassifolia Lindl. 23 28 6 57 1 1 0 2
Octomeria diaphana Lindl. 0 2 0 2 0 0 0 0
Octomeria grandiflora Lindl. 17 19 1 37 3 3 0 6
Octomeria rubrifolia Barb.Rodr. 3 15 7 25 0 1 0 1
Octomeria wawrae Rchb.f. 6 8 2 16 0 0 0 0
Oncidium wentworthianum Bateman ex Lindl. 0 0 1 1 0 0 0 0
Polystachya paulensis Rchb.f. 0 3 0 3 0 0 1 1
Prescottia stachyodes (Sw.) Lindl. 0 1 0 1 1 0 0 1
Promenaea stapelioides (Link & Otto) Lindl. 1 0 0 1 1 0 0 1
Prosthechea allemanoides (Hoehne) W.E.Higgins 7 24 38 69 4 9 3 16
Prosthechea pachysepala (Klotzsch) Chiron & V.P.Castro 13 12 7 32 0 10 0 10
Scaphyglottis modesta (Rchb.f.) Schitr. 0 0 3 3 0 0 0 0
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Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF

Scuticaria novaesii F.Barros & Cath. 1 2 0 3 0 1 0 1
Stelis parvula Lindl. 36 70 2 108 2 5 0 7
Stelis papaquerensis Rchb.f. 5 16 0 21 0 0 0 0
Trichosalpinx montana (Barb.Rodr.) Luer 0 7 0 7 0 0 0 0

Piperaceae (1/5)
Peperomia crinicaulis C.DC. 20 3 0 23 1 2 0 3
Peperomia diaphanoides Dahlst. 2 7 0 9 0 3 0 3
Peperomia galioides Kunth 10 7 2 19 1 0 0 1
Peperomia mandioccana Miq. 43 32 3 78 5 1 0 6
Peperomia tetraphylla (G.Forst.) Hook. & Arn. 95 69 11 175 3 13 0 16

Polypodiaceae (11/17)

Campyloneurum austrobrasilianum (Alston) de la Sota 16 2 0 18 0 1 0 1
Campyloneurum nitidum (Kaulf.) C.Presl 3 1 0 4 1 0 0 1
Cochlidium punctatum (Raddi) L.E.Bishop 22 93 9 124 5 6 0 11
Cochlidium serrulatum (Sw.) L.E.Bishop 3 0 0 3 1 0 0 1
Lellingeria apiculata (Kunze ex Klotzsch) A.R.Sm. & R.C.Moran 36 53 5 94 2 3 0 5
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Number of occorrence alive

Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Leucotrichum organense (Gardner) Labiak 4 0 0 4 1 0 0 1
Melpomene pilosissima (M.Martens & Galeotti) A.R.Sm. & R.C.Moran 67 84 4 155 8 10 0 18
Microgramma squamulosa (Kaulf.) de la Sota 68 52 84 204 1 7 5 13
Moranopteris achilleifolia (Kaulf.) R.Y. Hirai & J. Prado 2 0 0 2 0 0 0 0
Niphidium crassifolium (L.) Lellinger 0 1 0 1 0 0 0 0
Pecluma pectinatiformis (Lindm.) M.G.Price 15 5 0 20 2 1 1 4
Pecluma truncorum (Lindm.) M.G.Price 3 0 0 3 0 0 0 0
Phlebodium pseudoaureum (Cav.) Lellinger 3 0 1 4 0 0 0 0
Pleopeltis astrolepis (Liebm.) E.Fourn. 3 0 0 3 0 0 0 0
Pleopeltis hirsutissima (Raddi) de la Sota 188 251 121 560 11 27 6 44
Pleopeltis macrocarpa (Bory ex Willd.) Kaulf. 72104 125 301 3 2 9 14
Serpocaulon catharinae (Langsd. & Fisch.) A.R.Sm. 109 133 38 280 4 17 5 26
Pteridaceae (2/4)
Radiovittaria gardneriana (Fée) E.H.Crane 0 1 0 1 0 0 0 0
Radiovittaria stipitata (Kunze) E.H.Crane 1 1 0 2 0 0 0 0
Vittaria graminifolia Kaulf. 1 0 0 1 0 0 0 0
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Number of occorrence alive Number of occorrunce

Family/Species phorophytes dead phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Vittaria lineata (L.) Sm. 2 0 1 3 0 0 0 0
Rubiaceae (1/1)
Hillia parasitica Jacq. 1 8 0 9 0 0 0 0
Solanaceae (1/1)
Dyssochroma viridiflorum (Sims) Miers 82 37 2 121 6 0 0 6
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Table 5. List of the number of occurrences of epiphytic species alive and dead phorophytes Eremanthus erythroppapus (“Candeia’) in the Vegetation

Types (F1: tenuissolica humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta) and DCF (Dwarf Cloud

Forest).

Number of occurrence alive

Number of occurrence dead

Family/Species phorphytes phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Araceae (2/3)
Anthurium minarum Sakur. & Mayo 1 0 0 1 1 0 0 1
Anthurium scandens (Aubl.) Engl. 0 0 0 0 0 2 0 2
Philodendron appendiculatum Nadruz & Mayo 0 2 0 2 0 3 0 3
Bromeliaceae (3/7)
Aechmea nudicaulis (L.) Griseb. 0 0 0 0 0 1 0 1
Tillandsia gardneri Lindl. 1 4 3 8 0 2 0 2
Tillandsia geminiflora Brongn. 0 5 2 7 0 5 0 5
Tillandsia stricta Sol. 15 50 52 117 8 22 3 33
Tillandsia tenuifolia L. 0 1 1 2 0 1 0 1
Vriesea bituminosa Wawra 1 0 2 3 1 1 0 2
Vriesea friburgensis Mez 9 52 41 102 6 25 1 32

Cactaceae (1/2)
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Number of occurrence alive Number of occurrence dead

Family/Species phorphytes phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF

Rhipsalis floccosa Salm-Dyck ex. Pfeift. 0 0 0 0 0 0 1 1
Rhipsalis pulchra Loefgr. 0 0 0 0 0 1 0 1

Clusiaceae (1/1)
Clusia criuva Cambess. 1 1 0 2 0 0 0 0

Gesneriaceae (1/1)
Nematanthus strigillosus (Mart.) H.E.Moore 0 3 5 8 0 0 0 0
Orchidaceae (14/22)

Acianthera saundersiana (Rchbf.) Pridgeon & M.W. Chase 0 0 0 0 0 1 0 1
Bifrenaria aureofulva (Hook.) Lindl. 0 1 3 4 0 0 0 0
Bulbophyllum exaltatum Lindl. 0 1 0 1 0 0 0 0
Bulbophyllum micropetaliforme J.E.Leite 0 0 3 3 1 2 0 3
Cattleya coccinea Lindl. 0 3 5 8 0 0 0 0
Dichae congniauxiana Schltr. 0 0 0 0 0 2 0 2
Epidendrum chlorinum Barb.Rodr. 0 0 3 3 0 0 0 0
Epidendrum paranaense Barb. Rodr. 0 0 0 0 0 1 0 1
Epidendrum proligerum Barb.Rodr. 0 1 6 7 0 0 0 0
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Number of occurrence alive Number of occurrence dead

Family/Species phorphytes phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF

Epidendrum secundum Jacq. 0 0 2 2 0 0 0 0
Gomesa ranifera (Lindl.) M.W.Chase & N.H.Williams 0 0 1 1 0 2 0 2
Maxillaria brasiliensis Brieger & Illg 0 0 3 3 0 0 0 0
Maxillaria subulata Lindl. 5 0 5 10 1 3 0 4
Octomeria crassifolia Lindl. 0 0 0 0 0 1 0 1
Octomeria rubrifolia Barb.Rodr. 1 1 2 4 0 0 0 0
Octomeria wawrae Rchb.f. 2 1 0 3 0 0 0 0
Oncidium wentworthianum Bateman ex Lindl. 0 0 1 1 0 0 0 0
Prescottia stachyodes (Sw.) Lindl. 0 1 0 1 1 0 0 1
Prosthechea allemanoides (Hoehne) W.E.Higgins 4 15 25 44 4 4 1 9
Prosthechea pachysepala (Klotzsch) Chiron & V.P.Castro 4 4 2 10 0 8 0 8
Scaphyglottis modesta (Rchb.f.) Schlitr. 0 0 3 3 0 0 0 0
Scuticaria novaesii F.Barros & Cath. 0 1 0 1 0 0 0 0

Piperaceae (1/3)
Peperomia crinicaulis C.DC. 0 0 0 0 0 1 0 1
Peperomia diaphanoides Dahlst. 0 2 0 2 0 0 0 0
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Number of occurrence alive Number of occurrence dead

Family/Species phorphytes phorophytes
F1 F2 F3 DCF F1 F2 F3 DCF
Peperomia tetraphylla (G. Forst) Hook & Arn. 0 0 0 0 0 3 0 3
Polypodiaceae (7/8)

Campyloneurum austrobrasilianum (Alston) de la Sota 0 1 0 1 0 0 0 0
Cochlidium punctatum (Raddi) L.E.Bishop 0 5 0 5 0 2 0 2
Lellingeria apiculata (Kunze ex Klotzsch) A.R.Sm. & R.C.Moran 0 1 0 1 0 2 0 2
Melpomene pilosissima (M.Martens & Galeotti) A.R.Sm. & R.C.Moran 0 9 0 9 0 7 0 7
Microgramma squamulosa (Kaulf.) de la Sota 2 0 6 8 0 6 0 6
Pleopeltis hirsutissima (Raddi) de la Sota 4 24 5 33 1 14 1 16
Pleopeltis macrocarpa (Bory ex Willd.) Kaulf. 0 1 0 1 0 0 0 0
Serpocaulon catharinae (Langsd. & Fisch.) A.R.Sm. 0 9 8 17 0 8 0 8

Solanaceae (1/1)
Dyssochroma viridiflorum (Sims) Miers 1 1 0 2 0 0 0 0
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CAPITULO 3 - AABUNDANCIA E O TAMANHO DOS FOROFITOS
INFLUENCIAM O ANINHAMENTO EM REDES DE INTERACAO EPIFITICA EM
UMA FLORESTA NEBULAR

Revista para submissao: BIOTROPICA
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RESUMO

A interagcdo comensalistica entre epifitas vasculares e arvores hospedeiras (forofitas) ¢ um tipo
de interagdo biodtica cada vez mais utilizada em estudos de redes ecoldgicas. No entanto, os
processos evolutivos t€ém sido pouco estudados e sdo detectados diferentes padrdes e
inconsisténcias nas propriedades. O presente estudo teve como objetivo avaliar quais padrdes
de organizacgdo e interacdes da rede epifito-forofito, e testar se os forofitos mais abundantes
serdo importantes para a estrutura e robustez. Para avaliar essa estrutura, foram estabelecidas
parcelas de 20 x 10 m em trés fitofisionomias da nanofloresta nebular do Parque Estadual de
Ibitipoca, que apresentam diferentes tipos de solos (denominados F1, F2 e F3). As métricas de
aninhamento, especializacdo, conectividade, uniformidade de interacdo e robustez foram
calculadas para caracterizar a estrutura da rede e prever frequéncias de interagdo, por
abundancia de espécies, altura, diametro a altura do peito (DAP), altura da primeira bifurcagao
(APB) e casca de forofito. As redes de interagdo apresentaram um padrao de aninhamento mais
pronunciado do que o esperado ao acaso, caracterizado por uma distribuicdo uniforme de
interagdes, baixa especializagdo e alta robustez, mesmo ap6és a exclusdo de forofitos
abundantes. O fenomeno de aninhamento ¢ influenciado principalmente pela abundancia e
tamanho dos forofitos, os quais desempenham um papel facilitador na colonizagao sequencial
das espécies epifiticas. Concluimos que o melhor modelo explicativo do aninhamento ndo
inclui processos neutros, mas deterministicos, ¢ o efeito do tamanho do hospedeiro no
estabelecimento das epifitas indica que atencao especial deve ser dada as espécies com essas

caracteristicas, a fim de conservar essas comunidades e todos os organismos associados a eles.

PALAVRAS-CHAVES: Aninhamento, Floresta Atlantica, Facilitacdoes, Interacoes

comensalistas, Robustez.
ABSTRACT

The commensalistic interaction between vascular epiphytes and host trees (phorophytes) is a
type of biotic relation increasingly used in studies of ecological networks. However,
evolutionary processes have been little studied and different patterns and inconsistencies in the
properties are detected. The present study aimed to evaluate which patterns are organization of
epiphyte-phorophyte interactions, and test whether the most abundant phorophytes will be
important for the structure and robustness of the network. To evaluate this structure, twenty-

four plots of 20 x 10 m were established in three vegetation types of the dwarf cloud forest in
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the Parque Estadual de Ibitipoca, which present different types of soils (called F1, F2, and F3).
The metrics nesting, specialization, connectance, interaction evenness, and robustness were
calculated to characterize the network structure and predict interaction frequencies, by species
abundance, height, diameter breast height (DBH), the height of the first bifurcation (HFB) and
phorophyte bark texture. The interaction networks exhibited a nested pattern higher than
expected by chance, with a uniform distribution of interactions, low specialization, and
robustness, even with the withdrawal of phorophytes abundant. The nesting is predicted by the
size and abundance of phorophytes which can facilitate the sequential colonization of epiphyte
species. We conclude that the best model explaining nesting does not include neutral processes,
but deterministic ones, and the effect of host size on epiphyte establishment indicates that
special attention should be given to species with these characteristics in order to conserve these

communities and all organisms associated with them.

KEY-WORDS: Atlantic Forest, Commensalistic Interactions, Facilitations, Nestedness,

Robustness.
1. INTRODUCAO

Nos tultimos anos, diversos estudos tém se dedicado a compreensdo da estrutura das
interagdes em comunidades naturais. Padrdes recorrentes em interacdes ecologicas
semelhantes tém sido amplamente explorados (Bascompte et al., 2003; Lewinsohn et al., 2006;
Tylianakis et al., 2007; Burns, 2008; Sayago et al., 2013). E importante observar que as
estruturas de rede podem nao surgir apenas a partir de interagdes multiplas e hierarquicas entre
os fatores, mas também podem ser resultado de mecanismos evolutivos e ecoldgicos
subjacentes (Lewinsohn et al., 2006; Vazquez et al., 2009). A identificagdo dos fatores que
moldam as redes de interagdo proporciona novas perspectivas sobre os processos ecologicos e
evolutivos que direcionam essas interagoes em nivel comunitério. Essas descobertas podem ter
implicagdes significativas para o manejo de grupos ecologicamente sensiveis, com potencial
impacto na conservagdo e manejo da biodiversidade (Sayago et al., 2013).

Dentro dos padrdes frequentemente identificados nessa dindmica, destacam-se o
aninhamento e a modularidade (Lewinsohn et al., 2006). Nas redes de interacao entre espécies,
o aninhamento ocorre quando as espécies especialistas tendem a interagir mais frequentemente
com espécies generalistas (Bascompte et al., 2003), enquanto a modularidade se manifesta
quando grupos especificos de espécies interagem mais entre si do que com outros elementos

da rede (Olesen et al., 2007; Stouffer & Bascompte, 2011). No contexto das redes

121



comensalistas, o padrao de aninhamento tem se destacado como resultado predominante
(Bascompte et al., 2003; Guimaraes et al., 2007; Bastolla et al., 2009; Couto et al., 2022; Hu et
al., 2022), mesmo que também seja observado em algumas redes de antagonismo (Valtonen et
al., 2001; Vazquez et al., 2005; Bascompte & Jordano, 2007). Da mesma forma, embora a
modularidade seja mais comum em redes de antagonismo (Prado & Lewinsohn, 2004; Stouffer
& Bascompte, 2011; Genini et al., 2012), ela também foi identificada em redes de mutualismo,
como polinizagdo e dispersao de sementes (Olesen et al., 2007; Mello et al., 2011).

As interagdes comensalistas, no qual um dos organismos se beneficia enquanto o outro
¢ neutro, fornecem uma arena de testes inexploradas para entender as causas e consequéncias
da topologia da rede de interagcdo. Como ndo se espera que mecanismos de competicdes ou
presa e predador surjam neste tipo de interagdes, eles podem fornecer um modelo evolutivo no
qual ¢é possivel avaliar propriedades de rede. Especificamente, se a estrutura aninhada das redes
comensalistas reflete os efeitos ecologicos da complementaridade coevolutiva, seria de se
esperar que encontrdssemos graus menos acentuados de aninhamento nessas redes.
Adicionalmente, caso as redes comensalistas se revelem aninhadas, uma analise de sua
resisténcia a disturbios proporcionaria um teste independente do impacto direto do
aninhamento na rede (ou seja, desvinculando os possiveis efeitos indiretos da
complementaridade de tragos) em sua reagdo aos distirbios (Piazzon et al., 2011).

As epifitas sao um grupo de plantas nao parasitarias em todas as fases da vida, desde a
germinacgdo até seu estabelecimento e crescimento (Zotz, 2013), um exemplo de interagdo
comensal tipica, pois as epifitas utilizam os forofitos como habitats mecanicos, os quais
geralmente ndo sdo afetados (Ceballos et al., 2016; Francisco et al., 2018). As redes de interagao
entre essas plantas serdo compostas por trés partes principais: epifitas vasculares, arvores
hospedeiras (forofitos) e ligagdes (interagdes) entre as espécies. Como nos outros tipos de
interagdes entre espécies (Bascompte et al., 2003; Thébault & Fontaine, 2010; Verdi &
Valiente-Banuet, 2008), as interacdes comensais entre epifitas vasculares e fordfitos também
foram recentemente descritas e analisadas com abordagens de rede (Blick & Burns, 2009;
Burns 2007; Piazzon et al., 2011; Sayago et al., 2013; Silva et al., 2010; Taylor et al., 2016;
Zhao et al., 2015; Bascompte et al., 2003; Lewinsohn et al., 2006; Tylianakis et al., 2007; Burns,
2008; Sayago et al., 2013; Piazzon et al., 2011; Ceballos et al., 2016; Francisco et al., 2019; Hu
etal., 2021; Hu et al., 2022).

Em comparagdo com as interagdes mutualisticas e antagonicas, a estrutura da rede
epifita-for6fito mostra estrutura aninhada com baixa especializagdo e modularidade (Piazzon

et al., 2011; Ceballos et al., 2016; Francisco et al., 2019; Hu et al., 2021). Sendo a baixa
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modularidade o padrao comum, provavelmente pelo baixo nivel de especializagdo e pela falta
de processos co-evolutivos entre os parceiros que interagem (Naranjo et al., 2019). Contudo, a
génese dos padrdes aninhados ¢ atribuida a processos neutros, nos quais as interagdes sao
primordialmente delineadas pela relativa abundancia das espécies na comunidade (Krishna et
al., 2008). Diferencas quantitativas nas propriedades de rede entre esses tipos de interagao t€ém
sido identificadas (Foutaine et al., 2009; Thébault & Foutaine, 2010; Piazzon et al., 2011),
apontando para distingdes nos fatores estruturais subjacentes. Se as intera¢des sao de natureza
neutra, a arquitetura da rede ¢ elucidada pelo cruzamento aleatorio entre os individuos da
comunidade, com a abundancia das espécies ditando os padrdes da rede (Vazquez et al., 2007).
Um continuo debate tem se desenrolado sobre se sdo os fatores neutros ou bioldgicos que regem
os padroes estruturais das redes (Jordano et al., 2003; Santamaria & Rodrigues-Girénes, 2007;
Stang et al., 2007; Vazquez et al., 2009), recentemente enfatizando que, nas comunidades
epifiticas, as escalas temporais ecoldgicas podem ostentar maior relevincia do que
necessariamente a distingdo evolutiva do hospedeiro (Pie et al., 2023).

Em certas florestas, as redes de interacdo epifita vascular -hospedeiro mostram uma
estrutura aninhada (Piazzon et al., 2011), alta uniformidade de interacao [interaction evenness|
(Sayago et al., 2013; Zhao et al., 2015) e baixos niveis de especializagdo (Sayago et al., 2013;
Zhao et al., 2015). Contudo, outros padrdes foram relatados para redes de interagdo epifita
vascular-hospedeiro em outras regides (Burns, 2008; Burns & Zotz, 2010). Por exemplo, Burns
(2008) descobriu que epifitas vasculares facultativas em florestas de coniferas costeiras do
Canada sdao compartimentadas, devido a cinco espécies de arbustos semelhantes que tendem a
co-ocorrer. Além disso, em uma floresta tropical panamenha, Burns & Zotz (2010) observaram
que a rede vascular epifita-for6fito mostrava evidéncias de um modular, isto €, pares de
espécies substituindo-se entre as comunidades.

Desta maneira estudos sobre as redes epifitas vascular-hospedeiro apontam que as
espécies interagem de acordo com sua abundancia (Burns, 2007; Sdyago et al., 2013), o que
significa que espécies abundantes interagem com mais frequéncia e com mais espécies do que
as raras (Vazquez et al., 2009). Outros fatores além da abundancia podem influenciar a
estrutura da rede (por exemplo, Olito & Fox, 2014; Vazquez et al., 2009). Sayago et al. (2013)
testaram diferentes fatores que podem explicar ou prever frequéncias de interagdes e varias
métricas de rede em uma rede bromélia-hospedeiro de uma floresta tropical seca do México.
Os fatores mais importantes neste estudo foram a abundancia de espécies e caracteristicas do
hospedeiro, como tamanho, densidade da madeira e textura da casca.

Em ambientes florestais nebulares, as comunidades de epifitas sdo ricas e abundantes
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(Hamilton et al., 1995; Bruijnzeel et al., 2010), sendo importantes para relagcdes ecologicas e
conservagao deste ambientes (Zotz, 2016, Furtado & Menini Neto, 2022). A Floresta Atlantica
Brasileira ¢ um dos centros da biodiversidade epifitica (Ramos et al., 2021), e o Parque Estadual
do Ibitipoca ¢ um dos locais mais ricos inserido neste dominio no Brasil (Furtado & Menini
Neto, 2018). Nele a floresta nebular ocorre em mosaicos com formacdes campestres e
arbustivas, sendo diferenciadas em quatro diferentes formagdes de nanoflorestas
(subfitofisionomias) definidas pelo tipo de solo e composi¢do arbdrea (Oliveira-Filho et al.,
2013).

Assim, o objetivo do presente trabalho ¢ avaliar quais os padrdes de organizagdo das
interacdes epifitas-forofitos em trés subfitofisionomias de uma nanofloresta nebular de um
local megadiverso. Testamos a hipdtese de que as redes de intera¢ao apresentarao aninhamento,
com baixa especializagdo e robustez, e que esse padrao sera influenciado pela abundancia e

tamanho dos foréfitos, independente da subfitofisionomias.

2. METODOS

2.1. Area de estudo:

O Parque Estadual do Ibitipoca (PEIB) encontra-se na regido sudeste de Minas Gerais,
no municipio de Lima Duarte, distrito de Conceigao do Ibitipoca, entre as coordenadas 21°40°-
21°44°S e 43°52°-43°55’W (Figura 21). O PEIB apresenta um relevo caracterizado por
escarpas altas e colinas, ao longo de 1488 ha variando em altitudes de 1000 a 1800 metros
(Forzza et al., 2013). O clima ¢é classificado como Cwhb, segundo o sistema de classificacao
Koppen, isto é mesotérmico Umido com invernos secos e verdes amenos. A precipitacdo anual

média fica em torno de 1532 mm e a temperatura anual média é de 18.9°C (Rocha, 2013).
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Figura 22. Localizagdo do Parque Estadual do Ibitipoca (PEIB), Minas Gerais, Brasil e detalhe

de suas fitofisionomias, segundo Oliveira-Filho et al. (2013).

Inserido no Dominio Atlantico no Complexo da Mantiqueira, apresenta um mosaico de
fisionomias florestais e campinas, que permitiu tornar-se uma area prioritaria na conservagao
da flora de Minas Gerais, por sua expressiva contribuicdo com espécies endémicas (Drummond
et al., 2005; IEF, 2021). Dentre as fisionomias as Florestas Nebulares encontram-se
entremeadas as campinas (predominantes ao longo do PEIB com grande riqueza floristica) e
representam cerca de 20% da vegetacao total do PEIB, essas séo florestas mais densas e altas
do Parque ocorrem no setor centro sul, dentre as quais se destaca a Mata Grande e as formacdes
de nanoflorestas (Oliveira-Filho et al., 2013).

A fisionomia nanofloresta nebular (NF) ocorre em diferentes altitudes ao longo de todo
0 parque, sendo dividida em quatro subfitofisionomias, por apresentar uma superficie muito
irregular e solos com diferentes formacgdes e composicoes arboreas (Oliveira-Filho et al., 2013).

A primeira formacdo é denominada tenuissolica humifera ripicola: caracterizada pelos solos
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rasos, com menos de 0,5 m de espessura, associados aos cursos d’agua e cavernas, no presente
estudo denominada como F1. A segunda, crassissolica arenosa de encosta, seu solo é
caracterizado como arenoso profundo, com espessura maior que 0,5 m das encostas dos vales,
foi denominada de F2. A terceira, tenuissélica arenosa de encosta, apresenta solos arenosos,
rasos, com menos de 0,5 m de espessura, das encostas dos vales, denominada como F3. A
quarta formacao, tenuissélica humifera de encosta ocorre em solos Umidos e rasos com menos
de 0,5 m de espessura, das encostas dos vales, ndo foi objeto de estudo devido a dificuldade de
acesso ao ambiente (Furtado & Menini Neto, 2018) (Figura 22).

Estas subfitosionomias da nanofloresta nebular sdo caracterizadas por serem um
gradiente continuo, visto que a F1 ocorre proxima as cavernas existentes no Parque e protegidas
do vento, com solos ricos em matéria organica que sustentam uma vegetacdo adensada e
algumas arvores emergentes. Podem ser associadas a cursos d’agua (como Pido, Viajantes,
Cruzeiro e Trés Arcos) ou mesmo ausentes (como Coelhos e Bromélias). A F2 ocorre um pouco
mais exposta aos ventos, devido a localizacdo, mas com solos profundos e cobertos por musgos
e vegetacdo arborea também adensada, sendo intermediaria. A F3 representa o ambiente de
transicdo das nanoflorestas com a campina nebular e o solo arenoso e raso age como um filtro
ambiental diminuindo a riqueza da comunidade arbdrea que € mais esparsa e mais exposta aos
ventos (Furtado & Menini Neto, 2018).

126



Figura 23. As subfitofisionomias da nanofloresta nebular no Parque Estadual do Ibitipoca. A:
tenuissolica humifera ripicola - F1; B - crassissolica arenosa de encosta - ¥2; C: tenuissolica

arenosa de encosta - F3. Foto: Samyra Gomes Furtado

127



2.2. Coleta de dados

Os dados foram coletados nos anos de 2014 ¢ 2015 em 24 parcelas de 10 x 20 m, sendo
oito parcelas em cada uma das trés subfitosionomias. As parcelas da formacao F1 serviram de
referéncia para as parcelas das outras duas formagdes por serem associadas a entrada de grutas,
e estas foram localizadas o mais proximo e em altitude semelhante as primeiras. Em cada
parcela, foram analisados todos os forofitos (considerados como as unidades amostrais em
estudos desta natureza) com didmetro a altura do peito (DAP) igual ou superior a 10 cm. As
arvores foram identificadas com plaquetas de aluminio e analisadas quanto a presenca de
espécies epifitas e feitas as seguintes medicdes (i) didmetro da arvore a altura do peito (DAP);
(i1) altura estimada da arvore hospedeira, (ii) altura da primeira bifurcacao, e (iv) classificagao
da casca em lisa (1), fissurada (2) e rugosa (3). Devido a existéncia de uma listagem para a
flora do PEIB (Forzza et al., 2013), exemplares foram coletados apenas quando necessario,
sendo depositados no herbario CESJ (acronimo segundo Thiers, 2023). As espécies de epifitas
foram identificadas segundo a bibliografia especializada, consultas do material depositado nos
herbarios CESJ e RB e auxilio de especialistas. Além disso, foram classificadas de acordo com

sua relagdo com o fordfito em categorias ecoldgicas segundo a Flora e Funga do Brasil (2023).

2.3. Anélises estatisticas

Para as analises da rede de interacao foi montada uma matriz de presenga-auséncia entre
espécies de epifitas vasculares (em colunas) e espécies arboreas hospedeiras (em linhas). Para
caracterizar os parametros estruturais da rede vascular epifita-hospedeiro da rede, foram
calculadas as seguintes métricas: conectividade, uniformidade de interacdo, H2, generalidade,
vulnerabilidade, robustez ¢ aninhamento.

Conectancia ¢ representada pelo numero de interagdes observadas dividido pelo total
de interagdes possiveis (Dunne et al., 2002). Uniformidade de interacao (/nteraction evenness)
¢ uma métrica para detectar potencial dominancia de interacdo em uma rede ecologica
(Dormann et al., 2009), sendo que os valores mais altos implicam na abundancia semelhante
entre as interagdes, € valores mais baixos implicam em poucas interagdes dominantes. H2 ¢
uma medida quantitativa de especializa¢ao (Bliithgen et al., 2006), se espécies especialistas
prevalecem, a rede sera mais especializada, porém se as espécies generalistas prevalecerem a

rede serd mais generalizada (Sfair et al., 2015). Essa métrica vai de 0, para nenhuma
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especializagao, a 1 para especializagdo perfeita (Bliithgen et al., 2006). Generalidade
(Generality) ¢ o nimero médio ponderado de espécies de arvores por espécie de epifitas
vasculares, enquanto que vulnerabilidade (Vulnerability) ¢ o numero de espécies de epifitas
vasculares por espécie de arvores (Bersier et al., 2002; Sdyago et al., 2013). A robustez (R) € o
calculo da tolerancia da rede a extingdo de espécies (Dunne et al., 2002; Memmott et al., 2004),
sendo considerado que a extingdo secundaria de espécies epifitas decorrente da extingdo de
espécies primarias de foréfitos. R= 0 corresponde a uma redu¢ao muito rapida na inclinagdo da
curva, refletindo um sistema perturbado apds a remocgao da primeira espécie; enquanto R= 1
representa um sistema bastante robusto, onde o decréscimo da curva € muito lento e, portanto,
representa um sistema no qual a maioria das epifitas permanece apds a remocao da maioria dos
forofitos.

O grau de aninhamento da matriz bindria foi estimado com duas métricas diferentes:
NODF (métrica de aninhamento baseada em sobreposi¢do e preenchimento decrescente;
Almeida-Neto et al., 2008) e temperatura de aninhamento WNODF (Atmar e Patterson, 1993).
Em seguida, avaliamos a significancia do aninhamento com diferentes modelos nulos,
repetindo a amostragem aleatoria para gerar padroes que foram entdo comparados com o
padrdo de aninhamento observado (Bascompte et al., 2003). NODF varia de 0 a 100 (valores
de menor a maior de aninhamento, respectivamente), enquanto a temperatura de aninhamento
varia de 0 a 100 (com 0 implicando aninhamento méaximo). Todas as analises das métricas
foram no software R (R Development Core Team, 201) usando pacote bipartido (Dormann et
al., 2009).

Para avaliacdo dos modelos que prevéem as frequéncias de interagdes da rede epifita
vascular-hospedeiro, avaliamos a abundancia de espécies e caracteristicas do hospedeiro
(altura, diametro a altura do peito (DAP), altura da primeira bifurcagdo e casca) como
preditores, que foram selecionados com base nos seguintes motivos: Abundancia: incluidos
para avaliar se as espécies abundantes interagem com mais frequéncia. Consideramos a
abundancia de espécies arboreas e epifitas vasculares na matriz. O didmetro da arvore a altura
do peito (DAP) e altura foi considerado proxy do tamanho da arvore. Essa varidvel foi
selecionada porque arvores de grande didmetro fornecem melhores caracteristicas para epifitas
vasculares (por exemplo, mais superficie e microhabitats; Burns, 2008; Woods et al., 2015;
Elias et al 2021). Textura da casca: por defini¢do, ¢ a rugosidade da casca, importante fator
associado a presencga de epifitas vasculares. As informagdes sobre a textura da casca foram
derivadas de observagdes de campo, usando as seguintes notas: 1 (suave: textura muito leve),

2 (pouco aspera: grossa com um micro relevo) e 3 (aspera: textura grossa com fissuras, Tabela
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1).

Abundancia das espécies de arvores (A), média do didmetro a altura do peito —
DAP (D), média da altura (Al) e mediana da casca (C) representam fatores que foram usados
para construir modelos. Combinando os fatores, criamos um total de seis modelos de duas
restrigdes (AD: abundancia + DAP, AAl: abundancia + altura, AC: abundancia + casca, DAI:
DAP+ altura, DC: DAP + casca, AIC: altura + casca), trés modelos de trés restricoes (ADAL:
abundancia + DAP +altura, ADC: abundancia + DAP + casca, AAIC: abundancia + altura +
casca). Também desenvolvemos um modelo nulo no qual todas as interacdes t€ém a mesma
probabilidade de ocorrer. A capacidade dos modelos em explicar as frequéncias de interagdo da

matriz observada pelo aninhamento foi analisado seguindo a metodologia de Vazquez et al.

(2009), utilizando o critério de informagao de Akaike (AIC, Bolker, 2008).
3. RESULTADOS

Encontramos 773 individuos de forofitos distribuidos em 33 familias em 83 espécies
(Tabela 7), com 127 espécies de epifitas vasculares distribuidas em 18 familias (Tabela 9). A
rede apresentou 1296 interacdes, sendo Guapira opposita (Nyctaginaceae) a espécie de foréfito
que interagiu com o maior nimero de espécies de epifitas, junto com os foréfitos mortos
apresentando 72 interagdes cada, seguido por Eugenia nutans (Myrtaceae) com 68 interagdes,
e Alchornea triplinervia (Euphorbiaceae) com 54 interagdes. As espécies epifiticas com maior
numero de interagdes com os forofitos foram Pleopeltis hirsutissima (Polypodiaceae) com 54
interacdes, seguido por Tillandsia stricta (Bromeliaceae) com 52 interacdes, P. macrocarpa €
Serpocaulon catharinae (Polypodiaceae) com 42 interagdes cada, e Vriesea friburgensis
(Bromeliaceae) com 41 interagdes (Figura 23) A familia de for6fitos mais representativa neste
estudo foi Myrtaceae, apresentando 18 espécies (Tabela 7). As espécies de fordfitos mais
abundante foram G. opposita, com 125 individuos (14%), seguida por Eremanthus
erythropappus 114 individuos (12.7%), 109 individuos mortos (12.2%), E. nutans com 72
individuos (8%) e A. triplinervia com 19 individuos (2%).

Na subfitofisionomia F1 foram encontrados 241 individuos de foréfitos distribuidos em
24 familias com 47 espécies, F2 a mais abundante com 319 individuos, ao longo de 23 familias
com 45 espécies, € a F3 menos abundante com 214 individuos, distribuidos em 17 familias com
31 espécies. A rede de interagao da subfitofisionomia F1 apresentou 751 interagdes enquanto a
F2 demonstrou 645 interagdes ¢ a F3 com 278 interagdes. As espécies mais ricas na F1 foia G.

opposita com 53 interagdes e os forofitos mortas com 58 interacdes e, na F2 foram E. nutans
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com 55 interagdes e os forofitos mortos com 51 interagdes, enquanto na F3 foram G. opposita
com 31 interagdes e E. nutans com 27 interagdes (Tabela 8). As espécies epifiticas com maior
numero de interagdes com os forofitos na F1 foram Tillandsia stricta (33 interagdes) e
Pleopeltis hirsutissima (32 interagdes), na F2 foram P. hirsutissima (32 interagdes) e Vriesea
friburgensis (26 interagdes), e na F3 foram 7. stricta (21 interagdes) e Vriesea pendulifiora (18
interacdes). A familia de forofitos mais representativa neste estudo foi Myrtaceae, apresentando
F1 =8, F2 =13, F3 =9 espécies (Tabela 9).

A rede entre epifitas e for6fitos exibiu uma conectividade reduzida (0,12 ou 12%) e uma
especializacdo moderada (H2'=0,16; p = 0), sem diferenga significativa do que seria esperado
por acaso, demonstrando uma distribui¢ao equilibrada de interagdes (Igualdade de interagdes
= 0,67). Em média, as epifitas interagiram com 12,22 foréfitos (Generalidade), enquanto os
forofitos interagiram com 25,58 epifitas (Vulnerabilidade). A rede revelou robustez (R = 0,84;
p = 0,5), evidenciando uma alta tolerancia nas interagdes epifitas-forofitos e uma resisténcia
substancial as possiveis ameacas de extingdo. Contudo, observou-se um padrdo menos
acentuado de aninhamento estrutural, conforme indicado pelos estimadores qualitativos
(NODF =46,49; p = 0,27) e quantitativos (WNODF = 31,92; p = 0,45), sem uma significancia
substancial conforme o modelo nulo (Figura 24, Tabela 4). J4 as redes de interacdo das
subfitofisionomias (F1, F2 e F3 - Figura 25), e sem os for6fitos mais abundantes (G. opposita
e forofitos mortos - Figura 26) apresentaram o mesmo padrao da rede da fisionomia, com baixa
conectividade, especializagdo, distribui¢do uniforme e aninhamento nao significativamente ao
modelo nulo (Tabela 6).

Os valores de AIC demonstraram que todos os determinantes testados para predizer as
frequéncias observadas da matriz de interacao epifita-forofito tiveram um desempenho melhor
do que a matriz nula, mas longe do modelo de probabilidade de melhor ajuste (Figura 27).
Todos os modelos apresentaram valores superiores ao modelo nulo € menor contribuigdo para
explicar os dados observados. Modelos que ndo incluiam abundancia eram tdo ruins quanto o

modelo nulo.
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Figura 24. Espécies epificas ocorrem no Parque Estadual do Ibitipoca. A: Bifrenaria vitellina;
B: Epidendrum paranaense; C: Pleopeltis macrocarpa; D: Serpocaulon catharinae; E:
Tillandsia stricta; ¥: Vriesea friburgensis. Foto: A, B, C, E, F - Luiz Menini Neto; D - Samyra

Gomes Furtado.
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Tabela 6. Métricas da rede interacdo WNodf - temperatura de aninhamento; Nodf - grau de aninhamento; Conectancia; H2 - especializacao; Int.

even. - Uniformidade de Interagdao; Robustez; Generality - Generalidade; Vulnerability - Vulnerabilidade; Link por espécies. NF - Fisionomia

Nanofloresta Nebular; F1: tenuissélica humifera ripicola; F2: crassissolica arenosa de encosta; F3: tenuissolica arenosa de encosta; Go - rede sem

os individuos de Guapira opposita; Mor - rede sem os individuos mortos.

WNodf Nodf Conectancia Int. even. Robustness Generality Vulnerability Link p/ esp.

Rede obs P obs p obs p obs p obs p obs P obs obs obs

NF 3192 045 4649 0.27 0.12 0 0.18 0 0.67 0 0.84~0.79 0.5 12.22 25.58 6.17

F1 273 044 449 007 0.16 0 0.20 0.008 0.72 0.00 0.88 ~0.75 0.5 11.03 25.32 5.04

F2 2978 0.04 4472 0.04 0.15 0 0.23 0 0.66 0 0.86~0.75 0.39 7.28 22.38 4.61

F3 2557 0.006 41.24 0.18 0.13 0 0.27 0 0.64 0 0.75~0.69 0.32 6.27 11.65 2.89
Go 22.74 0 4287 0.11 0.12 0 0.19 0 0.69 0 0.84 ~0.78 0.5 14.81 24.84 6

Mor 29.74 0.23 44.13 0.31 0.12 0 0.20 0 0.66 0 0.84 ~0.78 0.5 11.48 25.37 5.94

133



Gua_opp
Mar
Eug_nut
Alc_tri
Slo_gui
Cup_zan
le_the
Era_any
Mtyr_spl
By _lig
Eug_hbra
Aga_ole
Cab_can
Cle_sca
Deco_pul
Alc_sp
Cor_con
Pay_wal
Qco_lax
Cya_sp
Ila_par

Mol _en
PATE_wl

% cor
—I‘I'ls

a

Toe

ar
aus

re_pdr

Figura 25. Rede de Interagdo epifita-forofito. A caixa representa as espécies de forofitos

(esquerda) e epifitas (direita). O tamanho da caixa ilustra a frequéncia de interacdo de cada

espécie na rede. Linhas cinzas representam interacdes observadas entre espécies epifitas e

forofitos.
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Figura 27. Rede de Interacdo epifita-forofito. A caixa representa as espécies de epifitas (esquerda) e de foréfitos (direita). O tamanho da caixa

ilustra a frequéncia de interagdo de cada espécie na rede. Linhas cinzas representam interacdes observadas entre espécies epifitas e forofitos.

Esquerda - Sem individuos da Guapira opposita. Direita - sem individuos Mortos.
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4. DISCUSSAO:

Como esperado, encontramos uma estrutura aninhada com baixa especializacao e alta
uniformidade de interagdes, entretanto ndo ¢ significativamente mais ou menos aninhado do
que esperado ao acaso. A estrutura aninhada declinou da 4rea total para as subfitofisionomias,
e nas redes com a retirada dos fordfitos mais abundantes. Esses resultados sdo consistentes com
pesquisas anteriores sobre aninhamento de redes entre epifitas vasculares e forofitos (por
exemplo, Blick & Burns, 2009; Burns, 2007; Piazzon et al., 2011; Sayago et al., 2013; Silva et
al., 2010; Zhao et al., 2015; Franscisco et al., 2019; Hu et al., 2022). Apesar das diferengas na
composi¢ao arborea entre as trés subfitofisionomias, ¢ mesmo diante da possivel extingao ou
remogao de uma espécie de forofito e dos individuos mortos mais abundantes, o padrao
estrutural geral permaneceu inalterado. O aninhamento foi menor do que o esperado ao acaso,
apresentando respostas similares para as diferentes simulagdes de todas as redes analisadas,
sugerindo que as interagdes entre as epifitas vasculares e as arvores hospedeiras ndo sdo
montadas de forma deterministica € que outros processos neutros podem estar envolvidos na
estruturacao dessas espécies. Pie et al. (2023) demonstraram, em um estudo de diversidade
filogenética em escala neotropical, que grande parte desta relagdo comensal entre epifitas e
forofitos € por meio de mecanismos neutros/estocasticos nao relacionados a grandes processos
de escalas temporais evolutivas. E alguns dos processos envolvidos sdo: sucessdo das epifitas
vasculares por meio de espécies que proporcionam facilitagdes (Burns et al., 2007), e a
abundancia e tamanho dos foréfitos (Taylor et al., 2016).

A medida que os forofitos crescem, principalmente no seu didmetro, permitem a
colonizacdo sequencial das espécies de epifitas, comegando com as mais generalistas seguindo
para as mais especialistas, onde as espécies pioneiras auxiliam na acumulagdo de substratos e
agua, formando “ninhos epifiticos” (Burns et al., 2007; Taylor et al., 2016). As espécies
generalistas que estdo representadas no topo da rede de interacao neste estudo, como as familias
Polypodiaceae e Bromeliaceae, apresentam trés espécies cada, com maior nimero de interagdes
com outras espécies e individuos de forofitos. Esse padrao € justificado pelas caracteristicas de
dispersdo e germinagdo de suas sementes e esporos. As espécies Vriesea friburgensis e V.
penduliflora, por exemplo, apresentam sementes com estruturas aladas e apéndices plumosos
que permitem dispersdo a longas distancias, sendo possivel alcangar e prosperar em qualquer
habitat (Pereira et al., 2009). Além disso, essas espécies apresentam grandes rosetas que criam

micro-habitats favoraveis tanto para outras espécies de epifitas quanto para animais. Esse
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ambiente propicia a acumulagao de detritos organicos e agua, os quais se decompdem em himus
ricos em nutrientes ¢ umidade (Reitz, 1983), consolidando assim a teoria dos "ninhos
epifiticos". Além disso, devido a serem amplamente disseminadas na Regiao Neotropical (Zotz,
2016), especialmente a familia Polypodiaceae com o género Pleopeltis e algumas espécies de
Bromeliaceae, como aquelas dos géneros Tillandsia e Vriesea, essas sdo algumas das epifitas
vasculares que se estendem por diversos ambientes, incluindo locais mais secos ou com alta
taxa de evapotranspiracdo (média anual de perda de 4gua por evaporagdo e transpiracao),
caracteristicas comuns de ambientes montanhosos com frequentes dias chuvosos, como € o caso
das florestas nebulares (Kessler et al., 2010).

A abundancia e o tamanho dos foréfitos (altura e DAP) como indicado pela analise do
AIC, indicam que todas as combinagdes envolvendo a abundancia e o tamanho dos foréfitos
superaram o modelo nulo. Esses fatores podem dar origem ao padrdao de aninhamento, com as
espécies mais abundantes interagindo mais frequentemente com as espécies menos abundantes
(Vazquez et al., 2005), ou quando as comunidades de epifitas vasculares em forofitos de menor
diametro formam subconjuntos em comparacdo com as comunidades de epifitas em foréfitos
de maior didmetro (Zhao et al., 2015; Taylor et al., 2016). Por exemplo a espécie de forofito
mais abundante para o estudo, Guapira opposita, ja foi relatada como uma das mais abundantes
em outros trabalhos sobre rede de interacao para nanofloresta nebulares (Francisco et al., 2018;
2019), além de outros estudos para o dominio da Floresta Atlantica (Bonnet et al., 2007;
Fontoura et al., 2009; Kersten & Silva, 2001; Ferreira, 2011), onde se destacou por
serem favoraveis ao epifitismo pelo seu porte e abundancia ao longo dos fragmentos (Bonnet,
2007; Ferreira, 2011). Além dela, tem destaque também os individuos de forofitos mortos que
permanecem em pé, pelas caracteristicas ambientais como a alta nebulosidade e altitude, que
permitem a manutengdo desta alta diversidade de epifitas (Capitulo 2).

Além disso, o tamanho da rede ao invés do esforco de amostragem (ou seja, numero de
unidades de amostragem), ¢ mais importante na determinacao da estrutura do aninhamento nas
redes de interagdo de espécies (Nielsen & Bascompte, 2007). Assim os resultados encontrados
nas subfitofisionomias demonstram que os nimeros de interagdes sdo importantes para o padrao
apresentado em cada uma, onde a F3 por ser a menor em numeros de interagdes demonstrou o
padrao menos aninhado do que esperado ao acaso. Em apoio a isso, Taylor et al. (2016) em
estudo de redes de interagdes na Nova Zelandia e Chile demonstraram que as comunidades de
epifitas da primeira localidade foram significativamente mais aninhadas em comparagdo com a

segunda, da mesma forma, a maior rede do Chile, Anticura, também apresentou um maior
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padrdo aninhado significativo do que as menores.

A especializagdo da rede foi menor (0,18 na NF e 0,23 na F2) do que o relatado
anteriormente para outras redes de epifitas vasculares e forofitos (0,24 em Sayago et al., 2013;
0,5 em Zhao et al., 2015; 0,30 Francisco et al., 2018; 0,26 em Francisco et al., 2019), reiterando
que a especializagdo restrita € rara (Naranjo et al., 2019). Os baixos valores encontrados para
H2 em comparagao com outras redes, entre elas também as mutualisticas, podem ser indicativos
de alta sobreposi¢ao de nicho entre as espécies (Bliithgen et al., 2006; Schleuning et al., 2014;
Dugger et al., 2019), visto que a estrutura aninhada indica que a especificidade dos individuos
epifiticos ¢ pequena, onde espécies especialistas envolvidas em poucas interagdes estdo
conectadas predominantemente a espécies generalistas (Silva et al., 2010; Piazzon et al., 2011;
Taylor et al., 2016). Desse modo, os componentes para coevolucdo sao mais fracas na interagao
epifita-forofito, pois as epifitas ndo tém uma predisposicao estabelecida a hospedeiros
especificos (Narranjo et al., 2019) e, além disso, ndo procuram ativamente por seus forofitos,
desta forma sé conseguem se estabelecer nos locais onde os diasporos sao depositados ao acaso
(Wagner et al., 2015).

A robustez da rede manteve o padrdo de aninhamento mesmo com a retirada dos
principais for6fitos (os mais abundantes). Sugere-se que o nivel de aninhamento aumente a
medida que distirbios antropogénicos se intensifiquem, uma vez que a extingao de especialistas
vulnerdveis € menos propensa a causar a extingdo de outros especialistas em redes aninhadas
(Bascompte et al., 2006). Hu et al. (2022) demonstraram a viabilidade do corte seletivo de
algumas espécies de forofitos para fins de manejo florestal. No entanto, os foréfitos-chave (por
exemplo, os mais abundantes) devem ser protegidos, € o corte em larga escala deve ser evitado
para preservar a diversidade de epifitas. A estrutura topologica das redes de interacdo ¢ crucial
para manter a diversidade de espécies na comunidade (Baumgartner, 2020). Da mesma forma,
Francisco et al. (2018) e Zotarreli et al. (2019) constataram que a rede de interacao entre epifitas
e forofitos demonstrou alta resisténcia a extingao de espécies quando realizaram a eliminagao
aleatoria dos forofitos. No entanto, a retirada das espécies de forofitos-chave resultou em uma
reducao na robustez da rede, evidenciando um aumento no nimero de extin¢gdes secundarias no
inicio da eliminacao dos fordfitos com mais interagdes. Assim, mesmo com a queda de alguns
forofitos mortos, a comunidade consegue se manter sem sofrer grandes processos de extingao,
conforme corroborado no capitulo 2, onde os forofitos mortos desempenham um papel
fundamental na dindmica florestal desse ambiente e mantém um subgrupo da diversidade

epifitica.
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A conectividade da rede também revelou que muitas interagdes estao restritas a poucas
espécies de forofitos (0,12). Observou-se que a interagdo entre forofitos e epifitas (Generality)
foi mais pronunciada na rede sem a espécie G. opposita (14,81), e menos expressiva na F3
(7,28). Da mesma forma, a interacdo entre epifitas e foréfitos (Vulnerability) mostrou maior
ocorréncia na NF (25,58) e menor presenca também na F3 (11,65). Considerando que a
persisténcia das epifitas ¢ influenciada pela conectividade do grupo e por perturbagdes
(Johansson et al., 2012; Winkler et al., 2007), ¢ relevante observar que a subfitofisionomia F3,
por ter uma menor riqueza de forofitos e epifitas (conforme discutido no Capitulo 1) e um
espacamento maior entre os fordfitos (Oliveira-Filho et al., 2013), resulta em uma maior
exposicdo a luz e menor umidade (conforme abordado no Capitulo 1), o que contribui para o
padrao observado. Ao passo que generality e vulnerability apresentaram os maiores valores de
conectividade na fisionomia NF e na rede sem um dos foréfitos mais abundantes (Go), em
virtude dos seus tamanhos (interagdes). Por serem um compilado das subfitofisionomias e terem
maior abundancia de forofitos em que as espécies especialistas envolvidas em poucas interagdes
estdo conectadas predominantemente com as generalistas (Silvia et al., 2010; Piazzon et al.,
2011; Taylor et al., 2016), este resultado corrobora com outros estudos que também
apresentaram baixa conectividade (0,12 em Fontoura et al. 2009; 0,35 em Sayago et al., 2013;
0,26 em Ceballos et al., 2016, 0,23 Francisco et al., 2018; 0,18 em Francisco et al., 2019).

Os fatores avaliados no presente estudo também foram importantes para aderir
explicagdes aos padroes de rede de interacdes comensalisticas, sendo pioneiro em analisar as
subfitofisionomias de uma formacao nebular, analisando suas particularidades em virtude da
diferenca da composicao em razdo dos diferentes tipos de solos, que proporcionam diferentes
microclimas. O melhor modelo explicando o aninhamento, ndo inclui os processos neutros, mas
sim os deterministicos: a abundancia e tamanho dos foréfitos. Como por exemplo nos estudos
de Ceballos et al. (2016) e Sayago et al. (2017), no qual a abundancia dos forofitos pode gerar
o processo de aninhamento, pois as espécies abundantes interagem com mais frequéncia com
as espécies menos frequentes (Vazquez, 2005), e também do tamanho das arvores, quando as
comunidades de epifitas vasculares em arvores de pequeno didmetro formam subconjuntos
perfeitos de comunidades de epifitas vasculares em arvores de grande didmetro (Taylor et al.,
2016; Zhao et al., 2015). Por exemplo, nas matas de galeria brasileiras, também foi sugerido
que o aninhamento pode ocorrer devido a distribuicao de espessura das arvores hospedeiras,
uma vez que as arvores hospedeiras com mais espécies de orquideas epifitas eram

frequentemente aquelas com maior area basal (Silva et al., 2010). Na nanofloresta nebular
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estudada, o tamanho das arvores explica o aninhamento devido ao fato de que espécies de
arvores de grande didmetro (ex: Alchornea triplinervea, G. opposita, Slonea guianensis)
abrigam mais espécies de epifitas vasculares do que espécies de arvores de pequeno didmetro
(exemplo, Rudgea jasminoides, Geonoma schottiana, Myrcia eriocalyx). A validagdo de
algumas métricas, como o aninhamento, mesmo que ndo atinjam significancia em relacao aos
modelos nulos, sublinha a necessidade de realizar analises da robustez da rede em trabalhos
futuros. Isso envolve a avaliagao detalhada das métricas e modelos nulos a serem empregados,
dada a importancia de uma analise minuciosa da rede para discernir os fatores especificos que
contribuem para a estrutura aninhada em redes epifitas-hospedeiros (Taylor et al., 2016).

Este estudo contribui para a compreensdo dos processos que montam as redes de
interagdo ecologica em geral e as redes comensais em particular, em uma nanofloresta nebular,
em que foram avaliadas as diferentes particularidades que este ambiente possui. Nossos
resultados destacam a relevancia de considerar a estrutura de redes de interacao ao planejar
medidas de conservagdo para epifitas vasculares e forofitos. A prote¢ao das espécies de
forofitos-chave e a preservagao de habitats que favorecam a colonizagdo sequencial e a
formagdo de "ninhos epifiticos" sdo cruciais para manter a diversidade dessas comunidades.
Além disso, a compreensdo dos mecanismos neutros e deterministicos que moldam essas redes
pode contribuir para estratégias de manejo mais eficazes em ambientes suscetiveis a distirbios
antropogénicos € mudancas climaticas. Esse conhecimento € importante, uma vez que as
epifitas vasculares sdo uma das formas de vida vegetal mais sensiveis e vulneraveis, sdo
importantes componentes na dinamica florestal, regulacdo dos ciclos de agua e nutrientes,
especialmente em florestas tropicais, como as nebulares (Diaz et al., 2010; Liu et al., 2021),
além de fornecerem microhabitats e alimento para varias espécies de animais (Bohnert et al.,
2016; Osie et al., 2022). Apesar da grande contribuicdo das epifitas para a biodiversidade e
servicos ecossistémicos em ecossistemas florestais, elas ainda sdo subestimadas na conservagao
e manejo florestal (Hu et al., 2022) e este estudo destaca os fatores ecologicos que moldam suas
comunidades. Portanto, uma atencdo especial deve ser dada as espécies com essas

caracteristicas, a fim de conservar essas comunidades e todos os organismos a elas associados.
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MATERIAL SUPLEMENTAR

Tabela 7. Lista de 83 espécies de forofitos (774 individuos), distribuidas em 53 géneros e 33 familias. Seguido pela abundancia dos foréfitos (No),
numero total de interagdes (grau k), a média do diametro a altura do peito (Dap(m)), a média da altura (Altura(m)) e classificacdo da casca (Casca).

O codigo foi elaborado com as inicias dos tdxons para indicar as espécies nas figuras.

Codigo  Espécies Familia No Grau K DAP(m) Alt(m) Casca
Tap_obt Tapirira obtusa (Benth.) J.D.Mitch. Anacardiaceae 2 9 0.38 5.84 3
Dug_sal  Duguetia salicifolia R.E.Fr. Annonaceae 1 6 0.25 0 1
Ile_par  Illex paraguariensis A.St.-Hil. Aquifoliaceae 11 22 0.47 8.42 1
Ile_the  [Ilex theezans Mart. ex Reissek Aquifoliaceae 1 39 0.61 8.14 2
Sch_sp  Schefflera sp. Araliaceae 1 4 0.35 5 1
Sch_ang  Didymopanax angustissimus Marchal Araliaceae 1 5 0.49 11 2
Geo_sch  Geonoma schottiana Mart. Arecaceae 124 10 0.16 0 1
Bac_sem  Baccharis semiserrata DC. Asteraceae 1 1 0.17 0 1
Ere ery  Eremanthus erythropappus (DC.) MacLeish Asteraceae 114 38 0.53 6.34 3
Han_hep Handroanthus heptaphyllus (Vell.) Mattos Bignoniaceae 1 7 0.24 0 2
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Codigo  Espécies Familia No GrauK DAP(m) Alt(m) Casca
Han_imp Handroanthus impetiginosus (Mart. ex DC.) Mattos Bignoniaceae 3 10 0.28 7 2
Tab sp  Tabebuia sp. Bignoniaceae 8 15 0.33 8.36 1
Pro _hep Protium heptaphyllum (Aubl.) Marchand Burseraceae 4 8 0.49 7.75 2
Che _ser  Cheiloclinium serratum (Cambess.) A.C.Sm. Celastraceae 1 6 0.33 9 1
Cle_sca  Clethra scabra Pers. Clethraceae 16 31 0.38 6.16 1
Clu_sp  Clusia sp. Clusiaceae 8 11 0.37 4.68 1
Clu_cri  Clusia criuva Cambess. Clusiaceae 5 16 0.36 8.5 1
Cya sp  Cyathea sp. Cyatheaceae 8 23 0.44 4.57 3
Slo_gui  Sloanea guianensis (Aubl.) Benth. Elaeocarpaceae 1 49 0.99 10.83 2
Aga ole Agarista oleifolia (Cham.) G.Don Ericaceae 5 32 0.38 6.07 3
Alc_sp  Alchornea sp. Euphorbiaceae 7 29 0.98 10.89 2
Alc_tri  Alchornea triplinervia (Spreng.) Miill. Arg. Euphorbiaceae 19 54 0.76 9.79 2
Van_obo Vantanea obovata (Nees & Mart.) Benth. Humiriaceae 2 7 0.36 9 1
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Codigo  Espécies Familia No GrauK DAP(m) Alt(m) Casca
Nec_meg Nectandra megapotamica (Spreng.) Mez Lauraceae 4 14 0.33 5.07 2
Oco lax  Ocotea laxa (Nees) Mez Lauraceae 10 28 0.52 8.61 1
Oco_odo Ocotea odorifera (Vell.) Rohwer Lauraceae 2 17 0.29 9 1
Oco_pul  Ocotea pulchella (Nees & Mart.) Mez Lauraceae 11 31 0.65 6.18 1
Oco_tri  Ocotea tristis (Nees & Mart.) Mez Lauraceae 1 6 0.32 2 2
Per_maj Persea major (Meisn.) L.E.Kopp Lauraceae 1 3 0.21 0 2
Phy gem Phyllostemonodaphne geminiflora (Mez) Kosterm. Lauraceae 4 5 0.30 6 1
Byr var  Byrsonia variabilis A. Juss. Malpighiaceae 2 5 0.17 0 1
Byr_cor  Byrsonima correifolia A.Juss. Malpighiaceae 1 1 0.18 0 1

Byr_lig  Byrsonima ligustrifolia A.Juss. Malpighiaceae 9 33 0.68 9.78 2

Mic_sp  Miconia sp. Melastomataceae 1 11 0.458 8.5 1
Mic _lat  Miconia latecrenata (DC.) Naudin Melastomataceae 2 1 0.43 6 1
Mic_sel  Miconia sellowiana Naudin Melastomataceae 6 9 0.23 0 1
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Codigo  Espécies Familia No GrauK DAP(m) Alt(m) Casca
Mic_wil  Miconia willdenowii Klotzsch ex Naudin Melastomataceae 5 18 0.42 8.36 2
Tre par  Trembleya parviflora (D.Don) Cogn. Melastomataceae 8 1 0.47 4 3
Cab_sp  Cabralea sp. Meliaceae 1 3 0.39 9 0
Cab_can Cabralea canjerana (Vell.) Mart. Meliaceae 8 31 0.60 7.244 2
Tri_ema  Trichillia emarginata (Turcz.) C.DC. Meliaceae 1 12 0.29 5.83 2
Mac_shw  Macropeplus schwackeanus (Perkins) I.Santos & Peixoto =~ Monimiaceae 1 17 0.94 11 2
Mol _eng Mollinedia engleriana Perkins Monimiaceae 1 19 0.37 8.27 1
Mol _fru Mollinedia elegans Tul. Monimiaceae 109 11 0.28 0 0

Ble sal  Blepharocalyx salicifolius (Kunth) O.Berg Myrtaceae 2 14 0.21 0 1
Eug bra Eugenia brasiliensis Lam. Myrtaceae 56 33 0.54 7.79 1
Eug nut FEugenia nutans O. Berg Myrtaceae 1 68 0.41 6.87 2
Eug pun Eugenia punicifolia (Kunth) DC. Mpyrtaceae 6 6 0.47 3.5 3
Myr_alp Myrceugenia alpigena (DC.) Landrum Myrtaceae 2 13 0.66 541 2
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Codigo  Espécies Familia No GrauK DAP(m) Alt(m) Casca
Myr bra Myrceugenia bracteosa (DC.) D.Legrand & Kausel Myrtaceae 1 6 0.21 0 2
Myr _coe Myrcia coelosepala Kiaersk. Myrtaceae 1 1 0.31 6.5 2
Myr _eri  Mjyrcia eriocalyx DC. Myrtaceae 1 1 0.16 0 0
Myr_gui  Mpyrcia guianensis (Aubl.) DC. Myrtaceae 5 8 0.27 0 3
Myr_har Myrcia hartwegiana (O. Berg) Kiaersk. Myrtaceae 1 11 0.24 7.5 2
Myr_obo Mjyrcia obovata (O.Berg) Nied. Myrtaceae 10 3 0.41 9 0
Myr_pul  Myrcia subcordata DC. Myrtaceae 18 21 0.301 59 2
Myr_ret  Myrcia retorta Cambess. Myrtaceae 29 16 0.41 6.34 3
Myr_spl  Myrcia splendens (Sw.) Dc. Myrtaceae 1 35 0.37 5.83 2

Psi_cat  Psidium cattleyanum Sabine Myrtaceae 4 15 0.78 6.11 2
Psi_myr  Psidium myrtoides O.Berg Myrtaceae 17 2 0.36 3 1
Sip_ wid  Siphoneugena crassifolia (DC.) Proenga & Sobral Mpyrtaceae 1 2 0.25 0 2
Sip_dus  Siphoneugenia dussi (Krug & Urb.) Proenga Myrtaceae 11 6 0.24 0 0
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Codigo  Espécies Familia No GrauK DAP(m) Alt(m) Casca
Gua_opp Guapira opposita (Vell.) Reitz Nyctaginaceae 2 72 0.73 8.15 3
Myr_sp  Mpyrsine sp. Primulaceae 4 10 0.42 6.17 2
Myr_gar Myrsine gardneriana A. DC. Primulaceae 7 15 0.48 6.16 2
Myr_umb Myrsine umbellata Mart. Primulaceae 2 11 0.31 4 3
Rou_sp  Roupala sp. Proteaceae 4 1 0.18 0 3
Rou_mon Roupala montana Aubl. Proteaceae 1 3 0.69 5.04 3
Pru_myr Prunus myrtifolia (L.) Urb. Rosaceae 3 7 0.43 4.82 2
Bat_aus  Bathysa australis (A.St.-Hil.) K.Schum. Rubiaceae 1 1 0.19 0 1
Cor_con Cordiera concolor (Cham.) Kuntze Rubiaceae 6 29 0.47 6.42 2
Pos _lat  Posoqueria latifolia (Rudge) Schult. Rubiaceae 1 2 0.36 3 1
Psy vel  Palicourea sessilis (Vell.) C.M.Taylor Rubiaceae 1 29 0.41 5.81 1
Rud_ja  Rudgea jasminoides (Cham.) Miill.Arg. Rubiaceae 1 4 0.15 0 1
Dic_van  Dictyoloma vandellianum A.Juss. Rutaceae 2 6 0.34 4.64 1
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Codigo  Espécies Familia No GrauK DAP(m) Alt(m) Casca
Cup_sp  Cupania sp. Sapindaceae 1 2 0.19 0 0
Cup_zan Cupania zanthoxyloides Radlk. Sapindaceae 17 40 0.43 8.86 1
Mat_mar Matayba marginata Radlk. Sapindaceae 2 1 0.28 0 1
Sol_sp  Solanum sp. Solanaceae 4 6 0.24 0 1
Sym_cel  Symplocos celastrinea Mart. Symplocaceae 2 9 0.33 5 2
Dap_alp Daphnopsis alpestris (Gardner) Benth. & Hook.f. Thymelaeaceae 3 4 0.30 8.43 1
Voc_gla  Vochysia glazioviana Warm. Vochysiaceae 5 3 0.54 5.67 2
Mor Morta 3 72 0.47 5.60 2
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Tabela 8. Lista das espécies de fordfitos nas trés subfitofisionomias (F1: tenuissolica humifera ripicola, F2: crassissolica arenosa de encosta, F3:
tenuissolica arenosa de encosta). Seguida pela abundancia dos foroéfitos (No), niumero total de interagdes (grau k) de cada uma. O codigo foi

elaborado com as inicias dos tdxons para indicar as espécies nas figuras.

Codigo Espécies Familia No Grau K
F1 F2 F3 F1 F2 F3
Aga ole Agarista oleifolia (Cham.) G.Don Ericaceae -5 - - 32 -
Ale_sp  Alchornea sp. Euphorbiaceae 7 - - 29 - -
Alc_tri  Alchornea triplinervia (Spreng.) Miill. Arg. Euphorbiaceae 13 6 - 46 23 -
Bac_sem Baccharis semiserrata DC. Asteraceae - - 1 - -1
Bat_aus  Bathysa australis (A.St.-Hil.) K.Schum. Rubiaceae 1 - - 1 - -
Ble sal  Blepharocalyx salicifolius (Kunth) O.Berg Myrtaceae -2 - - 14 -
Byr_var  Byrsonia variabilis A. Juss. Malpighiaceae - -2 - -5
Byr_cor  Byrsonima correifolia A.Juss. Malpighiaceae - I - - I -
Byr_lig  Byrsonima ligustrifolia A.Juss. Malpighiaceae 1 8 - 19 25 -
Cab_sp  Cabralea sp. Meliaceae 1 - - 3 - -
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No Grau K

Codigo Espécies Familia L2 F3 FL 2 F3
Cab_can Cabralea canjerana (Vell.) Mart. Meliaceae 3 3 2 21 20 4
Che _ser  Cheiloclinium serratum (Cambess.) A.C.Sm. Celastraceae 1 - - 6 - -
Cle_sca  Clethra scabra Pers. Clethraceae - 12 4 - 27 9

Clu_sp  Clusia sp. Clusiaceae - 8 - - 11 -
Clu_cri  Clusia criuva Cambess. Clusiaceae 1 2 2 2 14 1
Cor_con Cordiera concolor (Cham.) Kuntze Rubiaceae 3 3 - 19 22 -
Cup_sp  Cupania sp. Sapindaceae - 1 - -2 -
Cup_zan Cupania zanthoxyloides Radlk. Sapindaceae 4 1 2 36 9 11
Cya_sp  Cyathea sp. Cyatheaceae 6 2 - 15 10 -
Dap_alp Daphnopsis alpestris (Gardner) Benth. & Hook.f. Thymelaeaceae - 2 1 -4 1
Dic_van  Dictyoloma vandellianum A.Juss. Rutaceae -2 - - 6 -
Dug sal  Duguetia salicifolia R.E.Fr. Annonaceae - 1r - - 6 -
Ere ery  Eremanthus erythropappus (DC.) MacLeish Asteraceae 13 40 61 14 27 24
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Codigo Espécies Familia No Grau K
F1 F2 F3 F1 F2 F3
Eug bra Eugenia brasiliensis Lam. Myrtaceae 2 4 - 20 23 -
Eug nut FEugenia nutans O. Berg Myrtaceae 11 37 8 40 55 27
Eug pun Eugenia punicifolia (Kunth) DC. Myrtaceae - I - - 6 -
Geo_sch  Geonoma schottiana Mart. Arecaceae 6 - - 10 - -
Gua_opp Guapira opposita (Vell.) Reitz Nyctaginaceae 17 71 36 53 47 31
Han_hep Handroanthus heptaphyllus (Vell.) Mattos Bignoniaceae - 1 - -7 -
Han_imp Handroanthus impetiginosus (Mart. ex DC.) Mattos Bignoniaceae -2 - - 10 -
Ile_par  llex paraguariensis A.St.-Hil. Aquifoliaceae 3 - - 22 - -
Ile_the  Ilex theezans Mart. ex Reissek Aquifoliaceae 7 2 2 27 20 9
Mac_shw  Macropeplus schwackeanus (Perkins) I.Santos & Peixoto ~ Monimiaceae 1 - - 17 - -
Mat mar Matayba marginata Radlk. Sapindaceae - - - 1 -
Mic_sp  Miconia sp. Melastomataceae 2 - - 11 - -
Mic_lat  Miconia latecrenata (DC.) Naudin Melastomataceae - 1 - - 1 -
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Codigo Espécies Familia No Grau K
F1 F2 F3 F1 F2 F3
Mic_sel  Miconia sellowiana Naudin Melastomataceae 2 - -9 - -
Mic_wil  Miconia willdenowii Klotzsch ex Naudin Melastomataceae 6 - - 18 - -
Mol _eng Mollinedia engleriana Perkins Monimiaceae 5 - - 19 - -
Mol _fru Mollinedia elegans Tul. Monimiaceae 1 - - 1 - -
Mor Morta 39 48 22 58 51 21
Myr_alp Myrceugenia alpigena (DC.) Landrum Myrtaceae -2 1 - 13 1
Myr bra Myrceugenia bracteosa (DC.) D.Legrand & Kausel Myrtaceae -2 - - 6 -
Myr_coe Mpyrcia coelosepala Kiaersk. Myrtaceae - - 1 - - 1
Myr_eri  Mpyrcia eriocalyx DC. Myrtaceae - - 1 - - 1
Myr_gui  Mpyrcia guianensis (Aubl.) DC. Mpyrtaceae - I - - 8 -
Myr_har Mpyrcia hartwegiana (O. Berg) Kiaersk. Myrtaceae 3 - 2 7 - 6
Myr_obo Mjyrcia obovata (O.Berg) Nied. Myrtaceae - I - - 3 -
Myr_pul  Mjyrcia subcordata DC. Myrtaceae 3 6 2 5 15 3
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Codigo Espécies Familia No Grau K
F1 F2 F3 F1 F2 F3
Myr_ret  Myrcia retorta Cambess. Myrtaceae 2 5 11 5 7 9
Myr _spl  Myrcia splendens (Sw.) Dc. Myrtaceae 4 14 11 13 28 22
Myr_sp  Mpyrsine sp. Primulaceae - - 4 - - 10
Myr_gar Myrsine gardneriana A. DC. Primulaceae - - 7 - - 15
Myr_umb Myrsine umbellata Mart. Primulaceae -2 - - 11 -
Nec_meg Nectandra megapotamica (Spreng.) Mez Lauraceae 2 1 1 8 5 4
Oco lax  Ocotea laxa (Nees) Mez Lauraceae 10 - - 28 - -
Oco_odo Ocotea odorifera (Vell.) Rohwer Lauraceae -2 - - 17 -
Oco_pul Ocotea pulchella (Nees & Mart.) Mez Lauraceae 1 4 6 10 9 24
Oco_tri  Ocotea tristis (Nees & Mart.) Mez Lauraceae - - 1 - - 6
Per_maj Persea major (Meisn.) L.E.Kopp Lauraceae 1 - -3 - -
Phy gem Phyllostemonodaphne geminiflora (Mez) Kosterm. Lauraceae - 4 - -5 -
Pos lat  Posoqueria latifolia (Rudge) Schult. Rubiaceae 1 - -2 - -
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Codigo Espécies Familia No Grau K
F1 F2 F3 F1 F2 F3
Pro _hep Protium heptaphyllum (Aubl.) Marchand Burseraceae 4 - - 8 - -
Pru_myr Prunus myrtifolia (L.) Urb. Rosaceae - - 3 - - 7
Psi_cat  Psidium cattleyanum Sabine Myrtaceae - 4 - - 15 -
Psi_myr  Psidium myrtoides O.Berg Myrtaceae 1 - -2 - -
Psy vel  Palicourea sessilis (Vell.) C.M.Taylor Rubiaceae 7 2 8 22 6 9
Rou_sp  Roupala sp. Proteaceae - - 1 - -1
Rou_mon Roupala montana Aubl. Proteaceae - - 4 - - 3
Rud _jas Rudgea jasminoides (Cham.) Mill.Arg. Rubiaceae 1 - - 4 - -
Sch_sp  Schefflera sp. Araliaceae -2 - - 4 -
Sch_ang  Didymopanax angustissimus Marchal Araliaceae 1 - -5 - -
Sip_wid  Siphoneugena crassifolia (DC.) Proenga & Sobral Myrtaceae - - 1 - - 2
Sip_dus  Siphoneugenia dussi (Krug & Urb.) Proenga Myrtaceae 1 - - 6 - -
Slo _gui  Sloanea guianensis (Aubl.) Benth. Elaeocarpaceae 10 1 - 48 6 -
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No Grau K
Codigo Espécies Familia
F1 F2 F3 F1 F2 F3
Sol sp  Solanum sp. Solanaceae 1 - - 6 - -
Sym_cel Symplocos celastrinea Mart. Symplocaceae - - 4 - -9
Tab_sp  Tabebuia sp. Bignoniaceae 2 - - 15 - -
Tap _obt Tapirira obtusa (Benth.) J.D.Mitch. Anacardiaceae 5 3 - 6 7 -
Tre par  Trembleya parviflora (D.Don) Cogn. Melastomataceae - -2 - - 1
Tri_ema  Trichillia emarginata (Turcz.) C.DC. Meliaceae 8 - - 12 - -
Van_obo Jantanea obovata (Nees & Mart.) Benth. Humiriaceae 1 - - 7 - -
Voc_gla  Vochysia glazioviana Warm. Vochysiaceae 2 - -3 - -
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Tabela 9. Lista de 127 espécies epifitas vasculares, atribuidas a 66 géneros e 18 familias, ao longo das trés subfitofisionomias (F1: tenuissolica
humifera ripicola, F2: crassissolica arenosa de encosta, F3: tenuissolica arenosa de encosta). Seguidas pelos nomes da familia contém o nimero de
géneros e espécies, No: numero de ocorréncias em forofitos, Grau (k): nimero de forofitos colonizados. O codigo foi elaborado com as inicias dos

taxons para indicar as espécies nas figuras.

No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Araceae (2/4)

Ant_min Anthurium minarum Sakur. & Mayo 75 34 35 6 22 10 9 3
Ant_sca Anthurium scandens (Aubl.) Engl. 71 52 19 - 18 12 8 -
Ant_sp Anthurium sp.1 3 3 - - 3 3 - -
Phi_app Philodendron appendiculatum Nadruz & Mayo 8 61 22 - 18 14 8 -

Aspleniaceae (1/6)

Asp_aur Asplenium auriculatum Sw. 40 26 8 6 17 11 3 3

Asp_auri Asplenium auritum Sw. 39 19 9 11 19 10 4 5
Asp_fee Asplenium feei Kunze ex Fée 6 6 - - 2 2 - -
Asp_ger Asplenium geraense (C.Chr.) Sylvestre 2 2 - - 1 1 - -
Asp_pra Asplenium praemorsum Sw. 3 2 1 - 2 11 -
Asp_ser Asplenium serra Langsd. & Fisch. 17 1 - 8 7 1 -

Begoniaceae (1/2)
Beg spl Begonia spl 10 10 - - 4 4 - -
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No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Beg_sp2 Begonia sp2. 2 1 1 - 1 1 - -
Bromeliaceae (6/15)

Aec_nud Aechmea nudicaulis (L.) Griseb. 20 13 6 1 8 5 2 1
Bil_dis Billbergia distachia (Vell.) Mez 21 18 3 - 11 9 2 -
Neo_ibi Neoregelia ibitipocensis (Leme) Leme 16 10 6 - 10 5 5 -
Nid_fer Nidularium ferdinandocoburgii Wawra 191 117 68 6 35 20 12 3
Til_gar Tillandsia gardneri Lindl. 32 16 11 5 13 7 5 3
Til_gem Tillandsia geminiflora Brongn. 92 34 41 17 31 9 14 8
Til_str Tillandsia stricta Sol. 499 191 182 126 78 33 24 21
Til_ten Tillandsia tenuifolia L. 8 1 6 1 4 3 1
Til_usn Tillandsia usneoides (L.) L. 5 5 - - 2 2 - -
Vri_bit Vriesea bituminosa Wawra 110 30 36 44 35 14 11 10
Vri_fri Vriesea friburgensis Mez 349 121 174 54 54 23 26 5
Vri_gut Vriesea gutatta Linden & André 3 - 2 1 2 - 11
Vri_het Vriesea heterostachys (Baker) L.B.Sm. 1 - - 1 1 - -1
Vri_lon Friesea longicaulis (Baker) Mez 207 96 87 24 34 17 12 5
Vri_pen Vriesea penduliflora L.B.Sm. 463 120 199 144 52 18 16 18

Cactaceae (4/6)
Hat_sal Hatiora salicornioides (Haw.) Britton & Rose 13 8 4 1 8 6 1 1
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No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Lep_hou Lepismium houlletianum (Lem.) Barthlott 2 1 1 - 2 11
Rhi_flo Rhipsalis floccosa Salm-Dyck ex Pfeiff. 100 27 54 19 29 9 12
Rhi_jue Rhipsalis juengeri Barthlott & N.P.Taylor 167 96 71 - 32 20 12
Rhi_pul Rhipsalis pulchra Loefgr. 117 55 49 13 31 14 12
Sch_opi Schlumbergera opuntioides (Loefgr. & Dusén) D.R.Hunt 3 - 3 - 1 -1
Clusiaceae (1/1)
Clu_cri Clusia criuva Cambess. 4 1 2 1 3 1 2
Dryopteridaceae (2/4)
Ela gay Elaphoglossum gayanum (Fée) T.Moore 65 20 39 6 18 7 9
Ela lin Elaphoglossum lingua (C.Presl) Brack. 8 7 1 - 5 41
Ela_vag Elaphoglossum vagans (Mett. ex Kuhn) Hieron. 60 32 28 - 18 8 10
Ruh_adi Rumohra adianthiformis (G.Forst.) Ching 39 30 9 - 14 11 3
Gesneriaceae (2/2)
Nem_str Nematanthus strigillosus (Mart.) H.E.Moore 106 36 56 14 29 14 13
Sin_coo Sinningia cooperi (Paxton) Wiehler 1 1 - - 1 1 -
Griselinaceae (1/1)
Gri_rus Griselinia ruscifolia (Clos) Ball 28 14 12 - 12 8 4
Hymenophyllaceae (2/3)
Hym_pol Hymenophyllum polyanthos (Sw.) Sw. 150 120 28 2 25 16 8
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No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Hym_spl Hymenophyllum spl 7 7 - - 3 3 - -
Tri_pol Trichomanes polypodioides L. 2 2 - - 1 1 - -
Lycopodiaceae (1/3)
Phl_bif Phlegmariurus biformis (Hook.) B.Qllg. 2 2 - - 1 1 - -
Phl_fon Phlegmariurus fontinaloides (Spring) B.Ollg. 2 1 1 - 2 1 1 -
Phl_het Phlegmariurus heterocarpon (Fée) B.Ollg. 4 - 4 - 2 - 2 -
Nephrolepidaceae (1/1)
Nep_spl Nephrolepis sp.1 1 -1 - 1 - 1 -
Orchidaceae (24/51)
Aci_cry Acianthera cryptophoranthoides (Loefgr.) F.Barros 6 - 1 5 6 - 15
Aci_lut Acianthera luteola (Lindl.) Pridgeon & M.W.Chase 4 4 - - 3 3 - -
Aci_rec Acianthera recurva (Lindl.) Pridgeon & M.W.Chase 2 2 - - 1 1 - -
Ana_rub Anathallis rubens (Lindl.) Pridgeon & M.W.Chase 102 32 60 10 18 12 6
Aci_sau Acianthera saundersiana (Rchb.f.) Pridgeon & M.W.Chase 34 25 6 3 13 8 3 2
Bif aur Bifrenaria aureofulva (Hook.) Lindl. 22 - 5 17 7 - 3 4
Bif vit Bifrenaria vitellina (Lindl.) Lindl. 181 45 118 18 37 13 17 7
Bul_exa Bulbophyllum exaltatum Lindl. 4 - 4 - 3 - 3 -
Bul _gra Bulbophyllum granulosum Barb.Rodr. 47 21 7 19 20 8 4 8
Bul_mic Bulbophyllum micropetaliforme J.E.Leite Im 1 6 4 7 1 4 2
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No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Cat_coc Cattleya coccinea Lindl. 131 6 6 4 1 2 2
Dic_cog Dichaea cogniauxiana Schltr. 268 69 161 38 41 16 18 7
Enc_pat Encyclia patens Hook. 31 2 - 3 1 2 -
Epi_arm Epidendrum armeniacum Lindl. 2 2 - - 1 1 - -
Epi_chl Epidendrum chlorinum Barb.Rodr. 2803 13 12 16 1 8 7
Epi_dif Epidendrum difforme Jacq. 7 5 2 - 3 21 -
Epi_par Epidendrum paranaense Barb.Rodr. 142 26 108 8 26 10 13 3
Epi_pro Epidendrum proligerum Barb.Rodr. 35 - 11 24 16 - 8 8
Epi_ram Epidendrum ramosum Jacq. 6 1 4 1 3 1 2 1
Epi_rig Epidendrum rigidum Jacq. 5 4 1 - 3 21 -
Epi_sec Epidendrum secundum Jacq. 3 - - 3 2 - -2
Eur_cog Eurystyles cogniauxii (Kraenzl.) Pabst 31 - 2 3 1 - 2
Gom_gla Gomesa glaziovii Cogn. 54 28 26 - 13 7 6 -
Gom_gom Gomesa gomezoides (Barb.Rodr.) Pabst 20 15 4 - 8 6 2 -
Gom_pra Gomesa praetexta (Rchb.f.) M.W.Chase & N.H.Williams 2 10 2 - 3 2 1 -
Gom_ran Gomesa ranifera (Lindl.) M.W.Chase & N.H.Williams 8 - 5 3 6 - 42
Gom_uni Gomesa uniflora (Booth ex Lindl.) M.W.Chase & N.H.Williams 1 r - - 1 1 - -
Gro_amh Grobya amherstiae Lindl. 1 - - 1 1 - -1
Isa_vio Isabelia violacea (Lindl.) van den Berg & M.W.Chase 2 - 2 - 2 - 2 -
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No Grau K

Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Iso_len Isochilus linearis (Jacq.) R.Br. 1 - - 1 1 - -1
Lan_gno Lankesterella gnoma (Kraenzl.) Hoehne 7 - 3 4 5 - 23
Max_bra Maxillaria brasiliensis Brieger & Illg 3 - - 3 1 - -1
Max_not Maxillaria notylioglossa Rchb.f. 3 3 - - 2 1 -1
Max_pic Maxillaria picta Hook. 1 -1 - 1 - 1 -
Max_sub Maxillaria subulata Lindl. 22 11 6 5 8 5 2 1
Oct_cra Octomeria crassifolia Lindl. 59 24 29 6 21 8 9 4
Oct_dia Octomeria diaphana Lindl. 2 - 2 - 1 -1 -
Oct _gra Octomeria grandiflora Lindl. 43 20 22 1 17 9 7 1
Oct_rub Octomeria rubrifolia Barb.Rodr. 26 3 16 7 14 2 9 3
Oct_waw Octomeria wawrae Rchb.f. 16 6 &8 2 8 2 4 2
Onc_wen Oncidium wentworthianum Bateman ex Lindl. 1 - - 1 1 - -1
Pol_pau Polystachya paulensis Rchb.f. 4 - 3 1 3 - 21
Pre_sta Prescottia stachyodes (Sw.) Lindl. 2 1 1 - 2 11 -
Pro_sta Promenaea stapelioides (Link & Otto) Lindl. 2 2 - - 2 11 -
Pro_all Prosthechea allemanoides (Hoehne) W.E.Higgins 8 11 33 41 17 3 9 5
Pro_pac Prosthechea pachysepala (Klotzsch) Chiron & V.P.Castro 42 13 22 7 21 5 6 3
Sca_mod Scaphyglottis modesta (Rchb.f.) Schltr. 3 - - 3 1 - -1
Scu_nov Scuticaria novaesii F.Barros & Cath. 4 1 3 - 2 - 2 -
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No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Ste_par Stelis parvula Lindl. 115 38 75 2 21 12 8§ 1
Ste pap Stelis papaquerensis Rchb.f. 21 5 16 2 10 3 5 2
Tri_mon Trichosalpinx montana (Barb.Rodr.) Luer 7 - 7 - 3 - 3 -
Piperaceae (1/5)
Pep cri Peperomia crinicaulis C.DC. 26 21 5 - 11 7 4 -
Pep_dia Peperomia diaphanoides Dahlst. 12 2 10 - 4 1 3 -
Pep_gal Peperomia galioides Kunth 2011 7 2 7 6 1 -
Pep_man Peperomia mandioccana Miq. 84 48 33 3 28 16 9 3
Pep tet Peperomia tetraphylla (G.Forst.) Hook. & Arn. 191 98 82 11 39 2213 4
Polypodiaceae (12/17)
Cam_aus Campyloneurum austrobrasilianum (Alston) de la Sota 19 16 3 - 6 3 3 -
Cam_nit Campyloneurum nitidum (Kaulf.) C.Presl 5 4 1 - 4 3 1 -
Coc_pun Cochlidium punctatum (Raddi) L.E.Bishop 135 27 99 9 31 1315 3
Coc_ser Cochlidium serrulatum (Sw.) L.E.Bishop 4 4 - - 3 3 - -
Lel api Lellingeria apiculata (Kunze ex Klotzsch) A.R.Sm. & R.C.Moran 99 38 56 5 29 1216 1
Leu_org Leucotrichum organense (Gardner) Labiak 5 5 - - 3 3 - -
Mel _pil Melpomene pilosissima (M.Martens & Galeotti) A.R.Sm. & R.C.Moran 173 75 94 4 39 18 19 2
Mic_squ Microgramma squamulosa (Kaulf.) de la Sota 217 69 59 89 43 18 13 12
Mor_ach Moranopteris achilleifolia (Kaulf.) R.Y. Hirai & J. Prado 2 2 - - 1 1 - -
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No Grau K
Codigo Familia/Espécies
DCF F1 F2 F3 DCF F1 F2 F3
Nip_cra Niphidium crassifolium (L.) Lellinger 1 - 1 - 1 - 1 -
Pec_pec Pecluma pectinatiformis (Lindm.) M.G.Price 24 17 6 1 10 6 3 1
Pec_tru Pecluma truncorum (Lindm.) M.G.Price 3 3 - - 3 3 - -
Phl_pse Phlebodium pseudoaureum (Cav.) Lellinger 4 3 - 1 3 2 -1
Ple ast Pleopeltis astrolepis (Liebm.) E.Fourn. 3 3 - - 2 2 - -
Ple_hir Pleopeltis hirsutissima (Raddi) de la Sota 604 198 278 124 81 32 32 17
Ple_mac Pleopeltis macrocarpa (Bory ex Willd.) Kaulf. 315 75 106 134 60 22 23 15
Ser_cat Serpocaulon catharinae (Langsd. & Fisch.) A.R.Sm. 306 113 150 43 58 24 24 10
Pteridaceae (2/4)
Rad_gar Radiovittaria gardneriana (Fée) E.H.Crane r -1 - 1 - 1 -
-Rad_sti Radiovittaria stipitata (Kunze) E.H.Crane 2 1 1 - 2 11 -
Vit_gra Vittaria graminifolia Kaulf. 1 1 - - 1 1 - -
-Vit_lin Vittaria lineata (L.) Sm. 3 2 - 1 3 2 -1
Rubiaceae (1/1)
Hil par Hillia parasitica Jacq. 9 1 8 - 4 1 3 -
Solanaceae (1/1)
Dys_vir Dyssochroma viridiflorum (Sims) Miers 127 88 37 2 24 15 7 2
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CONCLUSAO GERAL

Este estudo contribui para o conhecimento da flora epifitica das nanoflorestas nebulares,
em especial no Parque Estadual do Ibitipoca que possui um mosaico vegetacional que permite
uma heterogeneidade nas condigdes ambientais, tornando-o uma das maiores diversidades de
epifitas vasculares no dominio da Floresta Atlantica.

As formac0es vegetacionais ali presentes s&éo um modelo interessante para compreender
0 padrdo de distribuicdo dessas comunidades, visto que possuem caracteristicas como solo,
altura e composicédo dos forofitos que as diferem ao longo da fisionomia nanofloresta nebular.
No Capitulo 1 foi possivel evidenciar que ao longo do gradiente horizontal as caracteristicas
das subfitofsionomias influenciaram a riqueza e composigao da flora epifitica, sendo que aquela
encontrada na transicdo com o ambiente campestre foi a mais distinta em compara¢do com 0s
outros dois ambientes. A estratificacdo das espécies epifiticas, ao longo dos forofitos, possui
algumas peculiaridades em seus padrdes, uma vez que as caracteristicas bidticas e abidticas das
diferentes formac0es das subfitofisionomais sdo importantes para o processo de colonizagéo.
Isso € evidenciado pela baixa estatura da comunidade arbdrea, que demonstrou ser importante
para o padrdo de composicao e riqueza.

Outra caracteristica da formacdo em questdo é o elevado nimero de individuos mortos
que apresenta uma alta riqueza epifitica, representando um subgrupo da riqueza de epifitas dos
fordéfitos vivos. O Capitulo 2 apresentou que mesmo com a perda de microclima com a queda
da copa, o fato deles conseguirem se manter em pé por longos anos, com parte da arquitetura e
casca sdo componentes importantes para manutencdo da biodiversidade da comunidade
epifitica, a qual se mantém reproduzindo e sendo fonte de colonizacdo, além de permitir que
novas arvores ali existentes emerjam e sejam novas fontes. Apersisténcia continua da madeira
morta em geracdes consecutivas de arvores é de grande importancia, visto que as epifitas
possuem uma capacidade limitada de dispersdo, e dependem de microorganismos que estao
presentes nestes individuos mortos para o estabelecimento e desenvolvimento das populages.

Com isso, a anélise da rede de interacdes comensal epifitas-forofitos do Capitulo 3 foi
importante para demonstrar que os fatores avaliados do aninhamento sdo explicados pelos
modelos deterministicos que ndo incluem os processos neutros. Abundancia e o tamanho dos
forofitos foram importantes para este padrdo. Estes processos permitiram o padrdo aninhado

pois as especies abundantes interagem com mais frequéncia com as espécies menos frequentes,
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e favorecem a formagédo de “ninhos epifiticos” em que as espécies pioneiras auxiliam na

acumulacdo de substratos e agua.

As epifitas desempenham um papel crucial na dindmica das florestas, regulando os
ciclos hidroldgicos e nutricionais. Elas servem como refugios e fontes de alimento para outros
organismos, contribuindo assim para a biodiversidade local. Apesar de sua importancia, as
epifitas sdo frequentemente negligenciadas em programas de conservagdo ambiental. Este
estudo enfatiza a importancia da conservacao destes habitats e destaca a necessidade de mais
pesquisas sobre essa comunidade. Com a realizagdo de mais estudos, podemos desenvolver
diretrizes ambientais abrangentes que englobem as epifitas, beneficiando tantos projetos de

conservacao quanto de restauracao.
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