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RESUMO

A busca por explicacdes de padrdes de distribuicdo, abundancia e interacdes entre espécies,
que resultam na distribuicdo espacial e na coexisténcia dos organismos, estd no cerne dos
estudos ecoldgicos. Este trabalho visou investigar como diferentes tipos de vegetacao
influenciam os atributos da comunidade (i.e. riqueza, diversidade, composi¢do e proporcao de
espécies raras) e das espécies (i.e. gradiente vertical e guildas de tolerancia a luminosidade)
em assembleias de briofitas epifitas de trés tipos de vegetagdo na Amazonia Oriental; € como
esses atributos podem estar relacionados com os padrdes de distribuicao espacial das espécies
em escala local. Nas vegetagdes de Virzea, de Igapo e de Terra Firme foram amostradas 24
arvores (oito por vegetagdo) e coletadas briofitas da base até a copa, em cinco zonas de altura.
A composi¢do, a riqueza, a diversidade, a distribui¢do de abundancia e a propor¢do de
espécies raras foram comparadas entre as vegetacdes e em relacdo a distribuicdo vertical ao
longo dos forofitos arboreos. Encontramos forte influéncia do tipo de vegetagdo e da zona de
ocorréncia no for6fito na montagem de assembleias de bridfitas promovendo variagdo, entre
vegetacoes, de todos os atributos investigados. As florestas inundaveis diferem entre si em
riqueza, diversidade, composi¢cdo e gradiente vertical. Igapo apresentou a maior diversidade
alfa e gradiente vertical mais evidente. Terra Firme representa um ambiente mais estavel para
o estabelecimento de briofitas que as florestas inundéaveis. A Vdrzea apresentou composi¢ao
de espécies mais homogénea e abundancia semelhante a das outras duas vegetagdes, embora
com menor riqueza ¢ inexisténcia de gradiente vertical. Em escala local, as assembleias de
bridfitas epifitas sdo estruturadas principalmente em fun¢do do nicho das espécies. A riqueza,
a diversidade e a similaridade foram maiores nas zonas extremas dos forofitos, enquanto que a
distribuicao das guildas explicou os principais padrdes observados nas assembleias das
vegetacdes. Na Terra Firme a maior diversidade foi encontrada no dossel externo; em Varzea
e Igapo na base das arvores. Constatamos que além do nivel de ocorréncia (zona) no foréfito
o tipo de vegetacdo também regula a distribuicao espacial de briofitas epifitas localmente,
sendo as guildas de tolerancia a luminosidade atributos importantes na explicagdo dos padrdes
de diversidade das espécies. Além disso, as caracteristicas da vegetacdo afetam o gradiente
vertical na composicdo de espécies, que pode ser inexistente mesmo em ambientes

relativamente conservados, como na Varzea.

Palavras-chave: Diversidade alfa. Diversidade beta. Heterogeneidade Ambiental



ABSTRACT

The search for explanations of the patterns of distribution, abundance and interaction of
species which rule their spatial distribution and coexistence is at the heart of ecological
studies. This work aimed to investigate how different vegetation types influence the
attributes of the community (richness, diversity, composition, and proportion of rare species)
and of the species (vertical gradient and guilds of tolerance to light incidence) of epiphytic
bryophyte assemblages in three vegetation types in the Eastern Amazon, and how such
attributes may be related to the spatial distribution patterns of species on a local scale.
Twenty-four trees were sampled Varzea, Igapo and Terra Firme vegetation (eight trees per
vegetation type) and bryophytes were collected from the base to the top of the trees, in five
zones. The composition, richness, diversity, abundance distribution, and proportion of rare
species were compared between the vegetation type and along the vertical gradient in the
hosts. We found strong influence of vegetation type and height zone in the host tree over the
assemblage of bryophytes promoting variation of all attributes investigated across vegetation
types. Flooded forests differed in richness, diversity, composition and vertical gradient.
Igapo presented the highest alpha diversity and the most evident vertical gradient of
bryophytes. In turn, Terra Firme represented a more stable environment for the establishment
of bryophytes than the flooded forests. And Varzea presented a more homogeneous species
composition and abundance similar to other vegetation types, although with lower richness
and absence of vertical gradient. On a local scale, the epiphytic bryophyte assemblages were
structured mainly according to the niche of the species. Richness, diversity and similarity
were greatest between the extreme zones of the hosts, while the distribution of guilds
explained the main patterns observed in the assemblages of the vegetation types. In Terra
Firme, the greatest diversity was found in the outer canopy, while in Vdrzea and Igapo, it
was found at the base of the trees. We observed that not only the zone of occurrence in the
host tree, but also the vegetation type regulates the spatial distribution of epiphytic
bryophytes at a local level, and the guilds of tolerance to light are important attributes in
explaining important attributes in explaining the diversity patterns of the species.
Furthermore, the characteristics of the vegetation types affect the vertical gradient in terms of
species composition, which may be non-existent even in relatively conserved environments

such as Varzea.

Keywords: Alpha diversity. Beta diversity. Environmental Heterogeneity.
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1 INTRODUCAO

O que controla a diversidade alfa ou o nimero de espécies que podem coexistir em
pequenas escalas espaciais ¢ uma questao chave em ecologia. As florestas tropicais umidas
constituem os ambientes terrestres mais diversificados do globo abrigando inimeras formas
de crescimento vegetal que inclui ervas, arbustos, arvores, cipds, epifitas e plantas parasitas
(RICHARDS, 1952). A composicao e a variabilidade espacial da estrutura florestal alteram o
microclima nesses ambientes (PARKER, 1995) e consequentemente a distribui¢ao vertical de
epifitas (ALLEE, 1926; CORNELISSEN; TER STEEGE, 1989; OLIVEIRA et al., 2009).

Nesse contexto, as bridfitas persistem ao longo do tempo devido a sua adaptacdo para
ocupar uma gama de substratos que reflete na ampla distribuicdo biogeografica do grupo
(GRADSTEIN; CHURCHILL; SALAZAR-ALLEN, 2001). Essas plantas apresentam
elevado potencial de dispersdo e predominancia de padrao deterministico baseado no nicho
das espécies (OLIVEIRA et al., 2009; SANTOS et al., 2011), relacionado a restrigdes a
condi¢des ambientais que envolvem luminosidade, umidade e temperatura (RICHARDS,
1984). Esses fatores podem ser bastante limitantes em florestas tropicais a depender do
microhabitat ocupado, como por exemplo, a menor luminosidade no subbosque (BRENES-
ARGUEDAS et al., 2011). Estudos apontam que ambientes heterogéneos tendem a abrigar
uma elevada riqueza (ALLOUCHE et al., 2012; STEIN; GERSTNER; KREFT, 2014), tanto
pela complementaridade de nicho quanto pela exclusdo competitiva, que favorecem a
coocorréncia de espécies (LEVINE; HILLERISLAMBERS, 2009; VELLEND, 2010;
HILLERISLAMBERS et al., 2012).

Diferentemente de outros grupos, estas plantas apresentam inimeras estratégias que
as permitem contornar o principio da exclusdo competitiva (SLACK, 1977, 1982; DURING,
1979; WATSON, 1980, 1981), a exemplo das espécies fugitivas (GLIME, 2017). Por essa
razao, muitos trabalhos utilizam esse grupo como modelo para avaliar os efeitos de filtros
ambientais sobre montagem de comunidades (SANTOS et al., 2014; BATISTA; SANTOS,
2016; AMORIM et al., 2017; PENALOZA-BOJACA et al., 2018), uma vez que sua
ocorréncia reflete majoritariamente o nicho fundamental (SLACK, 1977) e o potencial de
dispersdo dos taxons (SANTOS et al., 2014).

Estudos que possuem como objetivo entender regras de montagem de comunidades
em florestas tropicais envolvem variagdes em condicdes ambientais nos habitats que
influenciam padrdes na distribuicdo das espécies. Na Amazonia ocorrem diversos gradientes
como os de inundagdo e lengol freatico (JUNK; PIEDADE, 2011; SCHIETTI et al., 2014),

ou ainda, variacdo em microescala, de luz e umidade relativa, do sub-bosque até o dossel da
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floresta (MAGALHAES; MARENCO; CAMARGO, 2014) e outros (e.g. TUOMISTO et al.,
2002; TUOMISTO; ZUQUIM; CARDENAS, 2014; OLIVEIRA; TER STEEGE, 2015), que
influenciam a diversidade de plantas em diferentes escalas. Apenas estudos pontuais
compararam a riqueza ¢ a composicao de bridfitas em diferentes habitats nessa regido
(BENAVIDES; IDARRAGA; ALVAREZ, 2004; BENAVIDES et al., 2006; LOPES et al.,
2016; CERQUEIRA; ILKIU-BORGES; FERREIRA, 2017). Esses resultados contribuem
para o conhecimento da brioflora, mas subestimam a diversidade que pode estar associada a
variedade de ambientes que compdem o mosaico amazonico por serem restritos a brioflora
do subbosque.

As vegetagdes de Terra Firme, Viarzea e Igapd compdem a maior parte dos
ecossistemas amazonicos (PIRES; PRANCE, 1985) e constituem um importante modelo de
heterogeneidade a ser testado. As florestas de Terra Firme recobrem cerca de 90% da
Amazodnia, sobre terrenos, em geral, abaixo de 100 m, mas podendo se extender até mais de
200 m, vegetacdes densas ou abertas, com arvores altas, elevada riqueza de espécies por area,
solo sombreado, rapida ciclagem de nutrientes e matéria organica, € sub-bosque com
arbustos, lianas e uma cobertura vegetal no solo a depender da entrada de luz (PIRES;
PRANCE, 1985). As vegetacdes inundaveis ocupam uma area de aproximadamente 20%, da
Amazodnia (JUNK er al, 2011). As Varzeas caracterizam-se pela alta fertilidade dos solos
que reflete a deposicdo de sedimentos por suas aguas brancas ou barrentas (MELACK;
HESS, 2010), enquanto a vegetacao de Igapd ¢ banhada por rios de dgua preta ou clara, com
baixa carga de nutrientes, de pH acido, que associados com a baixa fertilidade do solo
caracterizam essa vegetacdo (JUNK et al, 2012). A brioflora das planicies amazodnicas ¢
caracterizadas por baixo endemismo, predominancia de espécies generalistas e de amplos
padroes fitogeograficos (GRADSTEIN; CHURCHILL; SALAZAR-ALLEN, 2003). Estudos
prévios em floresta de Terra Firme descreveram a brioflora epifita com um gradiente vertical
na composicdo de espécies, que se mantém tanto em escala local quanto regional, com
predominio de tdxons generalistas e maior riqueza de espécies raras (baixa frequéncia)
(TAVARES, 2009; OLIVEIRA et al., 2009; OLIVEIRA; TER STEEGE, 2015).

Devido a importancia dos gradientes ambientais ¢ das variagdes nas condigdes
abioticas dos habitat nos quais as bridfitas ocorrem na Amazonia vastamente documentada
(ACEBEY; GRADSTEIN; KROMER, 2003; OLIVEIRA et al., 2009; SPORN et al., 2010;
TAVARES-MARTINS; LISBOA; COSTA, 2014; OLIVEIRA; TER STEEGE, 2015)

investigar como a heterogeneidade ambiental associada a diferentes tipos de vegetagcdo atua
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sobre essas plantas pode nos ajudar a compreender o que as tem tornado raras em florestas de
planicie (OLIVEIRA; TER STEEGE, 2013).

Nesse contexto, essa tese foi norteada pela seguinte questao: Como diferentes tipos de
vegetacdao influenciam a estrutura de assembleias de briofitas epifitas em escala local na
Amazonia e qual a relevancia dessa heterogeneidade para a distribuicdo espacial das
espécies? Nossa principal hipdtese de trabalho previa que as diferentes vegetacdes
promoveriam heterogeneidade ambiental para as epifitas, modificando os atributos de
comunidade e das espécies em fun¢do da preponderancia das restricdes de nicho sobre a
distribui¢do das briofitas. Desse modo, os dados aqui apresentados visam preencher lacunas
relacionadas aos aspectos da distribuicdo de briodfitas epifitas em vegetacdes inundaveis,
sobretudo da brioflora de dossel, comparando com padrdes ja observados em escalas local e
regional em Terra Firme.

Assumindo que a brioflora epifita na regido da bacia Amazodnica constitui uma
metacomunidade em vegetacdo de Terra Firme (OLIVEIRA; TER STEEGE, 2015), com a
intencdo de reduzir o efeito da limitagdo de dispersao definiu-se uma pequena escala
geografica (Local) para analisar, como a distribuicdo espacial das espécies esta associada a
diferentes habitats adjacentes (escala de paisagem) e influencia a raridade local das briofitas,
com énfase, na tolerancia ambiental das espécies (BARBE; FENTON; BERGERON, 2016).

Os resultados encontrados estdo apresentados nos itens 3.1 e 3.2 deste manuscrito
organizados segundo as normas dos periddicos para os quais foram submetidos. No primeiro,
investiga-se a influéncia da estrutura das vegetagdes nos atributos de comunidade (riqueza,
diversidade, composicdo e propor¢do de espécies raras) comparando-os entre as vegetacoes.
No segundo, analisa-se a influéncia das vegetacdes nos atributos de comunidade (riqueza,
diversidade, composicdo) e das espécies (distribuigdo vertical e guildas de tolerancia)
comparando assembleias das zonas de altura dentro e entre vegetagdes. Os resultados
poderdo subsidiar ndo apenas estratégias de conservacdo de espécies mais suscetiveis ao

desaparecimento, quanto predi¢cdes sobre aquelas mais tolerantes as alteragcdes nos habitats.

1.1 OBJETIVOS
1.1.1 Objetivo Geral

Investigar como diferentes tipos de vegetacdo influenciam os atributos da
comunidade (i.e. riqueza, diversidade, composicao e propor¢ao de espécies raras) e das
espécies (i.e. gradiente vertical e guildas de tolerancia a luminosidade) em assembleias de

briodfitas epifitas de trés tipos de vegetagdo na Amazodnia Oriental; e como esses atributos
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podem estar relacionados com os padrdes de distribuicdo espacial das espécies em escala

local.

1.1.2 Objetivos Especificos

a)

b)

Analisar como a heterogeneidade ambiental, promovida por diferentes tipos de
vegetacdo (Terra Firme, Igap6 e Varzea), influencia os atributos de comunidade
(riqueza, diversidade, composicao e abundancia) de briofitas epifitas na FLONA

de Caxiuana (Item 3.1).

Investigar como a mudanga na paisagem (tipo de vegetacdo) e a zona de altura
influenciam atributos de comunidade (riqueza, diversidade e composi¢ao) e das
espécies (gradiente vertical e guildas de tolerancia) na distribuicdo vertical de

briofitas epifitas (Item 3.2).
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2 REVISAO DE LITERATURA
2.1 DISTRIBUICAO ESPACIAL E MONTAGEM DE COMUNIDADES VEGETAIS

A ecologia de comunidades compete a busca por explicagdes dos padrdes de
distribuicao, abundancia e interagdes entre espécies (LEIBOLD ef al., 2004) sendo a
distribuicdo e a coexisténcia dos organismos respostas a combinagdo de fatores historicos,
ecoldgicos e evolutivos (WARREN et al., 2014). Além destes fatores, as comunidades
vegetais, tétm a sua composi¢ao de espécies resultante da interacdo de filtros ambientais,
limitagdo de dispersao e eventos estocasticos (OLIVEIRA; TER STEEGE, 2015).

Tradicionalmente, a montagem de comunidades estd relacionada com processos
deterministicos de nicho envolvendo filtragem abidtica ou competicdo interespecifica
(CAVENDER-BARES et al., 2009), sustentados pela diferenciacao ecologica entre espécies,
que fundamenta a Teoria de Nicho (HUTCHINSON, 1957). No entanto, com o advento da
Teoria Neutra da Biodiversidade e Biogeografia (HUBBELL, 2001), processos estocasticos
de dispersdao, extingdo e especiacdo ganharam espago, principalmente como mecanismos
alternativos que assumem equivaléncia ecologica entre individuos de diferentes espécies. O
embate conceitual e pratico entre essas teorias tem derivado os principais avangos no
desenvolvimento de abordagens e inferéncias tedricas sobre a montagem de comunidades
(CAVENDER-BARES et al., 2009). Assim, a distribui¢do das espécies seria controlada por
processos: 1) deterministicos, sendo desigual e delimitada por filtros ambientais
(HUTCHINSON, 1957; TUOMISTO; RUOKOLAINEN; YLI-HALLA, 2003) e 2)
estocasticos, onde a distribuicdo ¢ aleatoria embora, dependente espacialmente em
consequéncia da limitacdo de dispersio (HUBBELL, 2001). No entanto, esses processos nas
montagens de comunidades podem ndo ser totalmente excludentes (KEMBEL, 2009;
LALIBERTE et al., 2009).

Entre as quatro perspectivas de metacomunidade identificadas por Leibold et al.
(2004), estao a perspectiva do modelo neutro, relacionado a teoria Neutra de Hubbell (2001) e
a perspectiva de “arranjo de espécies” (“Sorting-Species”/SS), que estd intimamente
relacionada a teoria de nicho, a qual pressupde a interagao entre a heterogeneidade ambiental,
as diferencas de nicho das espécies e as taxas de dispersao adequadas. Uma metacomunidade
pode ser definida como um conjunto de comunidades locais conectadas pela dispersdao de
individuos de diferentes espécies, as quais interagem entre elas e o arcabouco tedrico para seu
estudo ¢ fortemente influenciado por ideias sobre dindmicas de metapopulacdes (LEIBOLD et
al., 2004; VELLEND, 2010). Um importante conceito que pode ser associado a dinamica de

metacomunidades € o de “pool regional de espécies” (i.e. conjunto) que compreende todas as
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espécies disponiveis para dispersar e colonizar um determinado local (CORNELL;
HARRISON, 2014), embora em ecologia de comunidades, dinamicas locais e regionais sejam
interdependentes (LEIBOLD et al., 2004). Nesse contexto, as comunidades bioldgicas seriam
estruturadas tanto por colonizagdo de espécies estrangeiras quanto por especiacdo, ambas
podendo levar a padrdes de distribuicdo ndo aleatdrios de espécies em uma paisagem
(WARREN et al., 2014). Assim, a montagem de comunidades refere-se em sintese a qualquer
processo que impde restrigdes a um banco regional de taxons (“pool” de espécies), limitado
por um conjunto de filtros (WEIHER et al., 2011; HILLERISLAMBERS et al., 2012) que
determinam a coexisténcia de espécies formando as comunidades locais (WEIHER et al.,
2011; GOTZENBERGER et al., 2012; MENEZES; MARTINS; ARAUJO, 2016).

Uma antiga lei em ecologia prevé que cada comunidade exibe muitas espécies raras e
apenas algumas espécies comuns. A distribui¢ao de abundancia de espécies (SAD) descreve a
abundancia de cada espécie em uma comunidade e os diferentes tipos de SADs podem ser
eficientes para descrever padrdes de diversidade, relacdes com a heterogeneidade espacial
(MCGILL et al., 2007; HSIAO-PEI et al., 2015) e como as espécies particionam recursos nos
habitats (SUGIHARA et al., 2003). Gradientes ambientais e habitats sob diferentes condi¢des
podem fornecer abordagens empiricas promissoras € uma base comparativa para SADs
(MCGILL et al., 2006; SILVA; CIANCIARUSO; BATALHA, 2010). Entre os varios
modelos propostos para explicar distribui¢des de abundancia em comunidades biologicas,
estdo o logseries e o lognomal, que fazem previsdes distintas sobre a propor¢ao de espécies
raras (MCGILL et al., 2007). O modelo lognormal estd associado a conjuntos de espécies nao
perturbados e mais uniformes, com maior equidade na distribui¢do de abundancias e por isso
baixa propor¢do de espécies raras, enquanto o logseries descreve uma propor¢ao maior, onde
existem altas taxas de imigracdo e extingdo local ou conjuntos sob efeito de perturbagdo
(MAGURRAN; HENDERSON, 2003; MAGURRAN, 2004). E importante ressaltar que a
semelhanca no padrdo ndo implica uma resposta a um mesmo mecanismo (MCGILL ef al.,
2007). No entanto, dados empiricos para grandes conjuntos de diferentes linhas sustentam que
comunidades mais abertas a imigracao exibirdo maior propor¢do de espécies raras
(HUBBELL, 2001; MAGURRAN; HENDERSON, 2003; MAGURRAN, 2004; MCGILL et
al.,2007).

A elevada riqueza de espécies raras e/ou endémicas ¢ comum em ambiente tropical, o
que as torna muito sensiveis as alteragdes nos habitats. Na Amazodnia esse padrao ¢ reportado
para diversos grupos incluindo a comunidades de arvores (TER STEEGE et al., 2013) e de
bridfitas epifitas em Terra Firme (OLIVEIRA; TER STEEGE, 2013). No entanto, hé
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diferentes tipos de raridade de espécies de bridfitas que variam de acordo com as escalas local
e regional (core: regionalmente frequente e localmente abundante; rural: regionalmente
frequente e localmente rara; urbana: regionalmente esparsa e localmente abundante; ou
satélite: regionalmente esparsa e localmente rara) (SODERSTROM, 1989; SODERSTROM,;
DURING, 2005). Talvez por essa razdo, espécies de florestas de planicie que frequentemente
exibem amplos padroes fitogeograficos (SCHUSTER, 1983; SANTOS; COSTA, 2010)
possam ser raras nesses ambientes, uma vez que, a distribuicdo e a raridade de uma espécie
estdo intimamente ligadas a sua habilidade de dispersio (PORTO; SILVA, 2012). De acordo
com Barbé, Fenton e Bergeron (2016), na dindmica de metacomunidades de bridfitas a
tolerancia ambiental das espécies durante o estabelecimento, aliada a capacidade de produzir
grandes quantidades de esporos podem ser filtros mais importantes do que a distancia de
dispersao.

Informacgdes derivadas da dindmica de populagdes explicam padrdes na dispersdo de
briofitas considerando que as abundancias das popula¢des variam com a distribui¢cdo espacial
do habitat e as caracteristicas das espécies (LOBEL; SNALL; RYDIN, 2006; JOHST et al.,
2011). Em florestas de Terra Firme, estudos sobre dinamicas de populagdes de bridfitas
concentraram-se em entender a influéncia de paisagens fragmentadas em assembleias de
epifilas (i.e. estabelecem-se sobre folhas) em escala local, concluindo haver um declinio na
diversidade de bridfitas em pequenos fragmentos (<10-ha) (ZARTMAN; NASCIMENTO,
2006); baixa riqueza e diferengas na composicao de espécies de fragmentos jovens (<25 anos)
comparados a habitats continuos (PHARO; LINDENMAYER; TAWS, 2004). Segundo Pharo
e Zartman (2007), muitas bridfitas provavelmente nao se dispersam rotineiramente mais do
que algumas dezenas de metros, e nesse contexto, a configuragdo espacial dos fragmentos e a
qualidade da matriz, sdo fundamentais para a estrutura de comunidade e a dinamica
populacional. Quanto grupo biologico ¢ importante ressaltar que as bridfitas sao
cosmopolitas, no sentido de que ocorrem em todos os ambientes, exceto o marinho
(GRADSTEIN; CHURCHILL; SALAZAR-ALLEN, 2001). Além disso, sdo plantas
consideradas dispersoras superiores (TER STEEGE, 2010) por possuirem diversos
mecanismos que permitem dispersdo a curta e longas distancias (TAN; POCS, 2000). Apesar
dessas caracterististicas quando enfatizadas as espécies, percebe-se uma forte dependéncia de
nicho determinando a presenga destas nos microhabitats (OLIVEIRA; TER STEEGE, 2015).

A colonizacdo de novos habitats por bridfitas pode ser afetada por reducdes no
potencial de dispersao ou alteracdes na qualidade do substrato (PHARO; ZARTMAN, 2007).

A tolerancia ao microhabitat que caracteriza as guildas de tolerancia (especialistas de sol, de
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sombra e generalistas) ¢ determinada de acordo com a altura de ocorréncia em um foré6fito
arboreo, considerando-se as variacdes microclimaticas (gradiente vertical) de umidade e
temperatura (POCS, 1982; RICHARDS, 1984). H4 indicios de que os tixons mais
generalistas apresentam melhor efetividade de dispersao que os especialistas (VAN ZATEN;
POCS, 1981; VAN ZATEN; GRADSTEIN, 1988). Os dados de Silva (2013) corroboram esta
premissa, uma vez que todas as espécies abundantes, local e regionalmente, registradas em
seu estudo, também eram generalistas quanto ao microhabitat. A predominancia de
generalistas foi documentada para epifitas com padroes que suportam a regulacdo da
distribuicdo das espécies por meio de mecanismos deterministicos e estocasticos. Em escala
local, as assembleias sdo reguladas pelo gradiente microclimatico ao longo de forofitos
arboreos (OLIVEIRA et al., 2009) e regionalmente, se observa também a influéncia da
elevacao e da temperatura (OLIVEIRA; TER STEEGE, 2015), embora, ao longo da bacia
Amazdnica a composicdo de espécies seja similar e, por isso, considerada uma

metacomunidade (OLIVEIRA; TER STEEGE, 2013).

2.2 DIVERSIDADE BETA E HETEROGENEIDADE AMBIENTAL

A diversidade engloba dois componentes, a variedade e a abundancia de espécies
(MAGURRAM, 1988). Varias hipoteses, com diferentes mecanismos sdo utilizadas nas
tentativas de explicar os padrdes de diversidade no globo (e.g. area, fatores historicos, energia
disponivel, estabilidade ambiental, perturbacdo e interagdes ecoldgicas/biologicas)
(WHITTAKER; WILLIS; FIELD, 2001). Entender os mecanismos que atuam nos processos
gerando padrdes de riqueza e diversidade dos organismos tem concentrado o esfor¢o de
muitos pesquisadores.

A diversidade beta corresponde a extensao da mudanga na composicdo da
comunidade, ou grau de diferenciagdo da comunidade, em relacdo a um gradiente ambiental
complexo, ou um padrio de ambientes (WHITTAKER, 1960). Mais precisamente, ela
quantifica o nimero de comunidades existentes em uma regido (BASELGA, 2015) e pode
refletir dois fendmenos, aninhamento e substituicdo (“turnover”) espacial de espécies
(HARRISON; ROSS; LAWTON, 1992; BASELGA; JIMENEZ-VALVERDE; NICCOLINI,
2007). O aninhamento ocorre quando biotas de locais com baixas riquezas sdo subconjuntos
de biotas mais ricas de outro local (ULRICH; GOTELLI, 2007) refletindo um processo de
perda de espécies, causado por um fator que promove a desagregagao ordenada de
assembleias. A substituicdo espacial implica na troca entre assembleias como consequéncia de

selecdo ambiental, ou restricdes espaciais e historicas (BASELGA, 2010). Dessa forma, a
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diversidade beta pode ndo apenas nos informar sobre como a composicao de espécies varia
entre locais ou regides em respostas a mudangas ambientais (TUOMISTO; RUOKOLAINEN,
2006), como também, fornecer inferéncias sobre quais espécies podem ser consideradas
generalistas ou especialistas nos habitats e ainda, sobre semelhangas e diferengas de
habilidades competitivas (PINEL-ALLOUL et al., 2013).

A Heterogeneidade Ambiental (HA) favorece a diversidade garantindo coexisténcia e
persisténcia de espécies pelo aumento da disponibilidade de nicho espacial ao longo de
gradientes ambientais e diferentes tipos de habitats, que podem constituir refugios diante de
condi¢des adversas e favorecer eventos de especiagdo, em resposta ao isolamento ou
adaptacdo as condi¢des ambientais distintas (STEIN; GERSTNER; KREFT, 2014). A HA,
definida de uma maneira simplificada englobaria complexidade, diversidade, estrutura ou
variabilidade nos ambientes, sendo considerada um preditor universal para riqueza de

espécies (STEIN; KREFT, 2015).

2.3 GRADIENTES AMBIENTAIS E DIVERSIDADE DE BRIOFITAS NA AMAZONIA
Nas florestas tropicais timidas, as briofitas sao principalmente epifitas (GRADSTEIN,
1992), e a elevada diversidade do grupo tem sido creditada a heterogeneidade ambiental
(SHAW; SZOVENYT; SHAW, 201 1). Ao longo da Bacia na Amazonica ocorrem diferentes
tipos de vegetacdo, desde abertas como as campinaranas e savanas, até densamente
florestadas, como a floresta de Terra Firme e as vegetagdes inundaveis de Varzea e Igapd
(PIRES; PRANCE, 1985). As florestas inundaveis possuem composicao floristica distinta
devido a taxa de sedimentacdo e a disponibilidade de nutrientes (FERREIRA et al., 2013)
oriundos de diferentes origens geologicas (KEEL; PRANCE, 1979; FERREIRA; ALMEIDA;
PAROLIN, 2010). As areas ocupadas pelas vegetacdes inudaveis de Varzea e Igapd sdo
repectivamente estimadas em, 300.000 km” e 180.000 km* (MELACK; HESS, 2010). Devido
a extensao, representatividade e facilidade de acesso da vegetagdo de Terra Firme, os estudos
sobre a diversidade de plantas na regido t€ém se concentrado nesse ambiente, especialmente
sobre a comunidade arborea (TER STEEGE et al.,, 2006, 2013). Nesta vegetacdo, um
gradiente vertical na composicao de bridfitas epifitas tem sido frequentemente reportado em
escalas locais e regionais, onde predominam taxons generalistas e hd maior riqueza de taxons
raros (baixa frequéncia) (OLIVEIRA et al.,, 2009; OLIVEIRA; TER STEEGE, 2013;
OLIVEIRA; TER STEEGE, 2015). Por outro lado, dados sobre a diversidade e a distribuicao

de briofitas epifitas em florestas inundaveis ainda sdo escassos e pontuais.
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As briofitas sdo plantas avasculares que possuem a fase gametofitica como dominante
no ciclo de vida e n3o apresentam cuticula epidérmica (SHAW, GOFFINET, 2000;
GRADSTEIN; CHURCHILL; SALAZAR-ALLEN, 2001). Esses organismos sao
susceptiveis as flutuagdes e alteragdes ambientais, em funcdo de suas particularidades
morfofisioldgicas e ocupam microhabitats e microclimas muito especificos (SCHOFIELD,
1985; GRADSTEIN et al., 1996; HALLINGBACK; HODGETTS, 2000; GRADSTEIN;
CHURCHILL; SALAZAR-ALLEN, 2001). Se comparadas as plantas de grande porte, a
natureza poiquilohidrica das briofitas as torna eficientes no tocante a captacdo de agua
(PROCTOR, 2014) permitindo-lhes ocorrer em diferentes substratos e ambientes. Essas
caracteristicas explicam, em parte, os padrdes ndo uniformes de distribui¢do da brioflora em
florestas tropicais, onde ha um incremento na biomassa e na diversidade com o aumento da
altitude (POCS, 1982). Por sua vez, em éreas de planicie, uma das hipoteses que explicaria a
baixa cobertura de briofitas seria o efeito de temperaturas elevadas no balanco de carbono
das espécies (WAGNER; ZOTZ; BADER, 2014).

Na Amazonia Oriental, estudos recentes reportaram padrdes de riqueza e diversidade
de briodfitas contrastantes com os documentados para plantas vasculares ao longo da Bacia
Amazodnica. Um exemplo € o padrao de maior riqueza de espécies em Varzea que no Igapo
(JUNK et al., 2015), que ndo se manteve para bridfitas, embora os estudos tenham reportado
floras distintas entre elas (LOPES et al., 2016; CERQUEIRA; ILKIU-BORGES;
FERREIRA, 2017). Esses resultados contribuem para o conhecimento da brioflora, mas
subestimam a diversidade que pode estar associada, por exemplo, ao dossel, tendo em vista
que os estudos prévios foram baseados exclusivamente em dados de sub-bosque. O dossel
tem sido responsavel por abrigar parte consideravel da riqueza de bridfitas em habitats de
Terra Firme (TAVARES, 2009; OLIVEIRA et al., 2009; OLIVEIRA; TER STEEGE, 2015).
Essas plantas possuem elevado potencial de dispersdo e tem sua ocorréncia fortemente
influenciada pelo nicho das espécies (OLIVEIRA et al., 2009; SANTOS et al., 2011).
Diferentemente de outros grupos, estas plantas apresentam inumeras estratégias que as
permitem contornar o principio da exclusao competitiva (SLACK, 1977, 1982; DURING,
1979; WATSON, 1980, 1981). Por essa razdo, podem ser bons modelos para avaliar como
filtros ambientais atuam na montagem de comunidades, uma vez que sua ocorréncia reflete
majoritariamente o nicho fundamental (SLACK, 1977) e o potencial de dispersdo dos tdxons

(SANTOS et al., 2014).
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2.4 PROCEDIMENTOS METODOLOGICOS

As amostragens de material foram feitas para garantir que os objetivos dos trabalhos
fossem alcangados, em duas escalas: a primeira delas utilizado o foréfito como amostra
considerando-se a distribuicdo entre vegetacdes (Item 3.1); a segunda avaliando diferentes
estratos (zonas) do forofito (distribuicao vertical), entre e dentro das vegetacdes (Item 3.2),
sendo a amostra um conjunto de quatro plots de 10 cm? (40 cm?) (Figura 1).

As amostras botinicas foram coletadas em cinco zonas estabelecidas da base ao
dossel, compreendendo: Zona 1 = da base até 1 m de altura; Zonas 2 e 3 = tronco inferior e
superior; Zona 4 = base da copa; e Zona 5 = ramos e folhas do dossel expostos a luz solar
(dossel externo). Em cada vegetacao foi escolhida uma espécie arbdrea, abundante, com casca
de rugosidade intermediaria e altura estimada em até 25 m. No total, 24 arvores foram
amostradas, oito em cada vegetacao.

Os fordfitos foram identificados com uma fita de TNT e tiveram mensurados a altura
do fuste e 0 DAP, enquanto a altura do dossel foi estimada visualmente. A primeira etapa das
coletas consistiu na sele¢do e coletas de amostras (Zona 1-3) com auxilio de uma escada de
6m. Posteriormente, um método de acesso com cordas permitu a coleta de amostras das zonas
mais altas, que incluiram os galhos das arvores expostos ao sol. Uma linha de nylon foi
lancada por meio de estilingue e chumbada, para que atravessasse entre ramos que
garantissem a sustentacdo do coletor, a linha foi substituida por um fio e em seguida pelas
cordas. Na extremidade foi acoplada uma cadeira de base de madeira, sobre a qual o coletor
se instalava munido de sacos de coleta, facdo e equipamentos de seguranca, os detalhes

podem ser observados na Figura 2.
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Figura 1. Esquema da amostragem e escala de analise para cada item dos resultados dessa tese (Itens 3.1 e 3.2).
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Figura 2. Ilustragdo dos métodos utilizados para amostragem, equipamentos e metodologia utilizada para as
coletas de briofitas epifitas na FLONA de Caxiuana.
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2.5 CARACTERIZACAO DAS AREAS DE ESTUDO

Este estudo foi realizado na Floresta Nacional de Caxiuana (FLONA de Caxiuand) que
ocupa territorios dos municipios de Portel e Melgacgo, no estado do Pard, entre os interflavios
dos rios Xingu e Tocantins. Essa drea ¢ uma das mais bem conhecidas quanto a brioflora na
Amazonia, com inumeros estudos documentando a diversidade de bridfitas, sobretudo de
carater floristico (ver ILKIU-BORGES et al., 2009, e ainda ILKIU-BORGES et al., 2013;
MORAES; LISBOA, 2009; LISBOA et al, 2013; OLIVEIRA; TER STEEGE, 2013;
CERQUEIRA et al., 2016; 2017)

A vegetagdo predominante na FLONA de Caxiuand é de floresta de Terra Firme
embora ocorram também, vegetacdo savanoide, florestas inundédveis (Varzea e Igapd) e
vegetacao aquatica. Na Amazodnia as florestas inundaveis de Varzea e Igapo diferenciam-se
entre si, em estrutura, diversidade e composicao floristica. Em razao dos regimes de
inundacdo dessas vegetacdes as espécies tendem a apresentar adaptacdes para contornar os
periodos de estresse a que sdo submetidas periodicamente (FURCH; JUNK, 1997;
FERREIRA, 2000; PAROLIN, 2012).

As Viarzeas apresentam alta fertilidade nos solos como reflexo da deposicao de
sedimentos dos rios de dguas brancas e inundam periodicamente (MELACK; HESS, 2010). O
Igapo, por sua vez, ¢ inundado por rios de aguas preta ou clara, pobres em nutrientes e de pH
acido e sdo caracterizados por solos de baixa fertilidade (JUNK et al., 2012). Na FLONA de
Caxiuana (Figura 3, a—e), as vegetagdes inunddveis sdo distintas, no que tange o grau de
cobertura do dossel e a densidade de plantas no sub-bosque (MATOS et al., 2018), o Igapo
possui um dossel mais fechado em relagdo ao da Varzea, assim como uma densidade de
plantas maior no sub-bosque (FERREIRA et al., 2012).

No entorno de cada foréfito foi estabelecida uma parcela de 10 m?. Em cada vértice foi
tomada uma foto hemisférica, a média das medidas de abertura do dossel foi calculada para

cada parcela a qual foi utilizada como uma medida da abertura dossel ao redor do foréfito

(Fig. 3f).
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Figura 3. Margem e interior das vegetacdes estudadas na FLONA de Caxiuana. (a) Margem da vegetacdo de
Varzea na baia de Caxiuand; (b) Sub-bosque de vegetacdo de Varzea, Margem (c) e sub-bosque (d) da
vegetacdo de Igapo; (e) Sub-bosque de Terra Firme; (f) Procedimento de tomada de fotografias hemisféricas no
entorno de forofito para medida de abertura do dossel.
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3 RESULTADOS
3.1 HOW DOES EPIPHYTIC BRYOPHYTE DIVERSITY RESPOND TO DIFFERENCES
IN THE VEGETATION OF EASTERN AMAZON?

Highlights
e [gapod vegetation was the most richest and diverse habitat with many exclusive
species.
e Differences in the vegetation types increase environmental heterogeneity for the
bryophytes.

e Environmental filters influence the rarity of species in local assemblages.
e Epiphytic bryophytes assemblages of flooded vegetation types are very different
from each other.

Abstract

In this study epiphytic bryophytes were collected from the base to the canopy of 24
host trees in Varzea, Igap6 and Terra Firme vegetations. Measures of host trees and of canopy
openness in their surroundings were used as proxies for vegetation structure and correlated
with the composition of epiphytic bryophytes. Species richness, diversity and composition,
and the proportion of rare species were compared among vegetation types. The floristic
groups in each vegetation type were tested as to consistency and the dissimilarity between
them was calculated. The alpha and beta diversity were analyzed for the total dataset. The
richness, abundance, diversity and composition of species varied between vegetation types,
mainly between the flooded forests, i.e. Varzea and Igapo. Igapd vegetation was the richest
and most diverse, housing a large number of rare and exclusive species. Flooded forests
contribute significantly to overall diversity and their species assemblages are not subsets of
Terra Firme vegetation. The proportion of rare species was high in all vegetation types. The
logseries model was the best-fit to describe the distribution of abundances in the flooded
vegetation types, while the lognormal model described it better in Terra Firme vegetation. The
environmental heterogeneity that results from the variation in vegetation types in the area
promote a high diversity of epiphytic bryophytes and the rarity of these species seems to be a
reflection of their requirements. Terra Firme vegetation constitutes a more stable environment

for the establishment of bryophytes compared to flooded vegetations.

Keywords: alpha diversity; beta diversity; flooded forest; environmental heterogeneity;

species composition.
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Introduction

Larger areas are supposed to include higher environmental heterogeneity and, as
consequence of it, higher number of species (Rosenzweig and Ziv, 1999). The staggering
plant diversity of the Amazon, in this context, can be the result of a mosaic of environments
shaped by, for instance, climatic and edaphic variability (Puig, 2007), flooding and water
table gradients (Junk and Piedade, 2011; Schietti et al., 2014), hydrogeomorphological
dynamics of migrating channels and evolving lakes (Wittmann et al., 2004) and microscale
variation of light and relative humidity from the understory to the canopy of the forest
(Magalhades et al., 2014). Still, most of the alpha and beta diversity patterns known for the
region are related to a long history of studies in “terra firme” forests (e.g. Valencia et al.,
1994, 2004; Pitman et al., 2001; ter Steege et al., 2003, 2006, 2013; Cintra et al., 2005;
Montufar and Pintaud, 2006; Honorio-Coronado et al., 2009; Stropp et al., 2009; Gueze et
al., 2012; Marra et al., 2014; Rodrigues et al., 2014; Tuomisto et al., 2014). This vegetation
type is the most extensive in terms of total area as well as the most accessible to researchers.
It 1s however expected that the change in community composition across vegetation types,
i.e. beta diversity at a regional scale, adds to overall diversity (Whittaker, 1960).

In eastern Amazon, vegetation types such as “Varzea” and “Igapd” are flooded daily
and annually by fluctuations in river levels of different origins and sediment loads. Besides,
the floristic differences in tree species composition lead to variations in forest structure in
relation to canopy openness and height, tree diameter (at breast height), vegetation
composition in understory (Ferreira et al., 2012, 2013) and types of soil (Piccinin and Ruivo,
2012). The pattern of higher richness of white-water (“Varzea”) in relation to black-water
(“Igap6”) floodplain forests (Junk et al., 2015) was not sustained in tree communities and in
bryophytes at eastern Amazon, whereas a clear distinction between floristic compositions of
trees and bryophyte in flooded forests was confirmed (Ferreira et al., 2005; Lopes et al.,
2016; Cerqueira et al., 2017). Despite of the differentiated species composition and high
bryophyte richness of the canopy recorded in the Amazon (Oliveira and ter Steege, 2013;
Tavares-Martins et al., 2014), the surveys in the flooded forests did not include it up to
present date.

In bryophytes, environmental heterogeneity is also put forward as the main driver of
species diversity (Shaw et al., 2011), as these plants survive in a wide variety of habitats
(Kiirschner, 2004) and respond rapidly to variations in moisture, temperature, light and
mineral deposition of substrates (Uniyal, 1999). The composition of Amazonian epiphytic

bryophyte communities seems to be strongly influenced by the vertical microenvironmental
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gradient from the understory to the canopy of the forest as well as site elevation (Oliveira and
ter Steege, 2015). It is suggested that other local and even regional gradients play a lesser
role in structuring communities. Again, data used to study these patterns are focused on Terra
Firme forests and knowledge of other vegetation types is scarce.

Similarities in alpha diversity patterns in epiphytic habitat were reported among
bryophytes, ferns and lichens although beta diversity patterns have been different among
them (Mandl et al., 2009). Studies with vascular plants in the Amazon have already observed
some congruent patterns for diversity considering the different types of vegetation, e.g. the
east-to-west gradient of increasing species diversity described for Terra Firme and Véarzea
(Wittmann et al., 20006).

Beta diversity refers to the degree of differentiation between communities (Whittaker,
1960) and may reflect two phenomena: spatial nesting or species turnover (Harrison et al.,
1992; Baselga et al., 2007). Nesting occurs when biota from low richness sites correspond to
subsets of richer biota from another site (Ulrich and Gotelli, 2007), reflecting a non-random
process of loss of species driven by a factor that promotes orderly disaggregation of
assemblages. Spatial substitution implies the exchange between assemblages as a
consequence of environmental selection or spatial and historical constraints (Baselga, 2010).
Analyzing how the different vegetation types contribute to the overall diversity and the
patterns of beta diversity of epiphytic bryophytes is fundamental to understand what has been
made them rare in Amazonia lowland tropical forests (Oliveira and ter Steege, 2013), where
they have low endemism (Gradstein et al., 2001), predominance of generalist taxa (Oliveira
et al., 2009; Tavares, 2009; Oliveira and ter Steege, 2015) and which often exhibit wide
phytogeographic patterns (Schuster, 1983; Tavares-Martins et al., 2014).

Thus, our focus is to analyze the diversity of epiphytic bryophytes based on the
distribution of species in the Caxiuand National Forest (alpha diversity, local scale) and
investigate to which extent different forest types contribute to epiphytic assemblage
composition and structure (beta diversity, landscape scale). We hypothesize that species
richness, composition, diversity and the proportion of rare species are different in the
vegetation types and that Terra Firme forest exhibit a greater richness and proportion of rare
species than flooded forests (Varzea and Igapo) (Oliveira and ter Steege, 2013). We expect
that flooded forests contribute to overall diversity but showing significant lower diversity than
Terra Firme forests, as the latter is dominant in the landscape and exhibits high similarity in

the composition of epiphytic bryophytes on a regional scale (Oliveira and ter Steege, 2015).
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Methods
Study area

The Caxiuana National Forest (Caxiuana FLONA) is located at the Eastern portion of
the Brazilian Amazon, in the interfluve of Xingu and Tocantins rivers and occupies an area
of 33,000 ha of tropical rain forest, on the west banks of the Caxiuana bay, downstream
Anapu river (Montag et al., 2008). According to Koppen classification, the region has
characteristics of tropical monsoon climate (Am) (Alvares et al., 2014). The mean annual
rainfall is between 2,000 and 2,500 mm, with a pronounced dry season between June and
November (Costa et al., 2010), and the annual mean temperature is around 25.9 °C and air
relative humidity around 82%, both with a small seasonal variation (Costa et al., 2013;
Castro et al., 2013). The site elevation is 15 m above river level and a water table depth or 10
m has been observed in the wet season (Fisher et al., 1943). Terra Firme vegetation occupies
99% of the territory, while flooded vegetation approximately 0.2% (Ferreira et al., 2012).
The annual flood pulse in this region presents smaller amplitude than in the Western
Amazon, ranging from 1 to 1.5 m, under the influence of the seasonal precipitation regime

and daily tidal movements that cause small variations of ca. 30 cm (Hida et al., 1999).

Databass: IBGE and USGS SUZFABOW  SITTIOW  BUARAMOW  SIESIOW  SUTMNOOW
LANDSAT 8, WGS84
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Figure 1. Sampling methods and study area.

Epiphytic bryophytes were collected in three forest habitats, recognized in the
botanical literature as different Amazon vegetation types, namely, non-flooded "Terra Firme”

vegetation, and flooded “Vérzea” and “Igapd” vegetation. They have different nutrient levels
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and origins: Varzea vegetation has greater richness of nutrients and is under the influence of
daily and annual fluctuations in the levels of great white-water rivers, while Igapd vegetation
is associated to black-water and clear-water rivers (Junk et al., 2011). The floristic
differences in tree species composition, understory vegetation composition (Ferreira et al.,
2012, 2013) and soil types (Piccinin and Ruivo, 2012) are the main factors that lead to
variations in the forest structure of these vegetation types, as for example different canopy
openness and height and tree diameter at breast height (Ferreira et al., 2012). The main
characteristics of the vegetation types analyzed in this study are described below.

1) “Varzea” vegetation (VZ): seasonally flooded by annual fluctuation of the Amazon
drainage and daily fluctuations of tides. The canopy is relatively open and tree height varies
from 20 to 30m, with an understory characterized by the presence of individuals of tree
species at natural regeneration and absent herbaceous community, with exception of
Montrichardia arborescens (L.) Schott (Araceae) (Ferreira et al., 2012, 2013). Soils are
Plinthosols submitted to temporary effect of excess moisture and poor drainage (Piccinin and
Ruivo, 2012).

2) “Igapd” vegetation (IG): seasonally flooded by annual fluctuation of black water
rivers and streams and also by daily tidal fluctuations. The canopy is closed and tree height
also varies from 20 to 30m and the understory is characterized by the presence of dense
herbaceous vegetation (Ferreira et al., 2012). Soils are Gleysols submitted to permanent or
periodic humidity, anaerobic environments, poor drainage and high fragility (Piccinin and
Ruivo, 2012).

3) "Terra Firme” vegetation (TF): non-flooded forest on slightly higher elevations,
covering most of the study area. The canopy is closed and tree height varies from 30 to 35m
with emergent trees reaching up to 45m. The understory is clean and shaded, with ferns and
herbaceous plants found in more humid places (Ferreira et al., 2012). Soils are yellow
Oxisols with a thick stone/laterite layer at 3—4 m depth. Soil texture is composed of mixture

of sand (75-83%)), silt (6—10%) and clay (12—19%) (Ruivo and Cunha, 2003).

Collection, identification and organization of the dataset

Sampling was carried between September 2015 and July 2016. Samples of epiphytic
bryophyte communities were taken from a total of twenty four host trees in Varzea and Igap6
flooded vegetations and non-flooded Terra Firme vegetation. In each host tree, five botanical
samples were collected from the base to the canopy (shaft, leaves and branches of canopy), to

represent the total sampling of host tree. DBH and shaft height of each host tree were
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measured with the metric tape and canopy height was visually estimated. Using each host
tree as the central point of a 10 m? plot, hemispheric photographs were taken with a digital
camera (Nikon Coolpix 5400) and 8mm fisheye lens (Nikon FC-E9) at the corners of each
plot. The average of values of canopy openness of the four photographs constituted a
measure for this variable in the areas surrounding of host tree. A tripod was adjusted so as to
place the camera at 1m above the ground and the pictures were taken always after 4 pm to
avoid direct incidence of solar radiation. Images were analyzed using the Gap Light Analyzer
software version 2.0 to estimate canopy openness (Frazer et al., 1999). The elevation of area
was obtained with “Google Earth” using the points of geographic localization of host trees.
Bryophyte specimens present in the samples were identified to species level with aid
of identification keys, illustrations and descriptions in specialized literature (Florschiitz,
1964; Reese, 1993; Reiner-Drehwald, 2000; Reiner-Drehwald and Goda, 2000; Dauphin,
2003; Gradstein and Costa, 2003; Gradstein and Ilkiu-Borges, 2009; Moraes and Lisboa,
2009; Elena Reiner-Drehwald and Grolle, 2012; Bordin and Yano, 2013; Ilkiu-Borges,
2016). Materials were sent to taxonomists for confirmation and identification of species
when necessary. The taxonomic classifications adopted were those of Goffinet et al., (2009)
for Bryophyta and Crandall-Stotler et al., (2009) for Marchantiophyta. Vouchers were
incorporated into the Geraldo Mariz (UFP) and Joao Murca Pires (MG) herbaria.

Data analysis

We compared the richness, diversity and composition of epiphytic bryophyte species
to identify possible variations in these parameters between the different vegetation types. In
order to compare the species richness of vegetation types, the variable “number of species”
had its normality tested with the Shapiro—Wilks test and homogeneity of variances tested
with the Levene's test of Car package (Fox and Weisberg, 2011). Mean species richness was
therefore compared between vegetation types through One-way analysis of variance
(ANOVA) at 5% level of significance. A sample unit corresponded to the whole host tree.
Significant differences between groups were investigated through post hoc Tukey's honestly
significant differences (HSD).

Floristic diversity was assessed by calculating Fisher’s alpha (o) (Fisher et al., 1943)
index using all individuals and species registered in each vegetation type. This index is little
sensitive to sample size and can be considered a good measure of diversity (Magurran, 2004;
Beck and Schwanghart, 2010). The multiplicative diversity partition method was used for the
total dataset, being beta diversity (B) calculated as: ‘Dg = “D,/'D, (quotient of gamma
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diversity and mean alpha diversity (a)), using the entropart package (Marcon and Hérault,
2015). This measure can be interpreted as the ‘effective number of completely distinct
communities’ (Jost, 2007), and can vary between 1 (when all communities are identical) and
N (when all communities are completely different from each other). In this study, it varied
from 1 to 3.

A Canonical Correspondence Analysis (CCA) was performed to evaluate the
correspondence between species composition and variables of each sample variables, i.e.
DBH, height of tree (shaft height + canopy height), elevation of and canopy openness. This
method restricts the ordination of a species matrix through multiple linear regressions
performed on the variables of a given environment (McCune and Grace, 2002a). This
analysis was performed in the Fitopac 2.1 software (Shepherd, 2010).

A measure of dissimilarity the species composition in the vegetation types was
calculated by Bray-Curtis index use the vegdist function of Vegan package (Oksanen et al.,
2018). Multi-Response Permutation Procedure (MRPP) was used to evaluate the consistency
of the floristic groups, according to the vegetation type where host trees occurred. MRRP
evaluates whether similarity between groups is greater than expected by chance (McCune,
and Grace, 2002b). The Nestedness metric based on Overlap and Decreasing Fill (NODF)
was used to analyze the species composition among vegetation types, in the context of local
metacommunity. This is a metric for nestedness based on overlap and decreasing fill in the
analysis of a species composition matrix (Almeida-Neto et al., 2008). These analyses were
carried out using NODF function of Vegan package in R (Oksanen et al., 2018).

The occurrence of few very abundant species and many rare species in natural
systems is a common pattern (McGill et al., 2007). However, species shifts and adaptation to
habitats may lead to changes in rarity patterns of species in different environments (Hanski,
1982). For this reason, we analyzed the rarity and regional distribution patterns of species.

The total number of records of the species was considered a measure of abundance in
the vegetation types. To estimate the local rarity pattern of species, we used the rarity index
(RI) = 1/n, where n is the number of host trees occupied by a given species. These RI values
were square root transformed and normalized between 0 and 1 (Quinn and Keough, 2002). In
each vegetation type, the RI values of the species were distributed in the 4t (upper) and 1*
(lower) quartiles, to identify three classes of rarity (rare, frequent or common). Species in the
first quartile (1%) were considered rare and in the fourth (4th), common; those in the
intermediary quartiles were classified as frequent species (Appendix A). The number of

vegetation types (Regional frequency), the rarity pattern and the number of host trees
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occupied (Local frequency) by a species were used to determine its distribution pattern
(adapted from Soderstrom, 1989): Core - species occurring abundantly (1 to 8 hosts,
common, frequent and/or rare, one vegetation type) in the majority of the available sites (2 to
3 vegetation types); Urban - species occurring abundantly (3 to 8 hosts, common or frequent)
in few of the available sites (one vegetation type); Rural - species occurring in small
populations (1 to 3 hosts, rare or common) in the majority of the available sites (2 to 3
vegetation types); and Satellite - species occurring in small populations (rare or common) in
few of the available sites (1 to 3 hosts, one vegetation type).

In order to investigate the proportion of rare species and analyze whether species
distribution and rarity patterns were associated with the different environments, species
abundance distribution (SAD) models were compared and the occurrence of indicator species
and the probability of taxa with more environmental plasticity in the vegetation types were
tested. SAD describes the abundance of each species in a given community (McGill et al.,
2007) being can also be useful to describe diversity patterns, relations with spatial
heterogeneity (Hsiao-Pei et al., 2014) and shed light on how the partitioning of resources
among species takes place (Sugihara et al., 2003). The Akaike’s information criterion (AIC)
method was used to compare SADs models logseries and lognormal (Burnham and
Anderson, 2002), in the vegetation types. AIC is the most commonly used metric in SAD
studies and provides an estimate of the loss of information when a certain model is used to
represent a dataset (Matthews and Whittaker, 2014).

Species can be used as ecological indicators of community or habitat types,
environmental conditions, or environmental changes (Caceres et al., 2010). Indicator Species
Analysis (ISA) was carried out to explore the preference of species in the vegetation types.
The indicator value index is based exclusively on within-species abundance and occurrence
comparisons, not being affected by the abundance of other species. The significance value
for IndVal is obtained via randomizations (Legendre and Legendre, 1998).

Amazonian species may occur across wide geographical ranges, encompassing a
number of vegetation types. We used the number of vegetation types in which a given
species occur as a proxy for environmental plasticity. In order to test whether the bryoflora of
each vegetation studied was formed by a set of species that showed similar levels of
environmental plasticity, we used a permutation procedure based on the number of
vegetation types in which each species was recorded in Brazil as well as in Caxiuana
FLONA. Data on the occurrence of species in other vegetation in Brazil were filtered from

the site of the "Flora do Brasil 2020" (Flora do Brasil, 2020) while data on the occurrence of
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species in other vegetation types within Caxiuand were obtained from studies in the area
(Ilkiu-Borges and Lisboa, 2002; Moraes, 2006; Oliveira and ter Steege, 2013; Cerqueira et
al., 2017 and this study). After the construction of the dataset, the species abundance
distribution of our complete dataset, a total of 100 random communities were built, with the
same number of species and individuals as the real communities. From the random
communities, average and standard deviation of the number of vegetation types occupied by
the different species were calculated and compared, by vegetation type, to the field data in

order to test for significant deviations.

Results

A total of 1,056 specimens were recorded in the samples collected from the base to
the top of 24 host trees in the three vegetation types. The specimens belonged to 13 families,
42 genera and 112 species (21 mosses and 91 liverworts) (Appendix A). The richness of
epiphytic bryophytes varied between vegetation types and IG showed the highest total
number of species and mean number of species per host tree, followed by TF and VZ (Tab.
1). A significantly different (p > 0.05) species richness was recorded only between the
flooded forests (ANOVA, Fp, 217 = 4.863, p = 0.018; HSD, p = 0.014), being IG the richest.
The Fisher's alpha index indicated IG as the most diverse (Tab. 1). Total alpha diversity in
the community was 62.33, and beta diversity was 1.79. In the analysis of the epiphytic
bryophyte assemblages, no significant nested pattern was detected for the data, i.e. the
bryophyte flora of different vegetation types were not restricted subsets of each other.

Host tree variables presented a variation in line with the literature for these vegetation
types. Significant differences were found only for shaft height and DBH averages (Tab. 2);
the first was significantly different between TF and the flooded forests (Fp2, 217 = 5.594, p =
0.0013; HSD, TF-VZ p = 0.0401, TF-IG, p = 0.0141), and the second, only between flooded
forests (Fpp, 21] = 8.563, p = 0.0019; HSD, p = 0.0013). Average DBH, canopy height and
canopy openness, were higher in VZ while TF had the highest average shaft height and total
height of host trees.

The Bray-Curtis dissimilarity index indicated a higher floristic separation between
flooded forests (VZ/IG= 0.732; IG/TF = 0.615; TF/VZ= 0.607). The MRPP applied to the
dissimilarity matrix confirmed a significant distinction between the three floristic groups (A
=0.2718, p = 0.001 for vegetation). It was also possible to observe a significant separation of

forest types in terms of species composition in the direct gradient analysis (CCA) (Fig. 2).
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Table 1. Attributes of epiphytic bryophyte communities. Total and average richness of the species per
host tree and Fisher’s alpha (o) index of diversity per vegetation type. Comparison of Species
Abundance Distribution (SAD) Log-series (Is) and Lognormal (In) Models over best fits for the
vegetation types using AIC.

Variables Igapo Terra Firme  Varzea
Total and average richness per host tree 73; 27.87+ 5.0 66;24.25+6.5 48;19.25+4.8
Total frequency 380 347 329
Fisher (o) 26.86 24.16 15.47

AIC dAIC df AIC dAIC df AIC dAIC df
Model SAD Is 350 0.1 1 345 26 1 269 04 1
Model SAD In 370 194 2 342 0 2 279 9.7 2

Table 2. Average and standard deviation of host tree variables and canopy openness in each vegetation
type. IG = Igap6 vegetation; TF = Terra Firme vegetation; VZ = Varzea vegetation.

Variables 1G TF VZ
DBH 29.16 £5.8 36.21 +£4.3 44.80 +£10.8
Shaft height 10.16 £2.5 13.96+2.87 10.75+1.83
Averageand 0.0 height 10.56+33  9.62+1.5 10.87 + 2.1
standard deviation )
Total height 20.72£2.2 23.58+29 21.62+24
Canopy openness  12.50 +£2.7 12.15+ 1.8 1289+ 1.6
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Figure 2. Canonical Correspondence Analysis (CCA) for vegetation samples (host trees). The size of
the symbol indicates the species richness of the host tree, the shapes represent the vegetation types (TF
= Terra Firme vegetation; IG = Igapd vegetation; VZ = Varzea vegetation).

Besides higher richness, 1G also presented a larger number of occurrences of species

and exclusive taxa (Fig. 3, Tab. 1), with highest proportion of satellites in this vegetation

(Fig. 4a). Some of these species on the other hand were classified as urban because it was
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very abundant in this vegetation. Another highlight is the rural species, that although they
occur also in other vegetations present low frequency of colonizing, in only of one to two

host trees.
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Figure 3. Overview of number of species and shared species per vegetation type. (a) - Horizontal bars
represent the total richness per vegetation; Vertical bars represent number of species only found in
one vegetation (points) and number of shared species between them (points connected by lines). (IG =
Igap6 vegetation; TF = Terra Firme vegetation; VZ = Varzea vegetation).

Core species predominated in terms of richness and abundance, and were present in
all vegetation types (Fig. 4a, b) with the exception of Rectolejeunea berteroana which was
classified as rural, due to its low frequency in the habitats. Considering the total number of
species, although only ca. 21% were shared among all vegetation types, they accounted for
more than 43% of the occurrences in this study. Another important point was the alternation
in the abundance of species among the vegetation types, mainly of the moss species
Microcalpe subsimplex, Syrrhopodon ligulatus, and Mniomalia viridis (Tab. 3). Although
these species contributed to the richness of core species in the VZ (Fig. 4b), they were more
abundant in the other vegetation types, especially in TF.

The total number of occurrences of epiphytes was very similar in the three vegetation
types but the comparison of distribution models revealed difference in their best-fit models.
Log-series distribution had the best AIC score in flooded forests, while lognormal

distribution had the best score in non-flooded forest (Tab. 1).
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Figure 4. Overview of richness (a) and occurrences (b) of species in the spatial distribution categories
per vegetation type: IG = Igapd vegetation; TF = Terra Firme vegetation; VZ = Varzea vegetation).

In the three vegetation types, a total of thirty species were pointed as indicators
according to ISA (Tab. 3). Igap6 vegetation showed the largest number of indicator species
per vegetation type, most of them very frequent (Appendix A). Only three out of the 12
species assigned as indicators in IG were also recorded in other vegetation types, but two of
them had a low frequency. Most indicator species in this vegetation were recorded in at least
30% of samples. Calymperes platyloma stood out in this vegetation type, occurring in 95% of
the samples.

In Varzea vegetation, eight indicator species were identified, among them four of the
most frequent. Only one species, Acrolejeunea torulosa, was exclusive of this vegetation

type; all the indicator species were registered in at least 30% of the samples. The other
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indicator species that occurred also in TF and/or IG were uncommon in these vegetation

types, occurring in less of 10% of the samples most of the time.

Table 3. Epiphytic bryophytes evaluated as indicators per vegetation types. Oc. = Number of
occurrences; Indicator species per vegetation types its highlighted in grey. IG = Igap6 vegetation; TF =
Terra Firme vegetation, VZ = Varzea vegetation; IV = indicator value given by indicator species
analysis; pval = p value reference (P < 0,005).

Family/Taxon IndVal val IG TF VZ
Lejeuneaceae

Acrolejeunea torulosa (Lehm. & Lindenb.) Schiffn. 0.9 0.001 . . 22
Archilejeunea auberiana (Mont.) A.Evans 0.5 0.029 4 . .
A. crispistipula (Spruce) Steph. 0.8 0.001 . 2 21
A. fuscescens (Hampe ex Lehm.) Fulford 0.6 0.006 . .
A. parviflora (Nees) Schiftn. 0.5 0.014 . 15 4
Ceratolejeunea coarina (Gottsche) Steph. 0.7 0.002 1 4 16
C. cubensis (Mont.) Schiffn. 0.4 0.05 3 4 15
C. minuta Dauphin 0.5 0.033 25 28 6
Cheilolejeunea insecta Grolle & Gradst. 1 0.001 12
Cololejeunea subcardiocarpa Tixier 0.5 0.027 . 5

C. surinamensis Tixier 0.5 0.015 . 4
Haplolejeunea amazonica llkiu-Borges & Gradst. 0.6 0.004 . 7
Harpalejeunea tridens (Besch. & Spruce) Steph. 0.5 0.021 8

Lejeunea asperrima Spruce 0.8 0.001

L. boryana Mont. 0.8 0.001 10

L. cerina (Lehm. & Lindenb.) Gottsche 0.6 0.001 . .
Mastigolejeunea auriculata (Wilson) Schiftn. 0.8 0.001 1 . 15
Neurolejeunea seminervis (Spruce) Schiftn. 1 0.001 29 1
Pictolejeunea picta (Gottsche ex Steph.) Grolle 0.6 0.003 . 9
Prionolejeunea scaberula (Spruce) Steph. 1 0.001 16

P. trachyodes (Spruce) Steph. 1 0.001 29 . .
Pycnolejeunea contigua (Nees) Grolle 0.8 0.002 . 1 20
P. papillosa X.-L. He 0.7 0.002 1 5 23
Symbiezidium barbiflorum (Lindenb. & Gottsche)

A.Evans 0.6 0.002 12 2
Calymperaceae

Calymperes palisotii Schwégt. 0.4 0.041 5 . 12
Calymperes platyloma Mitt. 1 0.001 32 . .
Syrrhopodon ligulatus Mont. 0.6 0.007 . 12 1
Syrrhopodon simmondsii Steere 0.5 0.011 . 10
Phyllodrepaniaceae

Mniomalia viridis (Mitt.) Miill. Hal. 0.9 0.001 16 . 1
Sematophyllaceae

Microcalpe subsimplex (Hedw.) W.R. Buck 0.7 0.001 . 12 1

As for TF, most of indicator species in this area were exclusive, but unlike most of

indicators in other vegetation types, they were not so frequent. Six of the ten indicator
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species occurred in less than 10% of the samples of this vegetation type. Ceratolejeunea
minuta stood out because, although occurring in other vegetation types, it was an indicator
only in TF, and it was very abundant and present in all strata.

The bryophyte species found in the epiphyte flora of the Caxiuana FLONA that
occur in a greater number of vegetation types across Brazil had a probability above the
average (4.61 = 0.17) of occurring in VZ, whereas the opposite was observed for the species

recorded in IG. Species of TF were close to the mean of the dataset (Fig. 5).
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Figure 5. Permutation analysis considering the number of vegetations in which the species were
recorded in Brazil and in Caxiuand FLONA.

Discussion

The prediction that differences between the vegetation types drive changes in the
attributes of epiphytic bryophyte communities was confirmed. Unexpectedly and contrary to
our predictions, Igap6 vegetation was the richest and most diverse habitat, housing a large
number of exclusive species, contributing significantly to overall diversity.

We expected higher richness in TF which presents greater extension in the Amazon
basin, this expectation was not confirmed in our data. Surprisingly, Igapd vegetation was very
singular and showed the highest number of species, as well as the highest number of exclusive
species and taxa little registered in the Amazon. Amazon basin is one of the most diverse
areas where bryophytes occur in the Neotropics (Gradstein et al., 2001), and where epiphytes
in TF operate as a meta-community (Oliveira and ter Steege, 2015). Thus, the rich bryophyte
flora of IG may be a reflection of the geographical proximity to TF and possibly of a greater
environmental heterogeneity, considering that diversity in local scale also depends on the

regional diversity of species (Partel et al., 1996; Zobel et al., 1998; Brown et al., 2016). The
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relatively higher richness of epiphytic bryophytes in IG was also pointed out in two recent
studies (Lopes et al., 2016; Cerqueira et al., 2017), but the lack of canopy sampling resulted in
a slightly different conclusion in the same study area i.e. how the not significant differences in
species richness between flooded vegetations. We attribute this to particularities of the
sampling method, because the upper forest stratum, was included in our study, where many
species were recorded mainly in IG and TF.

In general, the high epiphytic richness recorded is in agreement with the expectation
for tropical environments (Gradstein, 1992; Gradstein et al., 2001; Gradstein and Costa,
2003) and represents about 45% (250 spp.) of the bryophytes of the Caxiuand FLONA, one
of the areas in the Amazon were bryophytes have been most studied (unpubl.). This variation
in richness across vegetation types corroborates with the suggested in the literature that
microclimatic alterations caused by fine-scale differences between habitats are precursors of
bryophyte richness and composition (Benavides et al., 2004, 2006; Mandl et al., 2009; Santos
et al., 2011; Batista and Santos, 2016).

The most diverse was Igap6 vegetation according to the Fisher’s alpha index. The
bryophyte flora of flooded forests has been previously reported to be richer than swamps,
non-flooded forests and white-sand areas in western Amazon (Benavides et al., 2004, 2006).
These results were mainly attributed to the availability of substrates and to the variation of
abiotic conditions in these vegetation types. We argue that the variations in abiotic conditions
among vegetation types are the main drives of richness in eastern Amazon, because this
pattern was maintained even analyzing only the arboreal substrate. Thus, we corroborate the
suggestion of the literature that variation in structure and floristic composition of vegetation
types promotes heterogeneity of abiotic conditions and favors the diversity of species
(Richards, 1984; Gradstein and Pdcs, 1989; Gradstein, 1992; Vanderpoorten and Engels,
2002; Marialigeti et al., 2009; Sanger and Kirkpatrick, 2015; Benitez et al., 2015; Valente et
al., 2017).

We documented a high turnover of species in epiphytic bryophyte assemblages
between vegetation types (beta diversity), similarly to what occurs with vascular plants,
whose composition and diversity in the Amazon basin change at all spatial scales (Campbell,
1994). Although they exhibit similar patterns, we highlight that these groups of plants have
important biological differences, implying also different mechanisms responsible for the
observed patterns. The diversity of vascular plants in the Amazon has been credited to the
existence of environmental gradients related mainly to climatic variation and soil and

geological heterogeneity, together with an immense territorial extension (Willis, 1922;
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Terborgh, 1973; Rosenzweig, 1995; Silman, 2011). Recently, the pre-Columbian
anthropogenic contribution and the action of other organisms such as fungi have also been
advocated as drivers of this diversity (Peay et al., 2013; Levis et al., 2017).

This study showed that species composition of epiphytic bryophytes in the Amazon
is driven by environmental differences in vegetation types. Our initial expectations that
dispersal ability and ecological plasticity of bryophytes would contribute to the structuring of
highly similar epiphytic assemblages on a local scale were not confirmed. Environmental
heterogeneity associated with different vegetation type’s structures assemblies of epiphytic
bryophytes with a remarkable degree of differentiation, mainly between the flooded forests
(richness, diversity and composition). In addition, we found greater similarity between IG
and TF, as did Lopes et al. (2016) who explained this similarity as a result of substrate
availability in the understory. However, we believe that in our data, this similarity is
primarily the result of proximity and the close microclimate. On the other hand, there is
evidence that flood frequency and water level control the composition of bryophyte
communities in flooded areas (Gillrich and Bowman, 2010). This could explain the greater
dissimilarity between flooded vegetation types, also reported by Cerqueira et al. (2017).
Environmental gradients represent variations in the abiotic conditions to which the
bryophytes respond directly (Santos and Costa, 2010; Santos et al., 2014; Tavares-Martins et
al., 2014; Oliveira and ter Steege, 2015; Oliveira and Oliveira, 2016). Thus, even at a local
scale, variation in the structure and floristic composition of vascular plants favored the beta
diversity of epiphytic bryophytes among vegetation types (Richards, 1984). The epiphytic
bryophytes associated to Igap6 vegetation seemed to be less tolerant to high temperatures and
intense light incidence, as for example Prionolejeunea species, contrary to the
Ceratolejeunea species, which were abundant in VZ. A clear change in floristic composition
between bryophytes of distinct vegetation types was also documented in the western portion
of the Amazon (Benavides et al., 2004, 2006) as well as in lowland vegetation in
southeastern Brazil (Santos et al., 2011).

Species with low abundance (i.e. 1 - 5 occurrences) predominated in all vegetation
types and only a few species were very frequent (Appendix A), which is predicted by one of
the earliest principles in community ecology (McGill et al., 2007). A similar pattern has been
reported for trees and epiphytic bryophytes in TF in the Amazon (Oliveira et al., 2009;
Oliveira and ter Steege, 2013), although these results are counter intuitive taking into account
that bryophytes of tropical lowland forests are considered to be generalists (sensu Richards,

1984) and of broad geographic distributions (Schuster, 1983; Santos and Costa, 2010; Santos
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et al.,, 2011). Our data suggest that this rarity among bryophytes is mainly a response to
environmental filters, because changes in the abundance of some species between vegetation
types were observed, although on a small scale. As a matter of fact, bryophyte species can be
rare in various forms and at different scales (Soderstrom and During, 2005) which is
supported in our data for the fact some species, registered with low frequency, change your
frequency becoming more abundant in one or another vegetation types (Core or Rural).
These changes in abundance and patterns of spatial distribution may be directly related to the
demands of each species, as bryophytes depend on specific light, temperature and humidity
conditions (Gradstein and Pdcs, 1989). The availability of these conditions can vary between
vegetation types (Evans et al., 2012) limiting the occurrence and the abundance of species
like those that were registered in only one vegetation (satellite) and with low frequency,
mainly in the Igap6 vegetation.

In our data, the species abundance distribution in the two flooded forests differed
from the non-flooded forest in terms of model fitting. A log-normal model better described
the SAD of the TF, while log-series model better fitted the SADs of flooded vegetation types.
The first is associated with undisturbed and more uniform assemblages and the second, with
disturbed areas (Magurran, 2004). TF seems to present more stable conditions for the
establishment of bryophytes, what may be related to habitat quality and structure and the
history of the landscape. These are important factors for the probability of occurrence of
species (Lobel et al., 2006). On the other hand, floodplains appear to be more dynamic,
probably reflecting fluctuations in abiotic conditions related to daily and seasonal flooding of
rivers and tides (Ferreira et al., 2012, 2013). These variations may even indirectly influence
the abundance of species, which although have succeeded to get established, have not
become abundant due to lack of optimal conditions. In the context of Amazonian vegetation,
Benavides et al. (2006) consider that mosses depend more on moisture than liverworts, which
in turn are mainly regulated by the availability of light. Perhaps for these reasons, in our
dataset, mosses occurred only in the understory and with lower frequency, contrary to the
liverworts, which were in general very abundant in these vegetation types (Benavides et al.,
2006). Thus, the occurrence of exclusive taxa and very frequents (Urban) in Igapo, and the
change in abundance of rare species between vegetation types may be related to the specific
requirements of the species and to the process of environmental filtering of community
assemblages.

A percentage of less than 30% of the surveyed species was found to be indicators.

This finding was already expected because bryophytes of tropical lowland forests are usually
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considered generalists (Oliveira et al., 2009; Garcia et al., 2014; Pantoja et al., 2015) and of
broad geographic distributions (Schuster, 1983; Gradstein and Costa, 2003; Santos et al.,
2011). The species found in VZ also occur in a much larger range of vegetation in Brazil and
belong mainly to genera considered generalists and sun specialists (Gradstein et al., 2001)
these genera were very abundant in this vegetation type in the present study. On the other
hand, indicator species in IG and TF occurred mainly in the understory and were restricted to
one vegetation type. This suggests greater requirements for establishment, because specialists
in this forest stratum are the first to disappear in of the case of disturbance (Acebey et al.,
2003; Alvarenga et al., 2010; Tavares-Martins et al., 2014). These species also have a
distribution restricted to a smaller number of vegetation types in Brazil (Flora do Brasil,
2020). Thus, we provide more evidence that the vegetation types investigated promote
environmental heterogeneity, influencing the occurrence of species by determining
environmental filters that play a preponderant role in the structuring of epiphyte bryophytes,

even in a small local scale in the Amazon.

Conclusions

The varied vegetation types promoted remarkable environmental heterogeneity even
at a small local scale, where abiotic conditions assembled epiphytic bryophyte communities
with high diversity of species. Flooded vegetation types significantly contributed to the
diversity of the local species pool, mainly the Igapd vegetation, due to the number of
exclusive species. The distinction in the communities of flooded forests was more pronounced
than expected, sheltering species of opposite extremes regarding tolerance to humidity, light
incidence, and temperature variation. Thus, rarity in these assemblages appears to be
influenced by environmental filters and TF constitutes a more stable environment for the
establishment of bryophytes compared to flooded vegetations. Future research involving
species attributes may clarify the mechanisms responsible for the patterns observed in tropical

lowland forests.
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3.2 VERTICAL GRADIENT OF EPIPHYTIC BRYOPHYTES IN THE AMAZON: THE
RULE AND ITS EXCEPTION

Abstract

In Amazonian Terra Firme vegetation, epiphytic bryophytes present a deterministic
distribution along height zones in host trees, at both local and regional scale. Recent findings
about the influence of vegetation structure variation on epiphytic bryophyte assemblages
suggest that the vertical gradient may also change among adjacent vegetation types. In order
to analyze this influence, bryophytes were sampled in five zones from the base to the top of
24 host trees in Varzea and Igapo (flooded) and Terra Firme (non-flooded) vegetation. The
species richness and diversity, distribution of guilds of tolerance to light incidence, floristic
similarity, and turnover of species composition were evaluated within and between
vegetation types. The vertical gradient was observed only in Igapé and Terra Firme. Species
richness and diversity were higher at the base in flooded forests, and at the outer canopy in
non-flooded forests. These zones also showed higher floristic similarities among vegetation
types. The distribution of guilds explained the main patterns observed in assemblages. The
spatial distribution of epiphytes in the studied forests is regulated by the interaction between
the height zone and vegetation type, and light tolerance is one of the most important

attributes explaining the distribution patterns of epiphytes in the Amazon.

Keywords: Amazonia. Canopy. Community assembly, /gapo vegetation. Beta diversity.

Environmental Heterogeneity. Conservation Units.
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Introduction

Plant communities in the Amazon respond to different environmental gradients, both
locally and regionally (Tuomisto & Poulsen, 2000; Tuomisto et al., 2002; Wittmann et al.,
2006; Oliveira & ter Steege, 2015; Quaresma et al., 2017). In this context, the assembly of
epiphytic bryophytes is strongly influenced by local environmental filters, involving vertical
zoning, successional stages and variation in vegetation types (Acebey et al., 2003; Oliveira et
al., 2009; Tavares-Martins et al., 2014; Oliveira & ter Steege, 2015; Cerqueira et al., 2017).

The vertical distribution of epiphytes in tropical forests is mainly determined by
variations in environmental conditions that occur from the understory to the canopy (Allee,
1926; Cornelissen & ter Steege, 1989). This gradient is one of the most consistently observed
in bryophytes and reflects the environmental filtering associated to changes in the availability
of light, water and temperature (Pocs, 1982; Richards, 1984; Acebey et al., 2003), however,
without taking into account the interactions between species (Kraft et al., 2015).

The vertical distribution of bryophytes in tropical forests has been mainly addressed
in the context of effects of habitat loss and fragmentation in the natural environments of these
plants (Alvarenga et al., 2010; Sporn et al., 2010; Silva & Porto, 2010; 2013). Particularly in
the Amazon, studies on the vertical gradient of epiphytic bryophytes have been concentrated
in Terra Firme vegetation (Oliveira et al., 2009; Tavares-Martins et al., 2014; Oliveira & ter
Steege, 2015), while information about floodplains such as Varzea and Igapo is still missing.
Among other characteristics, these forest types differ from each other by their arboreal
vegetation structure and floristic composition as well as the periodic and seasonal flood flows
ruled by regimes of adjacent rivers (Junk ef al., 2011). In the eastern Amazon, the richness
and composition of epiphytic bryophytes has been observed to vary among these vegetation
types on a local scale (Cerqueira et al., 2017), where Igapo forests are richer and more
diverse than those of Vidrzea, in agreement with the patterns found for vascular plants in the
region (Ferreira et al., 2013).

In Terra Firme vegetation of the Amazon basin, the vertical gradient of bryophytes
has been observed both at local and regional scale: height zone is a significant element in
these assemblages (Oliveira & ter Steege, 2015) while species composition per zone is
relatively homogeneous across large distances (Oliveira & ter Steege, 2013). The pattern was
attributed to the combination of strong niche assembly with high dispersal potential of
bryophytes. In view of these patterns and the responses of bryophyte assemblages to changes

in host tree structure and composition recently reported in the understory of flooded forested
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areas (Cerqueira et al., 2017), it is possible that the vertical distribution of bryophytes also
changes on a local scale even between preserved habitats.

Thus, we hypothesized that: (1) the vertical gradient is present in the non-flooded
(Terra Firme) and flooded (Igapo and Varzea) vegetation types, but weaker in the latter due
to differences in landscape structure and the existence of flood dynamics in the understory;
(2) the proportion of generalist taxa is greater in the flooded forests in response to their more
intense dynamics, which filter species with wider niches; (3) the species richness and
diversity, as well as the similarity between communities are higher at the base and outer
canopy of host trees within and between vegetation types because these zones represent the

two extremes of the microenvironmental gradient.

Methods

The study was conducted in the Caxiuand National Forest (Caxiuana FLONA),
located in the eastern portion of the Amazon (01°42' 30” S and 51°31' 45” W, 62m altitude)
(Montag et al., 2008). The climate of the region is tropical according to Koppen's
classification (Koppen & Geiger, 1928; Alvares et al., 2014). The average annual
precipitation varies between 2000 and 2500 mm, with a pronounced dry season from June to
November (Costa et al., 2010), the annual average temperature is 25.9°C and the relative

humidity of the air varies around 82% (Castro et al., 2013).

Sampling and taxonomic identification

Samples were collected in Terra Firme (TF, non-flooded), Igapo (1G, flooded) and
Varzea (VZ, flooded) vegetation. Fieldwork was carried out between September 2015 and
July 2016. Eight 20-25 meter-tall host trees, with diameter at breast height (DBH) > 20 cm,
and bark presenting intermediate roughness were selected in each vegetation type, totaling 24
trees. The minimum distance between sampled trees was 20 m, and their canopies were not
in contact with each other. To facilitate climbing, we selected trees with branches that could
resist the weight of an adult person and upper branches that were visible from the ground
(Gradstein et al., 1996).

Bryophytes were collected in five height zones, namely: zone 1 = from the base up to
1 m; zones 2 and 3 = lower and upper trunk, respectively; zone 4 = base of crown; and zone 5
= outer sun-lit twigs/leaves (outer canopy). A set of four 10 cm? plots were collected in each
height zone and pooled into a single sample (40 cm?) (Oliveira et al., 2009; Oliveira & ter
Steege, 2013), thus totaling five samples per host tree (Fig. 1). DBH and shaft height of each
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host tree were measured with a metric tape and canopy height was visually estimated. Each
host tree served as the central point of a 10 m? plot, and hemispheric photographs were taken
with a digital camera (Nikon Coolpix 5400) and 8mm fisheye lens (Nikon FC-E9) at the
corners of each plot. The canopy openness of the areas surrounding each host tree
corresponded to the average of the four photographs. The mean values and standard

deviations (SD) of the samples in each vegetation type are listed in Table 1.
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Figure 1. Sampling methods and study area.

Table 1. Mean and standard deviation (SD) of host tree variables and canopy openness per vegetation
type. 1G = Igapo; TF = Terra Firme; VZ = Varzea.

. Vegetation Type
Variables G — VZ
DBH 29.16 £5.8 36.21+43 44.80+10.8
Height of the shaft 10.16 2.5 13.96+2.8 10.75+ 1.8
Height of the canopy 10.56 £33 9.62+1.5 10.87 +2.1
Total height 20.72+2.2 23.58+29 21.62+24
Canopy openness 1250+2.7 12,15+ 1.8 1289+ 1.6

Bryophytes were identified with the aid of specialized bibliography and specimens of
difficult determination were sent to taxonomists for confirmation and taxonomic
identification. The most used works were Florschiitz (1964), Reese (1993), Reiner-Drehwald
(2000), Reiner-Drehwald & Goda (2000), Dauphin (2003), Gradstein & Costa (2003),
Gradstein & Ilkiu-Borges (2009), Moraes & Lisboa (2009), Reiner-Drehwald & Grolle
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(2012), Bordin & Yano (2013) and Ilkiu-Borges (2016). The classifications of Goffinet et al.
(2009) for Bryophyta and Crandall-Stotler et al. (2009) for Marchantiophyta were adopted in
this study. Taxonomic updates of some species were made based on recently published
literature for the genera Microcalpe, Archilejeunea, Cheilolejeunea and Myriocoleopsis (YU
et al.,2014; SHI et al., 2015; Bastos et al., 2017; Carvalho et al., 2017), the “World checklist
of hornworts and liverworts” (Soderstrom et al., 2016), and Flora do Brasil 2020 database
(Flora do Brasil, 2020). Vouchers were deposited in the collections of the Geraldo Mariz
(UFP) and Joao Murga Pires (MG) herbaria. In this study, we use the following definition of
guild “group of species that exploit the same class of environmental resources in a similar
way” (Root, 1967; Blondel, 2003). Also, the term guild was used as a synonymous of the
synusia defined by Richards (1984). The considered resources for bryophytes were light and

moisture.

Data analysis

Bryophyte assemblages were analyzed to evaluate the wvariation of richness,
diversity, proportion of guilds of tolerance to light incidence, and species composition along
height zones within and between vegetation types, as well as to check the existence of a
vertical gradient in the assemblages of each vegetation type. All analyses were performed
using R (R Core Team, 2019).

Richness corresponded to the number of species recorded in each height zone or
forest type. Species richness was compared between height zones in each vegetation type,
and between each height zone in different vegetation types. These comparisons were tested
by one-way analysis of variance (ANOVA) at 5% level of significance, whenever
assumptions were met. Species richness data were checked for normality using the Shapiro-
Wilk test, and the homogeneity of the variances was tested with the Levene's test of the Car
package (Fox & Weisberg, 2011). The Tukey Honestly Difference Test (HSD) was applied a
posteriori to verify the existence of significant differences between groups.

The Fisher's alpha (o) was calculated to determine the species diversity per height
zone in each vegetation type, as this index (S=a*In(1+n/a) where S is number of taxa, n is
number of individuals and « is the Fisher's alpha) is considered a robust measure, not so
sensitive to sample size (Fisher ef al., 1943; Magurran, 2004; Beck & Schwanghart, 2010).
For this calculation, we considered the abundance and richness of species recorded per height
zone in each vegetation type. Because of the impossibility of dissociating bryophyte

individuals present in the samples, the incidence of each species in the plot was used to
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define its abundance, which could vary along the different zones of the same host tree (1-5)
and between host trees of the same vegetation type (1-8).

The floristic composition of height zones within and between forest types was
compared using the Serensen’s similarity index, which attributes double weight to double
presences (Legendre & Legendre, 1998), and the Bray-Curtis dissimilarity index (Bray &
Curtis, 1957). Two matrices with presence-absence and abundance data per height zone of
each vegetation type were created. The Serensen and Bray-Curtis indexes were calculated by
the betadiver function of the vegan package (Oksanen et al., 2018).

The non-metric multidimensional scaling (NMDS) method was used to evaluate the
variation of species composition between vegetation types and between height zones. For this
purpose, a presence/absence matrix was created using samples from each height zone of the
24 host trees. One of the samples had to be excluded due to low number of species. The
metaMDS function of the vegan package was used to perform the NMDS (Oksanen et al.,
2018). This ordination (resizing) tries to represent objects by reducing them to a few
dimensions and at the same time preserving the respective distance between them (Legendre
& Legendre, 1998).

A multivariate analysis by permutation - PERMANOVA (‘Adonis' function) was
used to test the existence of statistically significant differences in species composition
between the three vegetation types in relation to the five height zones, whose groups were
defined a priori. Changes in the composition of species with respect to the guilds of tolerance
to light incidence (sensu Richards, 1984) were evaluated in the three vegetation types,
correlating them with the height zones of occurrence. To this end, the species were classified
according to the works of Richards (1984), Cornelissen & ter Steege (1989), Gradstein
(1992a), Gradstein et al. (2001), Oliveira et al. (2009), and Tavares-Martins et al. (2014).
The following literature-based classification was used: shade specialist epiphytes - Sha,
present in the understory microhabitat; sun specialist epiphytes - Sun, present in the canopy;
and generalist epiphytes - Gen, occurring in both microhabitats (Richards, 1984).

The correlation between the occurrence of guilds in the height zones was checked
with the chi-square test, analyzing the degree of association between categorical variables
(height zone x guild). In this analysis, we used matrices of guild abundance per height zone
in each forest type. The chi-square (X?) test assumes the null hypothesis that the observed
frequencies are not different from those generated by chance, and there is therefore no
difference between them due to the absence of association between the variables (Gotelli &

Ellison, 2011).
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Results

A total of 112 species of epiphytic bryophytes, among 21 mosses and 91 liverworts,
were recorded in Igapo (73 spp.), Terra Firme (66 spp.) and Varzea (48 spp.) (S1). The mean
species richness per height zone increased in the outer canopy in Igapo and in Terra Firme,
while the opposite occurred in Vdrzea (Fig. 2). The mean richness varied between zones in
all forest types, but this variation was statistically significant only in Igapo (Fj4 351=6.48, p =
0.0005) where the richest zones (base and outer canopy) differed from the upper trunk and
the inner canopy (Fig. 2, lowercase letters).

The base of the trunks was the richest zone in the flooded forests (Z1), while the
outer canopy had the highest number of species in Terra Firme (Z25) (Fig. 3A-C). The mean
species richness of height zones compared across the different vegetation types showed
significant differences only in the case of the extreme zones, i.e. base and outer canopy (Fp,
241 = 3.113, p = 0.065); this differences were slight between the base of Igapo and Terra
Firme and consistent between the outer canopy of Igapo and Viarzea (Fig. 2, uppercase

letters).

Aa Aanp
AB
124
ab
a B b
g . ¢ II - } Vegetation Types
<
o
= ! B @ IGAPO
$ =@ TERRA FIRME
-
= -® VARZEA
o
5 4
w
0_
71 7 73 74 75

Host Zone

Figure 2. Mean and standard error of the richness of epiphytic bryophytes in the height zones per
vegetation type. Lowercase letters are used to indicate differences between height zones and
uppercase letters to indicate differences between height zones compared in the different vegetation
types in Igapo.

The base and the outer canopy were the zones with the greater number of exclusive

species in the forests. In Igapo and Terra Firme, species that occurred exclusively in the
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outer canopy stood out (Fig. 3A, B), while in Vdrzea, 25% of the species were restricted to
the trunks and more than 50% of them occurred in all zones (Fig. 3C).

The diversity of species followed the patterns observed for richness in the vegetation
types. In Varzea, the recorded diversity was greatest at the base of the trunks and decreased
towards the canopy; in Terra Firme, there was an increase towards the outer canopy, where
the greatest diversity of all zones and vegetation types was observed (a 33.4); and in Igapo,
although the base had the greatest diversity as in Varzea, both extremities concentrated a
high diversity. The base was one of the least rich and diverse height zones in Terra Firme
(Tab. 2).

The composition of epiphytes between the intermediate height zones within each
vegetation type was highly similar, always sharing more than 30% of the species (Tab. 2,
Serensen index). The extremities (base and outer canopy) of the host trees were more similar
to the corresponding zones in /gapo and Terra Firme (base/Z1, 0.52; outer canopy/Z5 0.47,
Serensen index). The composition of bryophytes in the outer canopy (Z5) of Terra Firme
also closely resembled that of the base (Z1) of Varzea (0.49). The floristic composition was
less similar between the flooded forests (Fig. 4, Tab. 2), which was distant from that of Terra
Firme, mainly in relation to the outer canopy and the understory (Igapo/Z5 - Terra Firme/Z1,
0.90, Varzea/Z5 - Terra Firme/Z1, 0.94, Terra Firme/Z5 - Igapd/Z1, 0.88, Bray-Curtis
index).

In addition, the structure of the floristic composition in the ordination evidenced the
influence of two factors shaping the assemblages (Fig. 4). The first one is related to the
vegetation type (Ist axis, colors) and the second to the height zone in the host tree (2nd axis,
symbols). These factors (vegetation type and height zone) were tested and found to be
consistent (Tab. 3). A turnover in the composition of species along height zones was
observed in Terra Firme and Igapo, which characterized the vertical gradient of bryophytes.
This pattern was not observed in Virzea, where species composition was very similar

between zones (Fig. 4).
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Figure 3. A-C: Overview of the number of species and shared species per vegetation type. Horizontal
bars represent the total richness per zone; vertical bars represent the number of species found per each
zone (points) and the number of species shared between zones (points connected by lines). D: Mean
and standard error of species richness per guild in the zones. E-F: Association between zones and
guilds based on the absolute frequency of taxa. Sun = Sun specialist epiphytes; Sha = Shade specialist
epiphytes, Gen = Generalist epiphytes; Z = Zone.
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Figure 4. Non-metric multidimensional scaling (NMDS) plot of samples per zone in the vegetation
types (stress = 0.1942709) using Serensen distance. (Z1 = base to 1 m, Z2 = lower trunk, Z3 = upper
trunk, Z4 = inner canopy, Z5 = outer sun-lit twigs/leaves (outer canopy)).

Table 3. PERMANOVA results for the different groups (height zones and vegetation types) of
epiphytic bryophytes in the Caxiuand FLONA.

Df SumsSqs Mean Sqs F. Model R2 Pr (> F)
Vegetation type 2 11.622 5.8109 23.471 0.28987 0.001  ***
Residuals 115 28471 0.2476 0.71013
Total 117  40.093 1
Heigth zone 4 4.063 1.01563 3.1852 0.10133 0.001  ***
Residuals 113 36.031 0.31885 0.89867
Total 117  40.093 1

The distribution of specialist species varied between zones (Fig. 3D) and there was a
reduction in the proportion of shade specialists and a concomitant increase of sun specialists
and generalists towards the canopy. Specialist taxa were correlated with the height zones in
the Igap6 and Terra Firme vegetation (Igapd, X* = 64.4, df = 8, p < 0.001; Terra Firme, X* =
68.5, df = 8, p <0.001) (Fig. 3E-F). . The exception of this pattern was seen in Varzea, where
generalist and sun specialist taxa predominated in all height zones, and there was no
association between the distribution of guilds and height zones (X* = 15.1, df = 8, p = 0.057)
(Fig.3G).
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Discussion
Vertical gradient and turnover of epiphytic bryophytes in different Amazonian vegetation
types

The expectation that the composition of species would present a vertical gradient in
the host trees was supported in Igapo and Terra Firme vegetation. On the other hand, the
composition was more homogeneous along the height zones in Vdrzea. These data show that
the turnover of species (vertical gradient) is consistent at local scale in Terra Firme, as
previously reported (Oliveira et al., 2009), as well as in Igapd, and it is also regulated by the
type of vegetation, since this pattern was observed in these vegetation types but not in Varzea.
In Igapo and Terra Firme, the similarity in the composition of bryophytes found in the
extreme height zones (base and outer canopy) of trees across vegetation types was higher than
that among zones of host trees within the same vegetation type. This ratifies the relation
between the height of occurrence and distribution of species, as previously observed in Terra
Firme in the Amazon (Oliveira & ter Steege, 2015). Thus, the sharing of exclusive taxa of the
understory (e.g., Prionolejeunea denticulata and P. muricatosserrulata) and the canopy (e.g.,
Diplasiolejeunea brunnea and D. rudolphiana) supports the fact that, regardless of the
vegetation type, these species have typical niches adapted to these microhabitats. These
results are in line with the literature, since bryophytes have been reported to have their
occurrence strongly regulated by niche (Slack, 1990; Oliveira et al, 2009), responding
efficiently to fluctuations in light incidence, humidity and temperature (Schofield, 1985;
Gradstein et al., 1996; Hallingback & Hodgetts, 2000; Gradstein et al., 2001). These abiotic
factors vary greatly from the base to the canopy in humid tropical forests (Allee, 1926;
Cornelissen & ter Steege, 1989), establishing the well documented vertical gradient of
bryophyte species (Pdocs, 1982; Oliveira et al., 2009; Sporn et al., 2010; Oliveira & ter Steege,
2015), although not observed in the Varzea forest in the present study. The floristic similarity
between Terra Firme and Igapo has already been highlighted in previous studies (Lopes et
al., 2016). In the present work, we further found that such similarity is associated with the
extreme zones (base and outer canopy) of the host trees, thus not reflecting only the
geographic proximity but also, and mainly, the niche of the species. Despite of correlation
between the floristic composition of the samples and the spatial distance observed when
considered the samples of all vegetation types, this effect disappears if analyzed specifically
each vegetation types (Mantel tests performed additionally, supports independence of host
trees). Thus, both spatial distance and species niche appear to determine the occurrence of

species. At the local scale, similarity between height zones is well supported in the literature,



74

although the available data almost always consist of comparisons between zones of the same
vegetation type (Cornelissen & ter Steege, 1989; Oliveira et al., 2009; Oliveira & ter Steege,
2015).

The weaker turnover across the height zones in Vdrzea can be a response to the more
extreme conditions to which the species are subjected in this environment, which may be
associated with greater canopy openness in this vegetation (Matos et al., 2019). According
Richards (1984) differences in forest structure may cause changes in the internal
microclimate, which in turn regulate the distribution of epiphytes (Cornellissen & ter Steege
1989; Oliveira et al., 2009). The reduction of canopy cover has shown to negatively affect the
composition and diversity of epiphytic bryophytes (Benitez et al., 2015). In our results, if
greater canopy openness is taken as an indication of a less dense canopy, the absence of
vertical gradient in Vdrzea may be related to the loss and/or shift of species with low
tolerance to high levels of light incidence. Similarly, a homogenous floristic composition in
the vertical distribution and predominance of sun specialists and generalists have been
reported in the literature, almost always attributed to the state of conservation and the history
of fragmentation of the area (Alvarenga ef al., 2010; Silva & Porto, 2013; Oliveira & Oliveira,
2016).

The difference in the species composition of flooded vegetation types has been
previously reported in other studies (Cerqueira ef al., 2017), and our data indicates that it can
be partly explained by the vertical distribution of species. According to Slack (1990),
bryophytes do not disappear from the habitats due to competitive exclusion, but migrate to
more favorable environments, thus being considered fugitive species. This would explain the
greater similarity between species found in Varzea and those of the extreme zones of the
canopy (outer canopy) in Igapo and Terra Firme, where more desiccation tolerant (Pardow et
al., 2012) and light demanding taxa occur. In this case, the different vegetation types would
act as reservoirs of species with distinct characteristics that occur in habitats better suited to
their niche requirements.

Our results suggest that variations in abiotic factors occur in the studied environment
in relation to both height in the host tree and type of vegetation, causing a differentiation in
the assemblages. The moisture content of the air, temperature and daily variation of UV
radiation, as well as the structure of the substrates are ecological factors that determine local
patterns in the composition of bryophytes in tropical forests (Richards, 1984; Wolf, 1993;
Bader et al., 2013; Wagner et al., 2014). In this way, both can represent surrogates of abiotic

filters that determine high beta diversity even on a small local scale.
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Species composition: representation of guilds in the vegetation types

The distribution of guilds in the different vegetation types confirmed the vertical
gradient in terms of taxonomic composition of species in Terra Firme and Igapo, and
explained the non-existence of such gradient in Vdrzea. Guilds are established according to
their responses to microclimatic variations over the vertical gradient in the host trees (Pocs,
1982; Richards, 1984). The patterns observed in our data followed the expectation for
tropical forests, with a clear variation in the proportion of specialists (reduction of Shade
specialist and increase of Sun specialist) from the base to the canopy of hosts in the forests
(Cornelissen & ter Steege, 1989).

In Varzea vegetation, generalist and sun specialist species prevailed in all zones,
becoming gradually less represented towards the canopy. Taxa with these characteristics are
common in open habitats such as rocky outcrops, fragmented areas, and secondary forests
(Silva & Germano, 2013; Tavares-Martins et al., 2014; Pantoja et al., 2015). On the other
hand, the displacement of sun specialists towards the understory, as well as the loss of shade
specialists in this stratum is observed in areas with poor canopy coverage (Richards, 1984;
Gradstein et al., 2001; Benitez et al., 2015). Because habitat quality affects practically all
species and is relevant to the survival and reproduction of species (Kawecki, 2008) the
change in the abundance of species among vegetation types is maybe a response to the strong
restrictions imposed by habitats on the taxa. This was evident, for instance, in the occurrence
of Pycnolejeuna papilosa Xiao L.He (Sunesp) (23 spp. in Viarzea, 5 in Terra Firme, and 1 in
Igapo), which was present and frequent in all zones in Varzea, but little frequent in the other
vegetation types. Another example is Syrrhopodon ligulatus Mont. and S. incompletus
Schwégr. (Shaesp), rare in Vdrzea but very common in Igapo and Terra Firme. On the other
hand, of the 30 shade tolerant epiphytes recorded in this study, 10 occurred exclusively in
Igapo vegetation, where taxa such as Prionolejeunea scaberula (Spruce) Steph. and P.
trachyoides (Spruce) Steph. were very frequent and restricted to the understory. In spite of
the lower richness found in Vidrzea, the number of occurrences of bryophytes was not much
different between the vegetation types, being common or rare species frequently abundant in
other vegetation types. These data indicate that rarity of bryophytes in the studied
environments may be partially a result of the ecological restrictions imposed by availability
of light and humidity. Therefore, guilds can be taken as an informative and robust measure of
the ecological range of taxa that explain, at least in part, the abundance distribution of the

species.
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Species richness along the vertical gradient in host trees in the eastern Amazon

In the flooded forests, the base of the trees (Z1) was richer and more diverse than the
outer canopy. The outer canopy, in turn, stood out in Terra Firme. The diversity of species in
this zone was also greater in relation to the zones of the other vegetation types. The canopy is
commonly reported as the richest microhabitat for epiphytes in tropical forests (Gradstein,
1992b), which is likely associated with the filtering of species at the extremes where
establishment is more limited (Oliveira & ter Steege, 2015). It is important to highlight that
the outer canopy (Z5) included canopy leaf and branch samples, but only in Terra Firme the
leaves were colonized by bryophytes. Epiphyll species were mainly sun specialists and were
also eventually found in other height zones of other vegetation types (e.g. Caudalejeunea
lehmanniana, Cololejeunea  cardiocarpa, C. subcardiocarpa, C. surinamensis,
Pycnolejeunea gradsteinii and Vitalianthus sp.). Coverage of epiphylls in tropical forests can
be considered a proxy for relative humidity because pronounced fluctuations have the
potential to constrain the growth and occurrence of these species (Sonnleitner et al., 2009).
The greater connectivity between the crown of the trees in Terra Firme may have contributed
to minimize the effects of the increase of air temperature and decrease of humidity that takes
place from the base towards the canopy, promoting better conditions for the establishment of
epiphylls. Moreover, richness can be increased by means of colonization by foreign species
to the community as well as by speciation (Warren et al., 2014) and may be more evident on
a local scale (Oliveira & ter Steege, 2015). High canopy richness has been reported in
previous studies carried out in the Amazon (Oliveira et al., 2009; Tavares-Martins et al.,
2014) and in the Brazilian Atlantic Forest (Costa, 1999).

Although our expectations were confirmed, the greater diversity in the extreme zones
in the forests reveals still other aspects yet to be analyzed, such as the fact that the base of the
host trees was the zone with lower richness in Terra Firme, while it presented a major
importance in the other vegetation types. Bryophytes are poiquilohidric and therefore unable
to regulate the loss or storage of water (Vanderpoorten & Goffinet, 2009). For this reason,
they are more susceptible to adjacent environmental fluctuations (Schofield, 1985; Gradstein
et al., 1996; Hallingbidck & Hodgetts, 2000; Gradstein et al., 2001). Unlike in Terra Firme
vegetation, the availability of substrates in Vdrzea and Igapo may be lower due to periodic
flooding, making the base of the trees more suitable for the establishment of species.

The high richness and diversity of bryophytes (Oliveira & ter Steege, 2015) and
vascular epiphytes (Pos & Sleegers, 2010) in the vertical gradient had already been reported

for Terra Firme vegetation in the study area of the present work. Here, we also highlight the
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representativeness of these attributes in Igapo vegetation. Thus, variations in abiotic
conditions along the hosts explain not only the diversity at the extremes of the gradient, but
also the greater alpha diversity in this forest when compared to the others (Garcia et al.,
unpublished). Thus, the spatial distribution of epiphytic bryophytes in the zones reflected the
assembly of species according to the distribution of guilds, because the differentiation of
composition over the height zones (beta diversity) was shaped by the niche of the species.
The vertical gradient in the composition of the epiphytic bryophytes along trees is
consistent, but varies depending on the type of vegetation, and the local spatial distribution of
the species is a combination of niche (height zone) and characteristics of the vegetation type.
Species guilds are important attributes that indicate the processes that shape the epiphytic
assemblages and regulate the vertical gradient, which may not exist even in forests with good
conservation status. Due to changes in community and species attributes from one vegetation
type to the other, we highlight the importance of investigations of the diversity patterns of
epiphytes in the Amazon to include different habitats. In view of the responses of guilds to
the environmental gradients, we emphasize the need for studies focused on traits of the
species related to their environmental tolerance and also reproductive aspects, since the latter

also regulate the distribution of the taxa.

Acknowledgements

We thank the funding this work was supported the Coordination for the Improvement
of Higher Education Personnel - Brazil (CAPES) - [Finance Code 001]; and the Foundation
for Science and Technology Support from Pernambuco (FACEPE) by means of scholarship
grants to first author [Process No. 0558-2.03/14]. We thank Alice L. Hiura, Antonio Madson
B. Freitas, Cleomar A. Lopes, Manuel B. Santos, Monica Falcao and Juscelino Martins, for
participations in data collection in field site, and also Anna Luiza Ilkiu Borges for

indispensable help with taxonomic identification and confirmation of species.



X X X ¢

Lo ST
— N <t — 00 N I~
o

X X X X X [7 X X 14

XK K X

XK K X

o
XX

— — OO0 N

o0 OO0 <t = v —

O on

[43

15 111355 aSSaaaaaaaan

Ydoy§ (2on.4dS) DIDINLLSOIDILINU DIUND[2]OUOLIT
UfJ1yosg (12qap »]) PIDINIONUIP DIUND[2]OUOLL]
SUDAST ' (2Y0S7105)) DINWD DIUNS[2]OUOLIT
‘quapury puvdqns vj1yo013v]J
'qQUOPUIT PUDIPPD.L D]1YO013D] ]
SQON 1oudnjuouL vJ1Y20130]J
IojAe ], va.4av vJ1yo013v]J
911010 ("ydais) wpord vaunalojororg
Q101D (SN 10 dwN[g MUINY ) DID]INoONd auna (oo
NN ("YOSUIOH) WNSOWnN.138 niumoona |
‘TeH ‘TN X° odweH (‘YOSUWIOH) wnuvijivus wndiqoona |
QUOISNOD) DSLIA0AJUOD DIUNDID]
oonudg vuirLiadsy vounalo
qdog (eonudg 2 "yosag) suapriy vounalojpdivyy
"ISpeln) 29 Sa310g-n[[ vo1uozvwD Paunalajojdnry
"YOSWIOY snpionjjad suapissig
‘JUOIN SISUDUDING SUIPISST]
SUBAH'Y (‘QUApUIT 29 “WYIT) Pd1IS1X2AU0D DaUND[2]0]24))
IOIX1], SISUDWDULINS DIUNDI2]0]0))
SUBAY "V PQOJ1IID.LJU0D D2UN2[2]0]07)
sueAq 'y (‘Wyo) 11771und paunalajojor)
MIN vuwojyvyd sasodudjp))
ydars (eonuds) vynduysidsiio vounalajiyoay
s91Aydida jsiedads apeys

SPY €Tl PO SPY eTI PO SV

€t 1

90 dnoan

p2241 4 2uLIL] DAID ]

odnsy

pIInoeueN saads

¢ — [ = sauo7 ‘s1Aydida 3s11eI0Uar) = uan) ‘sa3Aydida isijeroads apeys = eyg s91Aydida jsijeroads ung = ung ‘pIno) SJPOMIAI]
= T SSON = N ‘dno1n onsLIof Tizeig ‘91els vIed ‘15910, [BUONEBN BUBNIXE)) oY) UI SUONe1dgoA 1ad sauoz oy ur uonnquysip pue sajkydide sa1fydokig 1S

8L



6L

X X p XXXXX ¢[ 1 ISpoAD P nyYzZ TY MYS'O'X (S22N) violfiaind vjja1yoviqiq
X I 1 sunagy 'y (‘Juopy) vdiana0oip.and vaunala]ojo)
X X ¢ XX XX g X X S 1 ISNYIS Y (U Xo S22N]) DInp13LL vaunalajojiay )
X X X X X [ XX XXX 8 XX XXX ¢] 1 42U1Y W B 2]]04D (“4153u) vjjdydoouo vaunalojoqay)
X X X X ¢ X X 9 X I 1 nyz- - % 211010 (ddon1dS) vdisojoy vounalajogioy)
X I 1 1ISNYOS N Y (9onudS) suvuioo vaunalajojioy)
X I 1 ISNYOS N ((TUOIN 19 SQAN)) Psnp]o vaunala]oj1ay’)
X X X X X ] X X 9 X X 1 sueAq'y (2onuds) vud3oouv vounalojoqiay))
X X XX § XX XX 8 X ] 1 9[[01D) (WY X dZUNY]) vIpUpn PaUN22]0]12Y ")
X XX 9 XXX XX 87 X X X X X ¢ 1 urydneq o vpnuiw pounalajoip.aa,)
X X X € 1 ydals (‘JUOIA 19 SAAN)) S1suauvIng PoUN2[2]0I.12,7)
X X X X ¢J X X X ¢ X X ¢ 1 UPIYOS (‘UOIN) S1SU2qND PoUN2[2]010.427)
X X X XX g] XX XXX /] XXXXZX J[] 1 ydaig (‘quoapur) vinu.Lo0d paunala]oip.aa,)
X X 7 X I 1 ISNYOS N Y PSnfuod vaunalojoip.ia))
X X X X X 9] X X ¥ X ] 1 UPIYOS (AYISNOD)) DULIDOI DOUNDI2]0]D.A2))
X X X X X 7] X X X G N “13emyos 170s1vd sasoduijp))
X X X X X (] X X 8 W "13emyos wnjjdydoyouoj sa.sodudjn))
X X 9 X X X X [ X 1 W ‘TBH ‘TININ wnso.o sa.sodudjn))
X X X X 8 1 pioyng (wyd| x2 odwiey) suaosa2snf vounalo]1yo.y

s Aydida jsipeaoudn
X ¢ X ] 1 9[[010) 39 9H T OkrX (‘JUOIN 19 SQAN)) PIvuUa.LO> Paunalojojly
X ] X W 1030y (‘Y0Sag) wnssuuapqgns wnajajsoyolL]
X | X XXX 71 W “JUOIN $1Ip[n31] Uopodoy.Li(g
X I X X X 9 X X X ¢ W "13eMydS snpajduiooul uopodoy.iilg
X 1 "JUOIN XAJpoouajs nynpvy
X X X X X 67 1 ydarg (eonuids) sapodyon.y vounalojouorig
X X X 9] 1 ydaig (eonuds) vyniaqnos vounalojouorig

SPETI MO SPHETIL MWO SH €T PO dnoap PN /dueN saradg

D241 A 2L DAL odnsy




X 1 1 A21SNYIS Y (2on.4dS) vijofiidapul vjjapisdooy
X I X ] W Sov (‘yosusop]) wnsojidod wnajaisoyoLL]
X X X X (] W 2.122]S' 11SpUOUIULLS UOPOAOYLIAG
X I W JUOP 1IpNYY2IpNDS UOPOdOY.LIAS
X X 7 XX XXX 7] 1 sueA 'Y (9UOSPOD) 2 "qUAPUIT) WN.LO}f1q1DqG WNIPIZa1quIAg
X X XX ¢ XX y X X L T SUBAT'Y S1ULIOf1]]23D]) Daunalo]010ay]
X 7 X I X I 1 SUBAH Y ("dalS X 9YISN0N)) DUDO.L2]12q DIUND[2]01DY
X ¢ N TeH TN (‘YOSWIOH) wnjjdydo.coys unisoid
X X X % W MIN (N[O 2 AzoQ) wnvuiaind wn.ivydajqoido)
X X X ¢ X X X X §] X X ¥ W "MPOH wnp1qp wnanydajqoo)
X [ X X X X X ¢ 1 UPIYoS (2on1dg) siaoutuas vaunalojonaN
R I X XXX 9] N TeH TN ("WIN) SIpLA DIIDUOTURY
X X X X X 7] X XX 6 X X X 01 1 ‘yosig vjjdydido vounalojo.o1py
X I T ydaig (1018w 1) vivjng vounalojoao1py
X ] X X X I W yong "' M (MpaH) xojdwisgns adjpo0o.01py
X 7 X S 1 qosag (‘quopury 12 ‘wya) voudijje vounalojoyday
X X ¢ X X 1 "JUOJA] 19 SQAN SU2.1142)2D] DoUN2[>7]
X ] T oonadg vsuouwwr vounaloy
X X Z 1 epon) 10 Uy ((qdais) vixapisso.3 vounaloy
X 1 X X Z 1 SN (‘MS) vavyf vounaloT
X X X 8 1 "QUAPUIT 312 "WYY (‘QUIPUIT 19 "WYIT) PULIDO Daunaloy
X X X (f 1 "JUOIN vuvd10q voun2lo]
X X ¢ 1 SQAN pssa.dpp vaunalo]
X C W NN (1MS) wn.ouay wniddiapdosy
X I X X € 1 qdars (9yospon 19 *quapul) vioLys vaunaloppdinpy
X X € X v 1 1eIuoy
UOA 19 310Q3eH V' 1ISIOPOS T X' [yosty s1713v.4f vaunalojounda.i(]
SPETI MO SPHETIL MWO SH €T PO dnoap PN /dueN saradg

D241 A 2L DAL odnsy




I8

X X X X X
X

on

154

0¢

Sl
¢l

(44
I

xoX K

o

B S
4

!

[4

X X €
!

B [4
I

€

X S
X X X ¢
[4

I

E I 1

1

X X 1

B ! 1

1

1

1

B ! 1

B I 1
E ! 1

X X X X 6 1
1

1

E ! 1
E [4 1
E [4 1
E [4 1
B v 1
1

1

X X X 4l 1
1

1

1

1

‘uffiyog (2on4ds) snorozowy snyjupunsdy |

‘S1024] ("NG) 2]DSADASUD.A] WNIPIZIIGUIAG

ayosypon) voruvanl vnpvy

OH 11 oerX vsojjidpd paunalajoudlg

‘310g-"[[ 11u121sp.L3 v2UN2[2]OUIAT

9[[01D) (SAAN)) Pn31uU0d PaUN2l2]oUILg

S00d 1P nA A ‘Uz Ty (ws) vunssynuiu s15doajoo0oLIApy
ydag (eonudg) n.opfiworyd vounalojo31svpy

ydaig (eonuds) suvaouur vaunalojo3usvpy

qda1S ("JOOH 12 UOS[IAN ) DIDINILIND DoUN2(2]031SV
UPIYOS (S9oN) vasnfgns vounalojoydoT

oonadg sisuasolvdpy vounalo|

Uuy ‘S9N ps0qqi3 DIUD][NLg

"JUOIN (SQAN) pnbasiynvo viuvjn.ig

ydaig vuviydjopn. vounalojorsvydiq

ydaig s1sua.iqoo vaunalojorsvydiq

yda1§ vouun.aq vaunalojorsvjdiq

Ispern) 2 nyz 1Y ‘S QX (WON) puvLiogny vjja1yon.iqiq
IQIX1 ], pdap201PADIGNS POUND[2]0]0))

"ISpeln) 19 "310g-Y[[ S1SU2U1]qaU DIUN2[2]0]12Y ")

"MID A -JRYOS 29 solseq ‘D) sap10aunal2]03iddo vaunalajoqiay))

SuBA"Y (QUoSP0D)) vuviuuvuLyd] vaunalajppnoy)
qdais (eonuds) vipnq vounalojiyoay
UPIYOS (FqQUAPUIT 19 "WY]) PSOJN.L0] DaUnala]o.Loy
ydais (M) suas.Lowo vounala]o.oy

s9)Aydido jsipedads ung

SveT1l

WO S v €T T O

St €71 0 dnorp

P24/

ULIL] DAL

odnsy

pIInoeueN saads




4]

6C¢ 543

08¢

X X X X X

>
>
0 AN\

o
_— e e O] o — N <t O
S (R RS S [V (U (U U U~

zds snyjuviyni g
"1ds snyunyvii
‘TeH ‘1IN $1170f1quidd uopodoy.1iAg
‘ds vaunalojousdg
yds vounalo
¢ds vounalog
zds vounaloy
1ds vounaloy
“ds vruvjnag
JojAe], S171x0 DIUDIINA]
¢ds nounalojojo)
“ds vaunalojoj0)
payissepu)

SveT1l

WO S v €T T O

St €71 0 dnorp

P24/

2ulAl] DD

odnsy

pIInoeueN saads




83

References

ACEBEY A., GRADSTEIN S.R. & KROMER T. 2003 — Species richness and habitat
diversification of bryophytes in submontane rain forest and fallows of Bolivia. Journal
of Tropical Ecology 19: 9—18. https://doi.org/10.1017/S026646740300302X

ALLEE W.C. 1926 — Measurement of Environmental Factors in the Tropical Rain-Forest of
Panama. Ecology 7: 273-302.

ALVARENGA L.D.P. PORTO K.C. & DE OLIVEIRA J.R.DOP.M. 2010 — Habitat loss

effects on spatial distribution of non-vascular epiphytes in a Brazilian Atlantic forest.
Biodiversity and Conservation 19: 619-635. https://doi.org/10.1007/s10531-009-9723-2
ALVARES C.A., STAPE J.L., SENTELHAS P.C., GONCALVES J.L.DEM. & SPAROVEK

G. 2014 — Koppen’s climate classification map for Brazil. Meteorologische Zeitschrift
22: 711-728. https://doi.org/10.1127/0941-2948/2013/0507
BADER M.Y., REICH T., WAGNER S., GONZALEZ-GONZALEZ A.S. & ZOTZ G., 2013

— Differences in desiccation tolerance do not explain altitudinal distribution patterns of
tropical bryophytes. Journal of Bryology 35: 47-56.
https://doi.org/10.1179/1743282012Y.0000000033

BASTOS C.J.P. 2017 — O género Cheilolejeunea (Spruce) Steph. (Lejeuneaceae,

Marchantiophyta) nas Américas. Pesquisas. Botanica 70: 5-78.

BECK J. & SCHWANGHART W. 2010 — Comparing measures of species diversity from
incomplete inventories: an update. Methods in Ecology and Evolution 1: 38-44.
https://doi.org/10.1111/§.2041210X.2009.00003.x

BENITEZ A., PRIETO M. & ARAGON G. 2015 — Large trees and dense canopies: Key

factors for maintaining high epiphytic diversity on trunk bases (bryophytes and lichens)
in tropical montane forests. Forestry 88: 521-527.
https://doi.org/10.1093/forestry/cpv022

BLONDEL J. 2003 — Guilds or functional groups: does it matter? Oikos 100: 223-231.

BORDIN J. & YANO O. 2013 — Fissidentaceae (Bryophyta) do Brasil. Boletim do Instituto
de Botanica 22: 1-168.

BRAY J.R. & CURTIS J.T. 1957 — An Ordination of Upland Forest Communities of

Southern Wisconsin. Ecological Monographs 27: 325-349.
http://dx.doi.org/10.2307/1942268

CARVALHO-SILVA M., STECH M., SOARES-SILVA L.H., BUCK W.R., WICKETT N.J.,
LIU Y. & CAMARA P.E.A.S. 2017 — A molecular phylogeny of the Sematophyllaceae




84

sl (Hypnales) based on plastid, mitochondrial and nuclear markers, and its taxonomic
implications. Taxon 66: 811-831. https://doi.org/10.12705/664.2
CASTRO R.M.DAS., RUIVO M.DE.L.P., COSTA J.M.N. & COSTA A.C.L.DA. 2013 —

Influéncia da sazonalidade na producgdo de serapilheira no experimento ESECAFLOR,
na Floresta Nacional de Caxiuand. /n: Lisboa P.L.B.(ed.), Caxiuana: paraiso ainda
preservado Museu Paraense Emilio Goeldi, Belém, 856 p.

CERQUEIRA G.R., ILKIU-BORGES A.L. & FERREIRA L.V. 2017 — Species richness and
composition of epiphytic bryophytes in flooded forests of Caxiuana National Forest,
Eastern Amazon, Brazil. Anais da Academia Brasileira de Ciéncias 89: 2371-2382.
https://doi.org/http://dx.doi.org/10.1590/0001-3765201720160860

CORNELISSEN J.H.C. & TER STEEGE H. 1989. Distribution and ecology of epiphytic

bryophytes and lichens in dry evergreen forest of Guyana. Journal of Tropical Ecology
5: 131-150.

COSTA A.C.L.DA, GALBRAITH D., ALMEIDA S., PORTELA B.T.T., COSTA M.DA,
SILVA-JUNIOR J.DEA.,...MEIR P. 2010 — Effect of 7 yr of experimental drought on
vegetation dynamics and biomass storage of an eastern Amazonian rainforest. New
Phytologist 187: 579-591. https://doi.org/10.1111/1.1469-8137.2010.03309.x

COSTA D.P.DA. 1999 — Epiphytic Bryophyte Diversity in Primary and Secondary Lowland

Rainforests in Southeastern Brazil. The Bryologist 102: 320.
https://doi.org/10.2307/3244372

CRANDALL-STOTLER B., STOTLER R.E., LONG D.G. 2009 — Phylogeny and
Classification of the Marchantiophyta. Edinburgh Journal of Botany 66: 155-198.
https://doi.org/10.1017/S0960428609005393

DAUPHIN G. 2003 — Ceratolejeunea. Flora Neotropica Monograph 90: 1-86.

FERREIRA L.V, CHAVES P.P., CUNHA D.D.A., MATOS D.C.L. & PAROLIN P. 2013 —

Variacdo da riqueza e composicdo de espécies da comunidade de plantas entre as
florestas de igapos e varzeas na Estacdo Cientifica Ferreira Penna - Caxiuand na
Amazonia Oriental. Pesquisas, Botdnica 64: 175-195.

FISHER R.A., CORBET A.S. & WILLIAMS C.B. 1943 — The Relation Between the
Number of Species and the Number of Individuals in a Random Sample of an Animal
Population. Journal of Animal Ecology 12: 42—58. https://doi.org/10.2307/1411

FLORA DO BRASIL. 2020 — Flora do Brasil 2020 under construction. Retrieved from
http://floradobrasil.jbrj.gov.br/

FLORSCHUTZ P.A. 1964 — The mosses of Suriname - Part I. Brill E.J. (ed.). Leiden. 271 p.




85

FOX J. & WEISBERG S. 2011 — An {R} Companion to Applied Regression. Sage (2nd ed.).
Thousand Oaks CA. Retrieved from
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion

GOFFINET B., BUCK W.R. & SHAW A.J. 2009 — Morphology, anatomy, and
classification of the Bryophyta. in: Shaw AJ. & Goffinet B. (eds.), Bryophyte Biology

(2nd ed.). Cambrige: Cambridge University Press, pp. 55-138.

GOTELLI N.J. & ELLISON A.M., 2011 — Principios de estatistica em ecologia. Landeiro
VL. (ed.). J. - Artmed, Porto Alegre, 510 p.

GRADSTEIN S.R., 1992a — The vanishing tropical rainforest. in: Bates JW. & Farmer AM
(eds.), Bryophytes and Lichens in a Changing Environment Clarendon Press, Oxford.
pp. 234-256.

GRADSTEIN S.R. 1992b — Threatened bryophytes of the neotropical rain forest: a status
report. Tropical Bryology 6: 83-93.

GRADSTEIN S.R., HIETZ P., LUCKING R., LUCKING A., SIPMAN H.J.M., VESTER
H.F.M.,...GARDETTE E. 1996 — How to sample the epiphytic diversity of tropical
rain forest. Ecotropica 2: 59-72.

HALLINGBACK T. & HODGETTS N. 2000 — Mosses, Liverworts, and Hornworts. Status
Survey and Conservation Action Plan for Bryophytes. Oxford.

GRADSTEIN S.R., CHURCHILL S.P. & SALAZAR-ALLEN N. 2001 — Guide to the
Bryophytes of Tropical America. Memoirs of the New York Botanical Garden (Vol. 86).
The New York Botunical Garden Press, New York, 577 p.

GRADSTEIN S.R. & COSTA D.P.DA. 2003 — The Hepaticae and Anthocerotae of Brazil.
Memoirs of the New York Botanical Garden (Vol. 87). The New York Botunical
Garden Press, New York, 673 p.

GRADSTEIN S.R. & ILKIU-BORGES A.L. 2009 — Guide to the Plants of Central French
Guiana. Part 4. Liverworts and Hornworts. (Vol. 76). Memoirs of the New York
Botanical Garden, New York, 140 p.

ILKIU-BORGES A.L. 2016 — Prionolejeunea: Lejeuneaceae, Jungermanniopsida. Flora
Neotropica Monograph 116: 1-131.

JUNK W.J., PIEDADE M.T.F., SCHONGART J., COHN-HAFT M., ADENEY I M. &
WITTMANN F. 2011 — A Classification of Major Naturally-Occurring Amazonian
Lowland Wetlands. Wetlands 31: 623—-640.

KAWECKI T.J. 2008 — Adaptation to Marginal Habitats. Annual Review of Ecology,
Evolution, and Systematics 39: 321-342.



86

KOPPEN W., & GEIGER R. 1928 — Klimate der Erde. Gotha: Verlag Justus Perthes. Wall-
map 150cmx200cm.

KRAFT N.J.B., ADLER P.B., GODOY O., JAMES E.C., FULLER S. & LEVINE J.M. 2015
— Community assembly, coexistence and the environmental filtering metaphor.
Functional Ecology 29: 592-599.

LEGENDRE P. & LEGENDRE L. 1998 — Numerical Ecology (2nd ed.). Elsevier Science
B.V., Amsterdam: 852 p.

LOPES M.O., PIETROBOM M.R., CARMO D.M.DO & PERALTA D.F. 2016 —
Comparative study of communities of bryophytes in different degrees of flooding in the
municipality of Sdo Domingos do Capim, Para State, Brazil. Hoehnea 43: 159-171.
https://doi.org/10.1590/2236-8906-54/2015

MAGURRAN A.E. 2004 — Measuring of Biological Diversity. Blackwell science. 264 p.

MATOS D.C.L., FERREIRA L.V. & Marcos Bergmann CARLUCCI, M.B. 2018 —

Estratégias funcionais de Macrolobium angustifolium (Benth.) R.S.Cowan para coexistir
em florestas inundadas na Amazonia oriental. Revista Espacios. 39: 1-16.

MONTAG L.F.A, FREITAS T.M.S., WOSIACKI W.B. & BARTHEM R.B. 2008 — Os
peixes da Floresta Nacional de Caxiuana (municipios de Melgaco e Portel, Parad -
Brasil). Boletim do Museu Paraense. Emilio Goeldi, Ciéncias Naturais 3: 11-34.

MORAES E.DEN.R. & LISBOA R.C.L. 2009 — Diversidade, taxonomia e distribui¢do por
estados brasileiros das familias Bartramiaceae, Brachytheciaceae, Bryaceae,
Calymperaceae, Fissidentaceae, Hypnaceae e Leucobryaceae (Bryophyta) da Estacao
Cientifica Ferreira Penna, Caxiuana, Para, Brasil. Acta Amazonica 39: 773-791.
https://doi.org/10.1590/S004459672009000400006

OKSANEN J., BLANCHET F.G., FRIENDLY M., KINDT R., LEGENDRE P., MCGLINN

D.,...WAGNER H. 2018 — vegan: Community Ecology Package. R package version
2.5-2. https://doi.org/ISBN 0-387-95457-0
OLIVEIRA H.C.DE & OLIVEIRA S.M.DE. 2016 — Vertical distribution of epiphytic

bryophytes in Atlantic Forest fragments in northeastern Brazil. Acta Botanica Brasilica
30: 609-617. https://doi.org/10.1590/0102-33062016abb0303
OLIVEIRA SM.DE & TER STEEGE H. 2013 — Floristic overview of the epiphytic

bryophytes of terra firme forests across the Amazon basin. Acta Botanica Brasilica 27:
347-363. https://doi.org/10.1590/S0102-33062013000200010
OLIVEIRA S.M.DE & TER STEEGE H. 2015 — Bryophyte communities in the Amazon

forest are regulated by height on the host tree and site elevation. Journal of Ecology 103:



87

441-450. https://doi.org/10.1111/1365-2745.12359
OLIVEIRA S.M.DE, TER STEEGE H., CORNELISSEN J.H.C. & GRADSTEIN R.S. 2009

— Niche assembly of epiphytic bryophyte communities in the Guianas: a regional
approach. Journal of Biogeography 36: 2076-2084. https://doi.org/10.1111/1.1365-
2699.2009.02144 x

PANTOJA A.C.C., ILKIU-BORGES A.L., TAVARES-MARTINS A.C.C. & GARCIA E.T.

2015 — Bryophytes in fragments of Terra Firme forest on the great curve of the Xingu
River, Para state, Brazil. Brazilian Journal of Biology 75: 238-249.
https://doi.org/10.1590/1519-6984.02814BM

PARDOW A., GEHRIG-DOWNIE C., GRADSTEIN R.S. & LAKATOS M. 2012 —

Functional diversity of epiphytes in two tropical lowland rainforests, French Guiana:
using bryophyte life-forms to detect areas of high biodiversity. Biodiversity and
Conservation 21: 3637-3655. https://doi.org/10.1007/s10531-012-0386-z

POCS T. 1982 — Tropical Forest Bryophytes. in: Smith A.J.E. (ed.) Bryophyte Ecology.
Dordrecht: Springer Netherlands, pp. 59—104.

POS E.T. & SLEEGERS A.D.M. 2010 — Vertical distribution and ecology of vascular

epiphytes in a lowland tropical rain forest of Brazil. Boletim Do Museu Paraense Emilio
Goeldi. Ciéncias Naturais 5: 335-344.

QUARESMA A.C., PIEDADE M.T.F., FEITOSA Y.O., WITTMANN F. & TER STEEGE
H. 2017 — Composition, diversity and structure of vascular epiphytes in two
contrasting Central Amazonian floodplain ecosystems. Acta Botanica Brasilica 31:

686—697. https://doi.org/10.1590/0102-33062017abb0156

R Core Team 2019 — R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/

REESE W.D. 1993 — Calymperaceae. Flora Neotropica Monograph 58: 1-102.

REINER-DREHWALD M.E. 2000 — Las Lejeuneaceae (Hepaticae) de Misiones, Argentina

VL Lejeunea vy Taxilejeunea. Tropical ~ Bryology 19: 81-131.
https://doi.org/http://dx.doi.org/10.11646/bde.19.1.14
REINER-DREHWALD M.E. & GODA A. 2000 — Revision of the genus Crossotelejeunea

(Lejeuneaceae, Hepaticae). The Journal of the Hattori Botanical Laboratory 89: 1-54.
REINER-DREHWALD M.E. & GROLLE R. 2012 — Review of the genus Rectolejeunea
(Lejeuneaceae, Marchantiophyta). Nova Hedwigia 95: 451-482.
https://doi.org/10.1127/0029-5035/2012/0063
RICHARDS P.W. 1984 — The Ecology of tropical forest bryophytes. in: SCHUSTER R.M.




88

(ed.), New Manual of Bryology. The Hattori Botanical Laboratory, Japan, Nichinan. pp.
1233-1270.

ROOT R.B. 1967 — The Niche Exploitation Pattern of the Blue-Gray Gnatcatcher.
Ecological Monographs 37: 317-350. https://d0i:10.2307/1942327

SCHOFIELD W.B. 1985 — Introduction to Bryology. The Blackburn Press New York, 431

p.

SHI X.-Q., GRADSTEIN S.R. & ZHU, R.-L. 2015 — Phylogeny and taxonomy of
Archilejeunea (Marchantiophyta: Lejeuneaceae) based on molecular markers and
morphology. Taxon 64: 881-892. https://doi.org/10.12705/645.1

SILVA J.B. & GERMANO S.R. 2013 — Bryophytes on rocky outcrops in the caatinga

biome: a conservationist perspective. Acta Botanica Brasilica 27: 827-835.
https://doi.org/10.1590/S0102-33062013000400023
SILVA M.P.P. & PORTO K.C. 2010 — Spatial structure of bryophyte communities along an

edge-interior gradient in an Atlantic Forest remnant in Northeast Brazil. Journal of
Bryology 32: 101-112. https://doi.org/10.1179/037366810X12578498136110
SILVA M.P.P. & PORTO K.C. 2013 — Bryophyte communities along horizontal and vertical

gradients in a human-modified Atlantic Forest remnant. Botany 91: 155-166.
https://doi.org/10.1139/cjb-2012-0194

SLACK N.G. 1990 — Bryophytes and ecological niche theory. Botanical Journal of the
Linnean Society 104: 187-213.

SODERSTROM L, HAGBORG A, VON KONRAT M, BARTHOLOMEW-BEGAN 8§,
BELL D, BRISCOE L, BROWNE,..., ZHU R-L. 2016. World checklist of hornworts
and liverworts. PhytoKeys 59: 1-821. https://doi.org/10.3897/phytokeys.59.6261

SONNLEITNER M., DULLINGER S., WANEK W. & ZECHMEISTER H. 2009 —

Microclimatic patterns correlate with the distribution of epiphyllous bryophytes in a
tropical lowland rain forest in Costa Rica. Journal of Tropical Ecology 25: 321-330.
https://doi.org/10.1017/S0266467409006002

SPORN S.G., BOS M.M., KESSLER M. & GRADSTEIN S.R. 2010 — Vertical distribution

of epiphytic bryophytes in an Indonesian rainforest. Biodiversity and Conservation 19:
745-760. https://doi.org/10.1007/s10531-009-9731-2
TAVARES-MARTINS A.C.C., LISBOA R.C.L. & COSTA D.P.DA. 2014 — Bryophyte

flora in upland forests at different successional stages and in the various strata of host
trees in northeastern Para, Brazil. Acta Botanica Brasilica 28: 46-58.

http://dx.doi.org/10.1590/S0102-33062014000100005




89

TER STEEGE,H. 2010 — How Neutral is Ecology? Biotropica 42: 631-633.
https://doi.org/10.1111/].1744-7429.2010.00701.x
TUOMISTO H. & POULSEN A.D. 2000 — Pteridophyte diversity and species composition

in four Amazonian rain forests. Journal of Vegetation Science 11: 383-396.
https://doi.org/10.2307/323663 1

TUOMISTO H., RUOKOLAINEN K., POULSEN A.D., MORAN R.C., QUINTANA C,,
CANAS G. & CELI J. 2002 — Distribution and Diversity of Pteridophytes and

Melastomataceae along Edaphic Gradients in Yasuni National Park, Ecuadorian
Amazonial. Biotropica 34: 516-533. https://doi.org/10.1111/].1744-
7429.2002.tb00571.x

VANDERPOORTEN A. & GOFFINET B. 2009 — Introduction to Bryophytes (Vol. 91).

Cambridge University Press, 329 p.

WAGNER S., BADER M.Y. & ZOTZ G. 2014 — Physiological Ecology of Tropical
Bryophytes. In: Hanson D.T. & Rice S.K. (eds.) Photosynthesis in Bryophytes and
Early Land Plants (Vol. 37). Dordrecht: Springer Netherlands, pp. 269-289.

WARREN D.L., CARDILLO M., ROSAUER D.F. & BOLNICK D.I. 2014 — Mistaking
geography for biology: inferring processes from species distributions. 7Trends in Ecology
& Evolution 29: 572-580. https://doi.org/10.1016/j.tree.2014.08.003

WITTMANN F. SCHONGART J., MONTERO J.C., MOTZER T., JUNK W.J., PIEDADE
M.T.F.,...WORBES M. 2006 — Tree species composition and diversity gradients in

white-water forests across the Amazon Basin. Journal of Biogeography 33: 1334-1347.
https://doi.org/10.1111/].1365-2699.2006.01495 .x
WOLF J.H.D. 1993 — Diversity Patterns and Biomass of Epiphytic Bryophytes and Lichens

Along an Altitudinal Gradient in the Northern Andes. Annals of the Missouri Botanical
Garden 80: 928-960.

YU Y., POCS T., ZHU R.-L. 2014 — Notes on Early Land Plants Today. 62. A synopsis of
Mpyriocoleopsis (Lejeuneaceae, Marchantiophyta) with special reference to transfer of
Cololejeunea  minutissima to  Myriocoleopsis.  Phytotaxa  183:  293-297.
http://dx.doi.org/10.11646/phytotaxa.183.4.11




90

4 CONCLUSAO

Essa tese evidenciou que diferentes tipos de vegetacdo na Amazdnia Oriental
promovem heterogeneidade ambiental, que influencia bridfitas epifitas determinando
variagdes nos atributos das assembleias entre as vegetagdes. A distribui¢ao espacial em escala
local ¢ deterministica, sendo regulada pelo nivel de ocorréncia no foroéfito (zona) e pelo tipo
de vegetacdo que podem ser considerados substitutos para os filtros ambientais que moldam a
composi¢ao de espécies.

Os resultados ampliam o conhecimento sobre a diversidade de bridfitas epifitas,
sobretudo para habitats pouco estudados, como Igapd e Varzea que parecem ser menos
estdveis para as espécies que a Terra Firme. As vegetagdes inundaveis constituem
reservatorios de taxons com nichos distintos em relagdo as demandas por umidade,
luminosidade e/ou tolerancias a variagdo de temperatura, que explicam, pelo menos em parte,
a raridade local e incrementam a diversidade do banco regional de espécies.

O tipo de vegetagdo influenciou os atributos de comunidade e das espécies, como o
gradiente vertical observado na Terra Firme e no Igap6 e também, a homogeneidade da
composi¢do entre zonas na Varzea, ambos confirmados pela distribuicdo das guildas. Assim,
as guildas de tolerdncia a luminosidade sdo atributos importantes no entendimento dos
padrdes de diversidade de briofitas epifitas.

Em fun¢do da diversidade e do numero de espécies exclusivas registradas no Igapo
ressalta-se a importancia desse ambiente em particular ¢ de se representar a variedade de
ambientes amazdnicos em estudos sobre padrdes diversidade e de distribui¢do espacial de
espécies. Considerando as respostas das briofitas aos filtros ambientais sugere-se que estudos
futuros enfoquem caracteres morfofisioldgicos das espécies associados a tolerdncia nas
variacoes de condi¢des, além de aspectos reprodutivos que permitam mensurar a influéncia da

limitag¢do de dispersao na estruturagao das assembleias locais.
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