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RESUMO

A Floresta Atlantica atualmente corresponde a minimos 15% de sua cobertura original,
distante do que foi ha 500 anos atras, antes do inicio da colonizacéo, uso da terra e
exploracdo de recursos naturais. O elevado grau de perturbacdo de seus remanescentes
dificulta a compreensdo dos processos ecoldgicos de diversos grupos bioldgicos,
incluindo as britfitas, plantas sensiveis a alteragdes ambientais. Neste estudo, visamos
verificar como a distribuicao espacial de tracos funcionais de bridfitas esta configurada
em uma paisagem tropical fragmentada. As questdes norteadoras desta pesquisa foram:
A distribuicdo espacial de bridfitas relaciona-se a diversidade funcional ao longo dos
gradientes vertical (base-dossel) e horizontal (borda-nicleo)? Os tragos funcionais
variam qualitativamente e quantitativamente ao longo dos gradientes? Para este estudo,
foi analisada uma comunidade de bridfitas distribuida espacialmente ao longo de
gradientes ambientais, vertical e horizontal do maior fragmento florestal da Estacdo
Ecol6gica de Murici (ESEC Murici), Alagoas, Brasil. Seis tracos funcionais das
bridfitas relacionados a manutencdo hidrica e a protecdo a intensidade luminosa foram
utilizados para verificar como determinadas funcbes distribuem-se espacialmente ao
longo dos gradientes ambientais. A diversidade funcional pouco explicou a distribuicao
espacial das bridfitas, no entanto a composicdao funcional, juntamente com a variacdo
morfoldgica do I6bulo foram altamente correlacionadas com os gradientes ambientais.
Os tracos lobulo, pigmento escuro e papila, apresentaram elevada correlagdo com os
gradientes, principalmente o vertical, onde foram os principais promotores de variagéo.
As formas de vida também explicaram a distribuicdo espacial no gradiente vertical, a
ocorréncia das mais resistentes a elevada luminosidade e desidratacdo no dossel.
Finalmente, constatamos que o l6bulo nas hepaticas folhosas ampliou sua area da base
ao dossel, e apresentou maiores dimensdes significativamente da base ao dossel, e na
borda do fragmento. Assim, sugere-se que essa estrutura contribui funcionalmente na
estocagem e na manutencao hidrica, estando associado ao tipo de microhabitat ocupado
pelas espécies. As implicagdes de nossos achados confirmam a existéncia de filtros
ambientais modeladores da distribuicdo espacial de tragos funcionais de bridfitas na
Floresta Atlantica.

Palavras-chave: Diversidade e composicdo funcional. Filtros ambientais. Gradiente
vertical. Gradiente horizontal. Antropizacéo.



ABSTRACT

The Atlantic Forest currently accounts for 15% of its original coverage, far from what it
was 500 years ago, prior to the start of colonization, land use and exploitation of natural
resources. The unbound disturbance of its remnants makes it difficult to understand the
ecological processes of various biological groups including bryophytes, plants
susceptible to environmental changes. This paper aims to show how the spatial
distribution of functional features of bryophytes is configured in a fragmented tropical
landscape. The guiding questions of this research were: Does the spatial distribution of
bryophytes relate to functional diversity along vertical (base - canopy) and horizontal
(edge-interior) gradients? Do the functional traits vary qualitatively and quantitatively
along the gradients? For this study we analyzed a community of bryophytes spatially
distributed along environmental, vertical and horizontal gradients of the largest forest
fragment of the Murici Ecological Station (ESEC Murici), Alagoas, Brazil. Six
functional traits of bryophytes related to water maintenance and protection from light
intensity were used to verify how certain functions were spatially distribute along
environmental gradients. The functional diversity alone failed to explain the spatial
distribution of bryophytes, however the functional composition, along with the
morphological variations of the lobule, were highly correlated with the environmental
gradients. The traits lobule, dark pigment and papillae presented a high correlation with
the gradients, mainly vertical, in which they were the main ingredients of variation. The
life forms also explained the spatial distribution in the vertical gradient. Among them,
the occurrence of forms with higher resistance to high luminosity and dehydration
predominated in the canopy. Finally, we observed that the lobule in the leafy liverworts
expanded its area as we moved from the understory to the canopy. It's dimensions also
expanded significantly in the same direction, as well as on the edge of the
fragment. Thus, it is suggested that this structure contributes functionally to storage and
water maintenance, being associated to the type of microhabitat occupied by the species.
The implications of our findings confirm the existence of environmental filters that

shape the spatial distribution of functional bryophyte traits in the Atlantic Forest.

Key words: Functional diversity and composition. Environmental filters. Vertical
gradient. Horizontal gradient. Anthropisation.
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1 INTRODUCAO

As paisagens naturais em todo planeta estdo submetidas a algum tipo de presséo
antrdpica, seja ela relacionada a exploragcdo de recursos ou & expansdo urbana, que
acarretam na perda de vegetacdo primaria e, muitas vezes, as transforma em mosaicos
de fragmentos florestais (HAUTIER et al., 2015). Consequentemente, com a perda da
cobertura vegetal ocorre dréastica mudanca dos fatores abidticos, tais como luz,
temperatura e umidade, que por sua vez funcionam como filtros ambientais, 0s quais
moldam as comunidades bioldgicas segundo suas caracteristicas adaptativas (KRAFT et
al., 2015). Assim, levando a perda de espécies sensiveis e a proliferacdo de taxons
resistentes e bem adaptados a perturbacdo (PONCE-REYES et al., 2013).

Em ambientes fragmentados tais filtros ocorrem em escala microclimatica,
comumente conhecido como efeito de borda (FAHRIG, 2003), efeito este, que seleciona
espécies resistentes a condi¢cBes ambientais extremas nas proximidades da borda e
servem de barreira, impedindo o fluxo genético de populacBes, levando a perda de
diversidade e extingdo de diversos taxons (WILLI et al., 2007, MACHADO-FILHO et
al., 2015). Esses efeitos deletérios sdo reportados em todo o dominio fitogeografico da
Floresta Atlantica, tendo em vista que atualmente o mesmo possui cerca de 15,2% de
sua cobertura vegetal original, compondo um mosaico de vegetacdo fragmentada,
florestas secundarias e plantacdes (RIBEIRO et al., 2009, SOS MATA ATLANTICA &
INPE, 2018). Contudo, este dominio ainda comporta elevada diversidade vegetal e é
considerado um hotspot de biodiversidade, assim sendo area prioritaria para
conservacdo (MYERS et al., 2000, TABARELLI et al., 2010, MITTERMEIER et al.,
2011). A sua total conservacédo ainda esta longe de ser alcancada, tendo em vista que de
seus remanescentes, apenas 9% estdo em areas protegidas (RIBEIRO et al., 2009).

Para o desenvolvimento de medidas de conservacdo Uteis para areas
extremamente deterioradas como a Floresta Atlantica, ha a necessidade de extensivos
estudos ecologicos, principalmente relacionados a sua vegetacdo, uma vez que controla
uma gama de processos ecossistémicos. Estudos neste dominio foram e estdo sendo
desenvolvidos a fim de se entender de forma mais clara o papel dos organismos nos
ecossistemas e como maneja-los para elaboracdo de medidas de conservagéo eficientes
(TABARELLI et al., 2010). No entanto, a grande maioria dos trabalhos utiliza somente
a métrica de diversidade taxonémica para analisar 0os processos ecologicos, tais como

riqueza e composicdo de espécies, e estas vém se mostrando insuficientes, sendo
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necessérias métricas complementares, como a utilizagio da ecologia funcional (GIRAO
et al., 2007, LOPES et al., 2009).

A métrica funcional utiliza tragos associados a estratégias ecoldgicas dos
organismos relacionados a persisténcia, uso dos recursos (tragcos respostas) e
manutencdo dos ecossistemas (tracos efeito) (LAVOREL; GARNIER, 2002, DIAZ et
al., 2007, CIANCIARUSO et al., 2009). Conhecendo estes tracos, pode-se verificar a
diversidade funcional das comunidades nos ambientes, e detectar qual o papel dos
organismos na manutencdo dos ecossistemas (VIOLLE et al., 2007, SLADE et al.,
2007). Esta métrica é atualmente bastante utilizada para determinar de forma eficiente
os efeitos deletérios das alteracbes ambientais (DEYN et al., 2008).

Tracos funcionais das briéfitas podem espelhar os ja descritos em plantas com
semente, mas outros representam alternativas ecoldgicas Unicas (TAO; ZHANG, 2012),
tais como lobulos, papilas, lamelas e etc., e essas plantas desempenham importantes
papeis ecoldgicos, tornando-se essenciais na compreensdo da dindmica dos ecossistemas
(DEANE-COE; STANTON, 2017). Assim, para compreender os efeitos da
fragmentacdo sobre a distribuicdo espacial das briofitas, € viavel utilizar a métrica
funcional, tendo em vista a sua sensibilidade e a plasticidade fenotipica destas plantas
em relacéo a flutuacdes de fatores ambientais.

Considerando o estado de conhecimento sobre a distribuicdo espacial de
bridfitas na Floresta Atlantica, esta pesquisa visou verificar como a diversidade
funcional deste grupo estd relacionado aos gradientes ambientais de uma paisagem
fragmentada, e como os tragos variam em termos de composicdo e plasticidade na

comunidade de briofitas.
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2 FUNDAMENTACAO TEORICA

2.1 EFEITO DAS ATIVIDADES ANTROPICAS E DA FRAGMENTACAO NA
FLORESTA ATLANTICA

Atividades antropicas vém modificando paisagens naturais em toda biota do
planeta, sendo as principais causas de alteracOes a exploragdo excessiva de recursos
naturais e expansdo urbana (CHAPIN, 2003, HAUTIER et al., 2015). Neste contexto,
areas de vegetacdo priméaria sdo perdidas, modificadas e/ou convertem-se em
fragmentos de diversos tamanhos e formas (FOLEY et al., 2005). Acarretando em
dréstica flutuacdo dos fatores fisicos do ambiente, tais como temperatura, luminosidade
e umidade (HENDERSON-SELLER et al., 1993, PONCE-REYES et al., 2013). Esses
fatores abidticos funcionam como filtros ambientais, que influenciam diretamente na
dindmica de comunidades da fauna e flora, e podem levar a perda de espécies e
substituicdo por taxons tolerantes a perturbacdo (WALTHER et al., 2002, OLIVEIRA
FILHO et al., 2007).

Efeitos das atividades antropicas afetam fortemente as espécies vegetais,
sobretudo aquelas que possuem baixas taxas de crescimento e altas taxas de
mortalidade, o que as torna mais sensiveis a permanecer em habitats modificados
(MANDUJANO et al., 2007). Em contraposicdo, espécies vegetais que possuem mais
ampla plasticidade estrutural e resisténcia frente as alteracdes abidticas se beneficiam de
eventos de perturbacdo, destacando as espécies invasoras e ruderais (DIAS-FILHO,
2006, AMORIM; JUNIOR, 2016). Os aspectos que atribuem resisténcia a essas
espécies sao suas caracteristicas fisioldgicas, morfoldgicas e ecoldgicas, que contribuem
na colonizagdo em ambientes perturbados (BATAGIN et al., 2009). Assim, acarretando
na proliferacdo de populacOes resistentes a estresse ambiental, e por sua vez,
reestruturacéo e homogeneizacao da biota (MACHADO-FILHO et al., 2015).

Em processos de fragmentacdo florestal sdo criadas “ilhas” de vegetacao
remanescentes com composicdo bioldgica variavel nos seus diferentes gradientes
existentes entre borda-interior (OLIVEIRA; GRILLO; TABARELLI, 2004; RIBEIRO
et al., 2009). Tal variagdo biologica é consequéncia dos filtros ambientais existentes
entre borda-interior de um fragmento, impulsionada por varia¢fes abidtica e biotica
comumente conhecidas como efeito de borda (ESSEEN; RENHORN 1998, CHEN et
al., 1999, HARPER et al., 2005). O efeito de borda muitas vezes acarreta
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homogeneizacdo e perda de espécies nas proximidades da borda, enquanto o interior
abriga maior numero de espécies (YOUNG et al.,, 1996, WILLI et al., 2007,
MACHADO-FILHO et al., 2015).

A Floresta Atlantica é considerada um dos 35 hotspots de biodiversidade
prioritarios para conservagdo, e corresponde a segunda maior &rea florestal do
neotropico, representando uma das regifes ecologicas mais ricas em termos de
biodiversidade do planeta (MITTERMEIER et al., 2011). Para sua flora vascular como
um todo sugerem-se 40% de taxons endémicos (TABARELLI et al., 2010). Em relacdo
as angiospermas estimam-se que este dominio possua cerca de 20.000 espécies,
correspondendo a 36% do total esperado para o territorio brasileiro, ja para samambaias
e licofitas cerca de 950 espécies (73% do estimado para o Brasil e 8% para 0 mundo)
(CAMPANILI; SCHAFFER, 2010). Para a brioflora (musgos, hepaticas e antoceros),
encontram-se neste dominio 1350 espécies (86,1% do estimado para o Brasil) (FLORA
DO BRASIL 2020 EM CONSTRUCAO, 2018), e em termos de endemismo estima-se o
dobro da regido amazonica, com 12 familias exclusivas (GRADSTEIN; COSTA, 2003).

A Dbiodiversidade encontrada neste dominio fitogeografico sofre pressdes
antrdpicas documentadas desde o inicio do periodo de colonizacdo do Brasil, ha mais de
cinco séculos, estando principalmente associado a exploracdo excessiva dos recursos
naturais, sobretudo aqueles relacionados, a extracdo madeireira, expansdo demografica,
e uso de largas areas para culturas agricolas (LIMA; GARCIA, 2018). A cobertura
vegetal remanescente esta majoritariamente incorporada em mosaicos de vegetacao,
incluindo, fragmentos florestais de diversos tamanhos e formas, florestas secundarias
recentes e tardias e monoculturas de espécies exodticas (TABARELLI et al., 2010). Por
consequéncia, a fragmentacdo tornou-se uma das principais causas de perda de
biodiversidade (TABARELLI et al., 2010). Atualmente a Floresta Atlantica encontra-se
reduzida a 15,2% de sua cobertura original no Brasil (SOS MATA ATLANTICA &
INPE, 2018). A maioria dos remanescentes (80%) possui menos de 50 ha e apenas 9%
encontram-se em areas protegidas, contemplando ao todo 1% do bioma original
(RIBEIRO et al., 2009). Os mais significativamente preservados inseridos em Unidades
de Conservacio, Restingas, Areas Indigenas e Mangues (ZAU, 1998), e esses ainda se

mostram ineficientes na conservacdo (TABARELLI et al., 2010).

As prolongadas perturbacgdes, crénicas e agudas, acarretam em mudancas nas

paisagens naturais da Floresta Atlantica, dificultam a compreensdo do funcionamento de
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seus ecossistemas. Sendo assim, para elucidar processos relacionados as perturbagdes
ambientais, ha a necessidade de extensivos estudos ecoldgicos direcionados para 0
funcionamento ecossistémico e o papel das espécies na manuten¢do dos mesmos, 0s

quais possibilitem, a elaboracdo de medidas de conservacao especificas e eficientes.
2.2 DISTRIBUICAO ESPACIAL DE BRIOFITAS

As bridfitas constituem um grupo de trés filos distintos que reinem as hepaticas
(Marchantiophyta), os antoceros (Anthocerotophyta) e 0s musgos (Bryophyta)
(GOFFINET; SHAW, 2008). Sao plantas de pequeno porte, com auséncia de sistema
vascular lignificado e cuticula epidérmica (GRADSTEIN et al., 2001) com metabolismo
intrinsecamente dependente dos fatores abidticos do meio, principalmente relacionados
a umidade e & luminosidade (GOFFINET; SHAW, 2008).

As briofitas sdo conhecidas como bioindicadoras de mudangas ambientais
(HALLINGBACK; HODGETTS 2000). Caracteristicas morfoldgicas, fisiologicas,
reprodutivas das bridfitas, assim como taxas relativamente rapidas de extin¢do e de
colonizacdo, alta especificidade de substrato, condi¢cdo haploide dominante e pequeno
tamanho, as tornam extremamente sensiveis as variacdes ambientais, sendo comumente
utilizadas como modelo bioldgico para se detectar disturbios ambientais a curto e longo
prazo (HALLINGBACK; HODGETTS 2000, ZARTMAN, 2003). Tendo em vistas
estas caracteristicas, diversos trabalhos vém sendo desenvolvidos analisando a
composicao, riqueza, diversidade de briofitas em ambientes antropizados, os quais
demonstram uma clara modificacdo desses parametros em relacdo aos disturbios,
evidenciando-as boas preditoras de qualidade ambiental (COSTA, 1999, BRITO;
ILKIU-BORGES, 2013, PANTOJA et al., 2015).

O grupo atinge seu pico de diversidade e biomassa nas florestas tropicais
(GRADSTEIN et al,, 2001, GRADSTEIN; COSTA, 2003). Isto devido a ampla
variedade de habitats e microhabitats existentes (FRAHM, 1990, WERNER et al., 2012,
AH-PENG et al., 2017). A elevada amplitude de microhabitats disponiveis para as
briéfitas neste ambiente € bem documentada, onde taxons se estabelecem em uma
ampla gama de substratos, possuindo diversos habitos, como principalmente os epifitos,
rupicolas, terricolas, epixilas entre outros (RICHARDS, 1984, ALVARENGA;
LISBOA, 2009, BATISTA et al., 2018). Entre esses habitos, destacam-se os epifiticos,

que se distribuem verticalmente nos forofitos arboreos ao longo de um gradiente
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microclimatico vertical (ACEBEY et al., 2003, MOTA-DE-OLIVEIRA et al., 2009,
MOTA-DE-OLIVEIRA; TER STEEGE, 2015).

Para as briofitas epifitas em ambientes tropicais como a Floresta Amazonica, o
gradiente mais e preditor para a complexidade do grupo é o gradiente vertical, que se
mantem em diferentes escalas espaciais, tanto locais quanto regionais (MOTA-DE-
OLIVEIRA; TER STEEGE, 2015). Este gradiente é influenciado por variacdes fisicas
de microhabitats, p. ex.: estrutura das cascas dos forofitos, e microclimaticas p. ex.: luz,
temperatura, umidade e velocidade do vento, ao longo do sub-bosque ao dossel
(CORNELISSEN; TER STEEGE, 1989, HOLZ et al., 2002, SPORN et al., 2010).

O padréo de distribuicdo ao longo do gradiente vertical é bem documentado para
a Floresta Amazonica (ACEBEY et al., 2003, MOTA-DE-OLIVEIRA et al., 20009,
MOTA-DE-OLIVEIRA; TER STEEGE, 2015). Padrdo este, aparentemente ausente na
Floresta Atlantica, onde estudos foram desenvolvidos e ndo foi detectada variacdo entre
zonas de altura ao longo do gradiente (ALVARENGA et al. 2009, OLIVEIRA et al.
2011, SILVA; PORTO 2010, 2013). Na Floresta Atlantica Nordestina SILVA; PORTO
(2013) ndo observaram a presenca do gradiente vertical em termos de diversidade e
rigueza de espécies, no entanto, verificaram variacdo na composicdo, bem como
mudancas das guildas de tolerancia a luminosidade (especialistas de sombra e sol e
generalistas). Posteriormente, OLIVEIRA; OLIVEIRA (2016), obtiveram resultados
semelhantes para a mesma por¢cdo do dominio fitogeografico, com distincdo na
composicdo de espécies e de alguns tracos funcionais, entre as zonas da base dos

forofitos e dossel superior.

Os diversos trabalhos que tentaram verificar este gradiente nas florestas tropicais
assumem esta variacdo biologica por distintas condi¢cGes de microhabitas e microclimas,
que sdo os principais filtros para as bridfitas epifitas (CORNELISSEN; TER STEEGE,
1989). No entanto, o gradiente vertical encontrado nos padrdes de distribuicdo das
bridfitas pode ndo ser associdvel para todas as florestas, tendo em vista que a
complexidade microclimética pode variar em diferentes vegetacdes e em relagdo ao seu
estado de perturbacdo. Assim sendo, a perda da complexidade microclimatica no
gradiente vertical na Floresta Atlantica causada por disturbios antropicos pode ser o

fator que impossibilita uma nitida diferenciacdo biologica.
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Frente a processos de fragmentacdo, as bridfitas sdo utilizadas como grupo
bioldgico eficiente no que se diz respeito a prever perda de biodiversidade e qualidade
ambiental a curto e longo prazo (ZARTMAN, 2003, ZARTMAN; SHAW, 2006,
ZARTMAN; NASCIMENTO, 2006, ALVARENGA; PORTO, 2007). ZARTMAN
(2003), ao estudar bridfitas epifilas em fragmentos de diferentes tamanhos na Amazonia
Central, verificou que pequenos fragmentos (1-10ha) apresentam baixos valores de
rigueza e abundancia de espécies comparadas a florestas continuas. Posteriormente,
ZARTMAN; NASCIMENTO (2006), também com o mesmo grupo e area de estudo,
evidenciaram que a limitacdo de dispersdo em pequenos fragmentos explica melhor a

perda de espécies do que a qualidade de habitat submetida ao efeito de borda.

Em relacdo aos ambientes fragmentados na Floresta Atlantica, ALVARENGA;
PORTO (2007), verificaram que a diversidade de briofitas é negativamente afetada pelo
tamanho e isolamento de fragmentos. Em relacdo ao efeito de borda sobre a diversidade
do grupo, varios estudos tém evidenciado, no entanto, ndo haver modificacdo expressiva
na riqueza e na composicao taxonémica (ALVARENGA et al., 2009, OLIVEIRA et al.,
2011, SILVA; PORTO, 2009, 2010, 2013). Sendo assim, é incerta a relacio das
bridfitas frente aos processos de fragmentacao, principalmente relacionados ao efeito de
borda, necessitando de novas analises em relacdo a outros parametros de diversidade,
tais como diversidade funcional e ou filogenética.

A distribuicdo espacial de bridfitas em ambientes tropicais como a Floresta
Amazonica é bem marcada, vertical e horizontalmente (MOTA-DE-OLIVEIRA et al.,
2009, ZARTMAN; NASCIMENTO, 2006, TAVARES-MARTINS et al.,, 2014),
gradientes estes ndo expressivos na Floresta Atlantica (SILVA; PORTO, 2009, 2010,
2013). Possivelmente, a distribuicdo espacial de bridfitas em ambientes altamente
modificados, pode nédo estar somente associada a diversidade taxondmica, mas também,
a tracos funcionais relacionados a adaptacbes a condicdes estressantes, como ja
verificado para espécies arboreas (MAGNAGO et al., 2014). Isto, pelo fato que
processos altamente deletérios como os encontrados no dominio fitogeografico em
questdo, tornam muitos fragmentos compostos majoritariamente por ambientes de
bordas (SILVA; PORTO, 2010). Sendo assim, tragos funcionais podem ser preditores
mais sensiveis para se detectar variagdo na estratificacdo (horizontal e vertical) de

bridfitas frente a processos de fragmentagdo, poisas mesmas respondem apequenas
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variagcBes ambientais em escalas microclimaticas (HALLINGBACK; HODGETTS,
2000).

Tragos funcionais das bridfitas sdo resultado da historia evolutiva, as quais
possuem tracos funcionais Unicos, muitos dos quais sdo relacionados a reproducéo,
tolerancia a luminosidade e a regulacdo hidrica (GLIME, 2017a, b). Esses tracos podem
ser usados simultaneamente para elucidar como os fatores bioticos e abioticos atuam
sobre as comunidades e as fungdes ecossisttmicas (MAGNAGO et al., 2014) de tal
maneira que, se torna viavel utilizar a métrica funcional para detectar de forma mais
clara distdrbios ocasionados pela fragmentacdo sobre a distribuicdo espacial das

briofitas.
2.3 DIVERSIDADE FUNCIONAL E TRACOS FUNCIONAIS EM BRIOFITAS

A grande parte dos estudos que busca compreender as consequéncias das
alteracBes ambientais sobre a diversidade vegetal utiliza a métrica classica taxonémica
para elucidar processos ecoldgicos, tais como composicéo e riqueza (RICOTTA, 2005).
Entretanto, esta métrica tornou-se insuficiente para o entendimento do papel dos
organismos nos ecossistemas (RICOTTA, 2000). Nesse sentido, as meétricas de
diversidade filogenética e funcional tornaram-se alternativas vidveis para compreender

de maneira completa a funcéo de cada espécie no seu ambiente.

Para entender a diversidade funcional, deve-se, primeiramente, compreender
qual a unidade de estudo, as quais sdo, caracteristicas e/ou tracos funcionais existentes
nos organismos, que atribuem alguma estratégia ecoldgica em relacdo ao ambiente
(DIAZ et al., 2007). Estas caracteristicas podem ser morfoldgicas, fisiologicas ou
fenoldgicas mensuraveis, que representem alguma funcionalidade ao ambiente
(CIANCIARUSO et al., 2009) e podem proporcionar informagdes fundamentais para se
entender questdes ecoldgicas desde o nivel de espécie (como uso e requerimento de
habitat) até ecossistemas (como ciclagem de nutrientes e carbono) (SLADE et al., 2007,
VIOLLE et al., 2007).

TILMAN (2001) conceitua a diversidade funcional como “o valor e variagdo das
espécies e de suas caracteristicas que influenciam no funcionamento das comunidades”.
A maneira de medir a diversidade funcional é classificar e ou mensurar os caracteres

funcionais, que sdo componentes dos fenétipos dos organismos que influenciam nos
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processos da comunidade (CIANCIARUSO et al., 2009). O conjunto de métricas e
indices de diversidade funcional tem se mostrado sensivel para detectar respostas das
comunidades as mudangas ambientais (tracos resposta), complementando as métricas
classicas de diversidade (LAVOREL; GARNIER 2002, RICOTTA 2005), e a partir
destas meétricas também € possivel verificar como o0s organismos influenciam na
manutencgéo dos ecossistemas (tracos efeito) (LAVOREL; GARNIER 2002).

Nos altimos anos, diversos trabalhos vém utilizando a métrica funcional para
complementar os estudos de diversidade biologica, assim revelando informacdes mais
precisas da funcionalidade dos organismos nos ecossistemas (CARRIE et al., 2016,
MAGURA, 2017). Destes, muitos abordam as caracteristicas funcionais das plantas,
principalmente os relacionados as alteragdes ambientais, uma vez que elas controlam
uma variedade de processos dos ecossistemas terrestres, tal como o armazenamento de
carbono, ciclagem de nutrientes e requerimento de recursos (DEYN et al., 2008).
Grande parte dos estudos esté direcionada a plantas com sementes (GIRAO et al., 2007,
LOPES et al., 2009), ao passo que trabalhos que abordam diversidade funcional de
bridfitas sdo escassos, e estdo apenas comecando a serem desenvolvidos (TAO;
ZHANG, 2012, HENRIQUES et al., 2017, SILVA et al., 2017). E tendo em vista a
importancia das bri¢fitas em termos de diversidade, biomassa, ciclagem de nutrientes e
fixacdo de carbono (HALLINGBACK; HODGETTS, 2000), as mesmas pode revelar

importantes aspectos sobre funcionamento dos ecossistemas.

OLIVEIRA (2018) para briofitas da familia Lejeuneaceae, constatou que a
presenca de pigmentos escuros e filidios concavos possuem influencia na ocorréncia das
espécies ao longo do gradiente vertical na Floresta Amazonica, contribuindo para
presenca de espécies no dossel e/ou dificultando a permanecias das mesmas no sub-
bosque. Ja Floresta Atlantica OLIVEIRA; OLIVEIRA (2016) verificaram mudanca na
composicdo de tragos funcionais ao longo do gradiente vertical, sendo os principais
promotores de variagdo os tracos: filidios concavos e células hialinas. SILVA at al.
(2017), em afloramentos rochosos na Caatinga testaram a relagdo de tracos funcionais
com a sazonalidade (precipitacdo e temperatura), no entanto nao verificam relacdo
positiva com esses parametros, mas sim, diferentes arranjos funcionais para lidar com as

restricbes ambientais de cada comunidade dos afloramentos rochosos.

Uma das dificuldades em trabalhar com diversidade funcional de briéfitas em

ambientes tropicais deve-se a falta de consenso sobre a real funcdo dos tragos, auséncia
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de testes empiricos sobre suas funcionalidades e de uma listagem consistente de tracos
funcionais que possam ser uteis para analises de diversidade funcional. Sendo assim,
revisamos e copilamos algumas caracteristicas do grupo que pudessem revelar funcgdes e
estratégias ecologicas relacionadas a regulacdo e necessidade hidrica e protecdo a

intensidade luminosa e literatura pertinente (Tabela 1) (Figuras 1 -15).



Tabela 1 - Tragos funcionais de briofitas relacionados a regulacéo hidrica e a protecdo a intensidade luminosa para espécies.
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Tracos vegetativos Funcdes Estratégias Referéncias Figura
Forma de Crescimento
Pleurocérpico Otimizar transporte de agua e Evitar dessecacéo e (DKLAND, 2000) Figural- A
amenizar danos da radiacéo solar danos da radiacéo solar
Acrocarpico Captar/Absorver agua atmosférica Rapido fluxo hidrico (KLAND, 2000) Figural-B
Morfologia do filidio
Lébulo Armazenar dgua extracelular Evitar dessecacéo (KRAICHAK, 2012,
RENNER et al., 2013, Figura 2
RENNER, 2015)
Costa Rapida absorcéo e transporte de agua Evitar dessecacdo (FRAHM, 1985, Figura 3
PROCTOR, 1979)
Pelo hialino Reflexdo de luz solar e otimizar a Evitar dessecacdo e (TAO; ZHANG, 2012) Figura 4
capitacdo de agua danos da radiacdo solar
Lamela Reflexdo de luz solar e otimizar a Evitar dessecacdo e (KURSCHNER, 2003, Figura 5
capitacdo de agua danos da radiacdo solar 2004)
Forma do filidio
Aspero, ondulado, imbricado, Captar e transportar agua Evitar dessecacdo (KURSCHNER, 2003,
céncavo, dobrado, torcido e 2004)
etc.
Margem do filidio
Involuto e revoluto Captar e transportar agua Evitar dessecacéo (KURSCHNER, 2003, Figura 6
2004)
Células
Célula hialina Acumular agua intracelular e Evitar dessecacéo (TAO; ZHANG, 2012) Figura 7

transporte
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Papila Otimizar a capitacdo de agua e Evitar ou facilitar a (PROCTOR, 1979, Figura 8
regulacdo osmatica dessecacgdo KURSCHNER, 2004)
Teniola Otimizar a capitacdo e conducdo de Evitar dessecacéo (REESE, 1993) Figura 9
agua
Oleocorpo Contribuir quimicamente para Evitar dessecacéo (PRESSEL et al., 2010) Figura 10
resisténcia a dessecacao
Forma de vida
Dendroide, flabelado, Diferentes relacGes com regulacéo Evitar dessecacdo e (KURSCHNER, 2003, Figura 11, 12
pendente, talosa, tapete, trama, hidrica e resisténcia a intensidade tolerancia a intensa 2004)
tufo e etc. luminosa radiagéo
Cor do gametofito
Pigmento escuro Amenizar danos da radiagdo solar Tolerancia a intensa (MELICK; SEPPEL Figura 13
radiacdo 1994, DELTORO et al.,
1998)
Tracos reprodutivos Funcdes Estratégias REFERENCIAS
Estratégia reprodutiva
Sexuada Aumentar a necessidade de 4gua para  Uso de agua, facilitando  (NEWTON; MISHLER, Figura 14
producdo e transporte de propagulos a dessecacao 1994)
Assexuada Diminuir uso de 4gua para producéo e Evitar dessecacdo (MOGENSEN, 1981, Figura 15

transporte de propagulos

NEWTON; MISHLER,
1994)



https://www.sciencedirect.com/science/article/pii/S0367253017331213#bib0255
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Forma de crescimento

Acrocarpico

Pleurocarpico

Fonte: A~ Google imagens, B — (BATISTA et al., 2018)

Pelo hialino

Figura 4 - Pelo hialino; Prolongamento de células hialinas no apice do filidio, associadas a

Forte: A-Google imagens, B — Glime 2018.

Figura 1 - Formas d A= 8- absorgao de agua, e reflexdo de luz. A — Filidios com pelos hialinos, B — Pelo hialino
Lobulo Lamela

Fonte: Arquivo pessoal

Figura 2 - Lébulo; Porgdo do filidio em forma de saco para armazenamento de agua.

Costa

Fonte: A-Wagner Santos, B — Glime 2018

Figura 5 - Lamela; Pilhas verticais de células que formam fileiras, associadas a reduzucao de
perda de agua. A— B-C

Margem do filidio

Revoluto ——>

Involuto

-—

Figura 3 - Costa; A costa é a estrutura de apoio para muitos musgos, associada ao transporte
de agua (FRAHM 1985). A - Fissidens, B - Filidio com costa

Figura 6 - Margem do filidio; A - Revoluto, B — Involuto.

Fonte: A-Google imagens, B — Glime 2018

Fonte: A, B~ Glime 2018



Célula hialina

Forte: A-Google imagens, B - Glime 2018,
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Oleocorpo

Fonte: A-Google imagens, B -~ Glime 2018.

Figura 7 - Células hialinas, Células incolores ou hialinas, associadas ao ammazenamento de Figura 10 -Oleocorpo; Corpos celulares de de A-
agua A- . B— Gametofito, B — Oleocorpo.
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Fi 11 - Formas de vida; A - Pendente, B - Tufo, C - Flabelado, D - Tapete.
Figura 8 - Papilas; papilas sdo protuberdncias celulares solidas, associadas a regulagdo o A 9 el
hidrica. A - Gametofito Taxithelium, B - Papila.
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Figura 9 - Teniolas; Células diferenciadas na margem do filifio, associadas ao transporte de
agua. A - Gametofito Syrrhopodon, B - Teniola

Figura 12 - Formas de vida; A - Trama, C — Coxim, B — Dendroide.



Pigmento

Figura 13 - PigmentacZo; A - Frullania, B — Ceratolejeunea

Reproducao sexual

Hepatica

A
Musgo
Figura 14 - Reproducdo sexual; A — Frullania com espx , B~ Fi
Reprodugéo Assexual

Gemas (hepatica)

B Gemas (Musgo)

Figura 15 - Reproduc&o assexual; A — Radula com Gemas, B — Calymperes com gemas

Fonte: A-Google imagens, B — Arquivo pessoal.

Fonte: A-Google imagens, B - Wagner Santos.

Forte: A, B - Glime 2018.
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SPATIAL DISTRIBUTION OF FUNCTIONAL TRAITS OF BRYOPHYTES
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Background: Functional trait-based approaches may reveal patterns of species diversity
and composition related to environmental changes, especially in bryophytes, which
participate in important ecosystem functions and are rapidly affected by perturbations at
different spatial scales.

Aim: To verify the response of the functional diversity and composition of bryophytes
to vertical (height zones in the host tree) and horizontal (edge distance classes) gradients
in an Atlantic Forest remnant, in the state of Alagoas, Brazil.

Methods: Six functional traits related to water management and light tolerance were
selected. One of the traits, the leaf lobule of liverworts, was elected for morphometric
measurements and was analyzed to investigate its variability along the gradients.
Functional diversity and composition metrics of bryophytes were tested along gradients.

Results: A substitution of traits in the functional composition along the vertical and
horizontal gradients was observed, particularly in the traits lobule and dark pigments, as
well as a significant structural variation in the leaf lobules, which presented an increased
proportional area in relation to the lobe.

Conclusions: The spatial distribution of functional traits is related to both gradients and
there are morphological variations along specific microhabitats as well as greater niche
breadth in the understory and core area of the forest.

Keywords: Functional diversity and composition; Environmental filters; Vertical
gradient; Horizontal gradient; Anthropization.
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INTRODUCTION

Tropical rainforests provide a wide variety of microhabitats and microclimates
that explain the high diversity and productivity of epiphytic biomass (Frahm 1990;
Werner et al., 2012; Ah-Peng et al., 2017). In these environments, bryophytes
(liverworts, mosses and hornworts) reach the greatest number of species and exuberance
in the planet (Gradstein et al. 2001; Gradstein & Costa 2003). Bryophyte diversity and
distribution patterns are influenced by microclimatic fluctuations along phorophytes
(arboreal substrate), which generally determine a vertical stratification of species from
the understory to the canopy (Cornelissen & ter Steege 1989; Holtz et al., 2002; Sporn
et al., 2010).

In the Amazon, the vertical stratification of bryophytes has been confirmed both
at local and regional scales (Acebey et al., 2003; Mota-de-Oliveira et al. 2009; Tavares-
Martins et al. 2014; Mota-de-Oliveira & ter Steege 2015). However, a similar clear
stratification has not been observed in surveys carried out in the Northeastern Atlantic
Forest (Alvarenga et al. 2010; Oliveira et al. 2011; Silva & Pérto 2010, 2013), with the
exception of Oliveira & Oliveira (2016) who observed a subtle difference in species

composition between the understory and upper canopy.

The absence of vertical gradation in the composition of bryophyte communities
in the Northeastern Atlantic Forest has been attributed mainly to the effects of historical
and recurrent disturbance (Alvarenga et al. 2010; Oliveira et al. 2011; Silva & Porto
2010, 2013), first by indigenous people, with effective use and management of forest
systems (Posey 1985), and then aggravated in chronic and acute disorders with the
colonization of Brazil more than five centuries ago, especially with exploitation of
wood and mineral resources and rapid expansion of agricultural crops and urban centers
(Lima & Garcia 2018). As a consequence of these anthropogenic activities, only ca.
15.2% of the original coverage of the Atlantic Forest in Brazil, and only 17.5% of the
Northeastern portion exists today (SOS Mata Atlantica & INPE 2018).

Currently, the remnants of Atlantic Forest are inserted in a highly fragmented
landscape, have different shapes and sizes, and are unsustainable for the maintenance of
biological diversity (Tabarelli et al. 2010). This situation has been reported for
bryophytes in several studies surveying the taxonomic diversity of the group carried out
in this region (Alvarenga et al. 2010; Oliveira et al. 2011; Silva & P6rto 2010, 2013).
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Despite of this, gaps remain to be investigated, as for example the extent to which the
functional traits of bryophytes reflect and/or respond to stressful conditions of
environmental gradients in fragmented habitats. Some studies have already investigated
the relation of functional traits of bryophytes with environmental gradients in Atlantic
Forest (Silva & Porto 2013; Oliveira & Oliveira 2016). Silva & Porto (2013) analyzed
the spatial distribution of bryophytes along environmental gradients in a forest fragment
and showed evidence of the importance of studying community functionality; they
found that the richness of shade tolerant species significantly decreased with edge
proximity and with conditions inside the canopy.

Analyses of functionality of organisms use functional diversity metrics based on
morphological, physiological or phenological traits, which respond to environmental
variations (Diaz et al. 2007; Violle et al. 2007; Cianciaruso et al. 2009). Currently, the
use of these metrics complements studies of biological diversity, contributing to more
in-depth information about the functionality of organisms in ecosystems (Carrié et al.
2016; Magura 2017). Several studies have focused on the functional characteristics of
plants because they are responsible for controlling a range of ecosystem processes (Diaz
et al. 2001; Deyn et al. 2008; Kuebbing et al. 2018). However, most of these studies are
directed to spermatophytes (Diaz et al. 2001; Laliberté 2017; Bardgett 2018). The
functionality of bryophytes has only recently started to be explored, but the findings of
the few studies conducted indicate a promising theme yet to be explored (Tao & Zhang
2012; Silva et al. 2017; Henriques et al. 2017).

Functional traits related to reproduction, light tolerance and water regulation in
bryophytes (Glime 2017a, b) may respond simultaneously to biotic and abiotic factors
and serve as useful indicators of their effects on communities (Deane-Coe & Stanton
2017). For example, these traits may be related to different functions and filtered by
distinct microhabitats along environmental gradients in a forest fragment, in view of the
antagonistic conditions imposed from the understory to the canopy (Cornelissen & ter
Steege 1989), and from the edge to the core of the forest (Harper et al. 2005). In this
sense, the lobe of leafy liverworts stands out for its role in the water storage and
maintenance, and may vary morphologically as a function of the microhabitats
(Cornelissen & Steege 1989; Daniels 1998; Michel 2001; Glime 2017b). However, this
morphofunctional variation of the lobule still remains speculative and observational and

require empirical tests for confirmation.
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In this study, it is assumed that the understory and the core areas of the forest
offer more favorable conditions for most of bryophytes in terms of less exposure to sun
light and greater availability of water and microhabitats (Gradstein et al. 2001; Silva &
Porto 2013), which may result in a greater number of associated functions. On the other
hand, the canopy and the edge of the fragment are expected to select fewer functions,
although more specifically related to stress tolerance. Our goal was to investigate
whether the functional diversity and composition of bryophytes follow the
microenvironmental gradient from the base to the canopy of phorophytes and from the
edge to the core areas of an Atlantic Forest fragment. The work sought to answer the

following questions:

N Is the spatial distribution of bryophytes along environmental gradients related to

functional diversity?

) Does the composition of functional traits vary qualitatively (type of trait) and
quantitatively (morphological variation of a given trait - lobule of leafy

liverworts) along the gradients?

MATERIALS AND METHODS
Study site and sampling

The bryophyte samples used in this study came from the largest forest fragment
of the Murici Ecological Station (ESEC Murici) (2628.00 ha) (9°11°05” — 9°16°48” S;
35°45°20” - 35°55°12” W), located in the Municipalities of Murici and Messias, state of
Alagoas, Brazil, collected by Silva & Pérto (2013) and deposited in the Geraldo Mariz
UFP/UFPE Herbarium.

The sampling method adopted by Silva & Pérto (2013) consisted in collecting
bryophytes in three host trees per each one of five distance classes from the edge to the
core of the fragment to express the horizontal gradient (C1: 0-200 m; C2: 201-400 m;
C3: 401-600 m; C4: 601-800 m; C5: 801-1100 m), totaling 15 trees (average height of
25 m). Each host tree was subdivided into five height zones to express the vertical
gradient: base (0-2 m); trunk (2-8 m); first ramification; second ramification; and final
ramification. The base and trunk correspond to the understory; the first and second

ramification to the inner canopy; and the final ramification to the outer canopy. A
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sample of all bryophyte species present in each height zone was collected, and this was

considered the sampling unit.

The biological material was re-analyzed for confirmation of the taxonomic
identity of the specimens. Taxonomic and nomenclatural updates were made following
the Flora do Brasil 2020 (2018). The revised floristic list consists of 80 species
distributed in 53 liverworts (Marchantiophyta) and 27 mosses (Bryophyta), with a total
of 359 occurrences (Supplementary material 1).

Six functional traits related to water acquisition and retention and protection
from light were selected for analyses (Table 1). The occurrence of traits in each species
present in each sample was noted. Considering the role of the lobule of liverworts in
water maintenance (Kraichak 2012; Renner et al. 2013; Renner 2015) and the large
representation of liverworts (66.5%) in the set of bryophytes recorded, this trait was
chosen for morphometric analysis to investigate whether morphological variations relate
to environmental gradients. Thus, the leaf lobule was analyzed as binary variable for
functional diversity and composition, and a continuous variable in the morphometric

approach.
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Table 1 - Traits related to water regulation and protection from light used in the analyses of functional diversity and composition of bryophytes,
with respective values and associated functions.

Taxonomic group/traits Trait type Values Associated functions References
Liverworts
Lobules Binary 0 - Absent, 1 - Present Storage of extracellular water ~ (Kraichak 2012; Renner
et al. 2013; Renner
2015)
Mosses
Costa Binary 0 - Absent, 1 - Present Rapid water absorption and (Frahm 1985; Proctor
transport 1979)
Mosses and liverworts
Hyaline cells Binary 0 - Absent, 1 - Present Water  accumulation  and (Tao & Zhang 2012)
transport
Papillae Binary 0 - Absent, 1 - Present Optimization of osmotic water ~ (Proctor 1979;
intake and regulation Kirschner 2004)

Dark pigments Binary 0 - Absent, 1 - Present Mitigation of damages caused (Melick & Seppel 1994;
by solar radiation (protection of Deltoro et al.1998)
chlorophyll and DNA) and
transpiration

Life forms Categorical Dendroid, flabellate, pendant, Different capabilities of water ~ (Kdrschner 2003, 2004)

talose, mat, weft and tuft

maintenance and protection
from light incidence
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Data analysis

The functional diversity along environmental gradients was evaluated using
three indices to describe the distance and the distribution of the species in the
multidimensional niche space (Mason et al. 2005; Villéger et al. 2008). The indices and
the aspects they describe are as follows: Functional richness (FRic) - volume of the
functional space occupied by the community; Functional evenness (FEve) - equity of
distribution of traits in the functional space; and Functional divergence (FDiv) -
distance of the species abundances from the center of the functional space. These
indices were applied to the whole group of bryophytes (mosses and liverworts) and then
to mosses and liverworts separately. After checking the assumptions, one-way
ANOVAs and the post-hoc Tukey test were conducted to see if there were overall
significant differences between height zones and distance classes.

Community-level weighted means (CWM) of trait values were generated and a
Principal Component Analysis (PCA) was performed with all samples included
individually (sampling unit) and then with the sum of samples in each height zone and
distance class in order to investigate whether functional composition is related to spatial
gradients. Diversity and composition were analyzed considering the whole bryophyte
community, and then liverworts and mosses separately. CWM describes  the
composition of communities with respect to species-specific characteristics and
indicates the average functional value of a given species in the community. This index
IS very sensitive to environmental variation and has been correlated with ecosystem

properties in various habitats (Peres-Neto et al. 2016).

Non-metric multidimensional scaling (NMDS) was used for graphical
representation of the functional composition area (functional area) in both
environmental gradients, using the CWM matrix for the individual sampling units.
NMDS is an interactive method that seeks to find the best geometric position, with the
lowest stress; in ecological community data, stress values below 0.15 are considered
low and values close to 0.2 are worrisome (McCune & Grace 2002). The distance

matrix was constructed using Sorensen's metrics with 999 randomizations.

Morphometric data included the total area of the leaf lobules (LA) and the
proportional leaf lobule area in relation to the lobe area (LL). In the morphometric
study, we first selected the liverwort species; each species in each sample was

considered a sampling individual. In each individual, 10-15 mature branches were



32

selected, and in each of these branches, two (2) leaves were measured, totaling 20-30
leaves measured per individual. Individuals with less than ten (10) branches per sample
were disregarded. Subsequently, the average LA and LL of samples and sampling
individuals were calculated to be used in the analyses. The leaves were photographed
with a digital camera and the images were processed in the ImageJ Software (Schneider
et al. 2012). One-way ANOVAs and the post-hoc Tukey test were performed to verify if

there were significant differences between height zones and distance classes.

The functional diversity, functional composition and ordination (NMDS) were
computed in the R version 3.4.0 (R Core Development Team 2014) using
the vegan and FD packages. ANOVAs and the Tukey test were performed in the PAST
software (Hammer et al. 2001) and PCA and similarity analyses were performed in the
FITOPAC 2.1 software (Shepherd 2010).

RESULTS
Functional diversity

Functional diversity differed significantly along the vertical gradient in terms of
functional evenness, in the whole group of bryophytes and in the liverworts (Table 2).
In the case of the bryophytes altogether, the canopy was significantly different from the
others zones, and in the liverworts, the tree base was significantly distinct from the
canopy. As for the horizontal gradient, the functional divergence of the whole group of
bryophytes was significantly different; the core of the fragment (801-1100m) was
significantly distinct from the edge, up to 600 m towards the core. The comparison of
other distance classes was not significant.
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Table 2 - Mean values = SD of the variances of indices (FRic, FEve and FDiv) in the vertical and horizontal gradients and results of the one-way

ANOVA. Values followed by the same lower case letter indicate no statistical difference (Tukey's test, P < 0.05). NA = not available.

Vertical gradient

Indexes Base Trunk 1st 2nd Canopy P Fdf

Ramification Ramification
FRic 058+031 055+0.28 057+028 0.26+0.15 034+026 022 154 4
All FEve 052+013 053+0.11 050+0.11 053+0.10 0.30+0.14 0.03 317 4
bryophytes FDiv 0.76+005 080+0.05 084+0.09 0.75+0.05 0.83+006 015 185 4
FRic 0.33+0.14 026+0.18 029+0.33 0.11+0.07 0.13+008 045 09 4
Mosses FEve 0.68+0.18 0.73+0.12 0.62 + 025 066+0.09 062+026 093 020 4
FDiv 0.80+0.05 074+0.06 076+0.06 0.77+0.05 0.74+008 061 068 4
FRic 049+042 041+022 025+0.09 033+044 043+003 081 038 4
Liverworts FEve 0.36 +0.08% 0.31+0.08%° 0.24+0.07° 0.26+0.10® 0.16+0.02° 0.05 3.06 4
FDiv 0.75+0.15 0.79+0.11 085+0.06 0.86+0.006 0.89+003 036 118 4

Horizontal gradient

Indexes 0-200 m 201-400 m 401-600 m 601-800 m  801-1100m P F o df
FRic 0.38+0.26 048+0.17 0.11+0.17 0.23+0.35 0.04+0.03 017 194 4
All FEve 0.37+005 046+0.09 040+0.14 042+0.16 045+006 083 034 4
bryophytes FDiv 0.86 £0.028 0.88+0.022 0.86+0.04% 0.81+0.03* 072+0.06° 0.004 754 4
FRic 020+019 042+0.12 0.02+0.02 025+0.06 011+015 015 235 4
Mosses FEve 047+024 080+0.19 049+0.22 067+0.02 068+020 044 104 4
EDiv 0.81+0.15 0.83+0.05 0.74+0.007 0.83+0.002 0.79+0.11 089 026 4
FRic 044+015 080+0.14 024+030 052+0.11 NA 0.06 4.18 3
Liverworts FEve 020+0.02 028+0.09 0.25+0.001 0.28+0.15 NA 066 054 3
FDiv 0.88+0.06 0.87+0.04 063+0.20 0.86+0.05 NA 010 325 3
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Functional composition

The cumulative variance in the first two PCA axes using all samples separately
was 52.5% (Figure 1la). When the samples were grouped per height zone and edge
distance class, the cumulative variance in the first two axes was 84% (Figure 1b) and
86% (Figure 1a), respectively. The lobule and costa were the traits that presented the
highest correlation (< 0.9) with the first PCA axis in the analysis with all the samples
separately (Table 3). As for the vertical gradient (Figure 1b), the traits lobule, costa,
dark pigments and mat life form presented the highest correlation, whereas in the
horizontal gradient (Figure 1c), the lobule, dark pigments, hyalocysts and mat life form

were more explanatory.

Table 3 - Pearson correlation between traits and the first two PCA axes, explanatory
variance of each of the axes, and eigenvalues. Correlations with values < 0.9 are

presented in bold.

Traits All samples G. vertical G. horizontal
Axisl | Axis2  Axisl |Axis2 Axisl | Axis2
Lobule 0.90 0.06 -0.90 0.41 0.98 0.01
Costa -0.91 0.06 -0.90 0.42 -0.83 -0.28
Papilla -0.65 0.35 0.95 0.28 -0.84 -0.01
Dark pigments 0.38 0.49 -0.98 0.09 0.94 -0.27
Hyaline cells -0.87 -0.36 0.70 -0.70 -0.94 0.07
Pendant -0.16 0.43 0.74 0.20 0.56 -0.74
Flabellate 0.09 0.70 0.58 0.78 0.75 0.33
Tuft -0.83 -0.25 0.89 -0.42 -0.98 0.13
Talose 0.01 0.17 -0.40 -0.70 0.16 -0.94
Mat 0.76 -0.53 -0.98 -0.14 0.33 0.88
Weft 0.01 0.24 0.24 -0.05 0.60 0.60
Dendroid -0.15 0.56 0.71 0.60 0.16 -0.94
EXp'a”atg)% variance 35, 163 618 221 545 315
0

Eigenvalues 4.3 1.9 7.4 2.6 6.5 3.7
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Figure 1 - Ordination diagrams of the first two Principal Component Analysis (PCA)

axes of the CWM matrices by Traits. () CWM matrix of individual samples — the gray

scale denotes height classes and the symbols represent edge distance classes. (b) CWM

matrix of the sum of all samples per height zone. (c) CWM matrix of the sum of all

samples per edge distance class.

The NMDS showed no differentiation between height zones (Figure 2a). On the

other hand, it was observed that the functional area of all the zones overlapped, and

there was a gradual reduction of functional area in the direction of the outer canopy,
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with the larger areas found in the understory (Base and Trunk) (Figure 2i and k) and
smaller areas in the outer canopy (Figure 2c¢). In the horizontal gradient, there was s
separation of functional areas only between the edge and core of the forest (Figure 2b),
while intermediate classes overlapped (Figures 2f, h and j). The edge had clearly
smaller functional area (Figure 2I), while the core had a larger functional area and was
less overlapped with the other classes (Figure 2d).
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Lobule morphometry

The ANOVAs showed a significant difference in LA (F = 12.35; df = 4; P =
0.001) and LL (F =7.73; gl =4; P =0.001) in the vertical gradient (Figure 3a and c). In
the case of LA, only the outer canopy was significantly different from the other groups
(P =0.01), and in LL, there was a gradual variation between the height zones, where the
outer canopy showed to be different from the base, trunk and first ramification (P <
0.05), and the second ramification was distinct from the base (P = 0.02). Lobule area
presented significant differences along the horizontal gradient (F = 6.30; df = 4; P =
0.001) (Figure 3b); the edge differed significantly from the other distance classes (P <
0.01). In turn, LL showed no variation along the gradient (F = 2.05, df = 4; P > 0.05)
(Figure 3d).
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case letter indicate no statistical difference (Tukey's test, P < 0.05).

DISCUSSION

Is the spatial distribution of bryophytes along environmental gradients related to

functional diversity?

The functional diversity along the gradients explained little of the spatial

distribution of bryophytes in the Atlantic Forest fragment studied in the ESEC Murici.

However, the functional evenness had a significant variation along the vertical gradient

in the analyses with all the bryophytes and with the group of liverworts alone. In these
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two analyses, the outer canopy presented low functional evenness either in relation to all
the other height zones (all bryophytes) or in relation to the base (liverworts alone),
indicating an irregular distribution of abundance of traits in the outer canopy. Functional
evenness is maximized when the abundance of the species has a homogeneous
distribution in the functional space, and decreases when some parts of the functional
space are not filled while others are overrepresented (Mouchet et al. 2010). This was
confirmed in our study by the fact that there was a high abundance of species with few
functional characteristics in the outer canopy (e.g., lobules and dark pigments), which is

related to environmental filtering and high abiotic stress imposed in this microhabitat.

The studied fragment presents a high and diffuse pattern of disturbance resulting
from random perturbation throughout its extension, mainly due to chronic extraction of
plant resources such as the felling of large trees and consequent opening of clearings
(Silva & Porto 2009, 2010, 2013). This situation also seems to influence the taxonomic
and functional diversity of bryophytes in the horizontal gradient. The abovementioned
studies did not detect a linear effect from the edge to the core on the taxonomic diversity
of bryophytes. In the present study, the first three distance classes had greater functional
divergence in relation to the core, which can be attributed to the effects of chronic
anthropic disturbances in the central areas of the forest (Silva & Porto 2013) that lead
them to become functionally distinct from the other distance classes. Considering that
the functional traits of bryophytes are related to environmental filtering (Vieira et al.
2012; Deane-Coe & Stanton 2017), the environmental homogeneity caused by anthropic
disturbances may compromise the functional dynamics along the fragment, preventing

variations in taxonomic and functional diversity.

Functional richness showed no relation to the vertical or horizontal gradient.
With respect to functional richness and edge effect, Magnago et al. (2014) suggested
that tree communities are not affected in this sense, indicating that the number of
functions provided is similar and non-related to proximity to the edge. A similar process

may take place in the spatial distribution of bryophytes in this community.

Does the composition of functional traits vary qualitatively (type of trait) and
quantitatively (morphological variation of a given trait - lobule of leafy liverworts)

along the gradients?
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Functional composition showed to be qualitatively distinct along the height
zones, with a change of functional dominance of traits typical of the understory from the
base to the canopy. In height zones corresponding to the understory, life forms that are
less desiccation tolerant and more adapted to low light incidence such as pendant,
flabellate and dendroid predominated (Kirschner 2003). On the other hand, there was a
greater functional dominance of traits directly related to rapid water uptake and
regulation and protection from solar radiation such as lobule, dark pigments and mat life
form, in the outer canopy. For example, most of the more frequent liverwort species (>
6 occurrences) in the outer canopy, namely, Ceratolejeunea cornuta (Lindenb.)
Schiffn., Frullania apiculata (Reinw. et al.) Nees and Symbiezidium barbiflorum
(Lindenb. & Gottsche) A. Evans, are characterized by the simultaneous presence of
these traits. In parallel, the functional area overlapped along the height zones, indicating
the co-occurrence of most of the traits throughout the zones, despite the varied
abundances. Height zones corresponding to the understory presented a larger functional
area, which decreased towards the canopy. This change seen from the understory to the
canopy is probably due to the reduction of niche breadth and more specific stress-

related traits.

Papillae presented a high correlation with the first PCA axis in the vertical
gradient, directing the functional dominance towards the understory. The function of
papillae in the cells of bryophytes is a contradictory subject because these structures
seem to work for both water absorption (Kurschner 2004) and loss (Pressel et al. 2010).
However, there is consensus about their role in osmotic regulation and rapid cellular
water movement (Proctor 1979; Kirschner 2004; Pressel et al. 2010). It is, therefore,
possible that the rapid movement of water promoted by the papillae is unfavorable to
canopy species in view of their exposure to intense sunlight incidence and consequent

greater water loss.

The relation between life forms and the vertical gradient is clear. Bryophyte life
forms reflect strategies to maximize light capture for photosynthesis and minimize
water loss according to microclimatic conditions (Richards 1984; Ah-Peng et al. 2014).
Filtering of different life forms from the understory to the outer canopy has been well
documented (Leerdam 1990; Pardow et al. 2012), even in the Southeastern Atlantic
Forest (Costa 1999). Pardow et al. (2012) also described the change of life forms and

emphasized that there are fewer forms in the canopy of tropical lowland rainforests in
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the Guianas. They described mat as a generalist life form that indicates drier and more
exposed microclimatic conditions, in line with our present observations in the canopy
bryophytes. Life forms represent a variable trait that predicts the vertical gradient. The
importance of this functional group in the vertical zonation of bryophytes is, therefore,

endorsed.

In the fragment studied, the vertical gradient was not directly related to
functional diversity, as described earlier, but rather to trait substitution. The substitution
of adaptive morphological traits in bryophytes along environmental gradients is well
reported in the literature (Frahm 2003; Kirschner 2003; Vieira et al. 2012). Henriques
et al. (2017) confirmed that the functional composition related to the trais leaf width,
ornamentation and incurved margins was negatively affected along the altitudinal
gradient (0-1000 m) in the Azorean archipelago. Oliveira & Oliveira (2016) observed
that concave leaves, hyaline cells and mat and weft life forms were associated with
different microhabitats in the vertical gradient of Atlantic Forest fragments. On the
other hand, Oliveira (2018) found that in addition to concave leaves, dark pigments
influence the occurrence of species along the vertical gradient in the Amazon,
contributing positively to the presence of species in the canopy. Rigal et al. (2018)
proved that trait composition strongly shifted across land uses in Azores and the
indigenous and the exotic arthropod species were functionally distinct in all land uses.
The latter authors also pointed out that anthropic processes can act in the filtering and in
the selection of functional traits, as well as we reported for bryophytes in the present

study.

Regarding the functional composition in the horizontal gradient, the functional
dominance changed from the core to the other distance classes, with greater difference
between the core and the edge. In relation to the size of the functional area of the
distance classes, it is notable that the edge and the core were little associated, while the
intermediate classes were overlapped and did not express a homogeneous gradient. It is
noteworthy the edge was better related to attributes of desiccation tolerance and high
light exposure, such as lobules and dark pigments. These results indicate that the edge
and the core of the fragment have distinct functional composition. Furthermore, in
functional terms, the edge extends up to about 800 m within the fragment studied.
Moreover, the edge presented a more restricted functional area than the other distance

classes, probably due to the smaller niche breadth associated with stress-related traits.
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The morphometry of lobules corroborated the pattern of trait selection along
gradients. In the vertical gradient, this attribute varied significantly both in terms of
lobule area and in the lobule/lobe ratio. For example, Ceratolejeunea cornuta
(Lindenb.) Schiffn. and C. cubensis (Mont.) Schiffn. had the largest ranges of variation
LA and LL, presenting reduced lobules in the understory to utricles (widely developed
lobules, with relatively large area in relation to the leaf lobe, see Dauphin 2003) in the
outer canopy. In the horizontal gradient, lobule area differed between the edge and other
distance classes. These results point to the abiotic stress that the canopy and the edge of
the fragment impose on bryophyte communities, including lower humidity and greater
exposure to light, causing a greater investment in larger and varied lobules for water

storage and retention.

It was evident that the lobule contributes functionally in the community of leafy
liverworts, displaying an association with the type of microhabitat where the species
lives. The present study is pioneer in the empirical evaluation of the morphological
function of lobules along gradients and stressful conditions. Here we present data that
suggest that lobules play an important role in water regulation in leafy liverworts, but
further in-depth analysis are required on the functionality and variation of this trait, as
well as of papillae and dark pigments along environmental gradients, particularly in
tropical environments whose bryophyte communities hold the greatest abundance
worldwide (Gradstein et al. 2001).

CONCLUSION

Functional diversity showed little correlation with the spatial distribution of
bryophytes in the studied fragmented Atlantic Forest landscape. However, functional
composition played an explanatory role on the vertical gradient, pointing to the filtering
of specific traits in the microhabitats present from the understory to the canopy, such as
reduction of the functional area towards the canopy and edge of the fragment. As for the
functional traits distinctly related to the spatial distribution, the lobule of leafy
liverworts stood out. The different microhabitats along the studied gradients impose
environmental filters that select intrinsic characteristics of the species and their
morphological variations, particularly those related to water storage and protection from

light incidence, as adaptive strategies.
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Supplementary material 1 - Updated list of epiphytic bryophyte species in the forest remnant located at the Murici Ecological Station, Alagoas,
Brazil. Total occurrence and occurrence per height zone in the host trees and edge distance classes. Numbers in parentheses reflect the number of
genera and species, respectively, per family. Acronym: Z1 = base; Z2 = trunk; Z3 = first ramification; Z4 = second ramification; and Z5 = outer
canopy. C1 =0-200 m, C2 = 201-400 m, C3 = 401-600 m, C4 = 601-800 m and C5 = 801-1100 m.

Height zone Edge distance class

Family/species Total z1 z2 zZ3 zZ4 Z5 Cl C2 C3 C4 C5
Cephaloziellaceae (1/1)
Cylindrocolea rhizantha (Mont.) R.M. Schust. 2 1 1 2
Frullaniaceae (1/6)
Frullania apiculata (Reinw. et al.) Nees 13 1 4 2 6 4 5 4
Frullania caulisequa (Nees) Nees 8 2 1 5 2 1 5
Frullania dusenii Steph 1 1 1
Frullania kunzei (Lehm. & Lindenb.) Lehm. & Lindenb. 3 2 1 1 1 1
Frullania riojaneirensis (Raddi) Angstr. 3 3 2 1
Frullania setigera Steph. 6 2 1 1 1 1 2
Lejeuneaceae (17/39)
Anoplolejeunea conferta (Meissn.) A. Evans 6 1 1 4 1 1 2 2
Archilejeunea fuscescens (Hampe ex Lehm.) Fulford 2 1 1
Bryopteris filicina (Sw.) Nees 11 3 2 2 1 3 7 2 2
Ceratolejeunea ceratantha (Nees & Mont.) Steph. 2 1 1 1 1
Ceratolejeunea coarina (Gottsche) Steph. 3 2 1 2 1
Ceratolejeunea cornuta (Lindenb.) Schiffn. 23 2 4 3 7 7 4 8 2 4 5
Ceratolejeunea cubensis (Mont.) Schiffn. 14 3 3 3 3 2 2 8 4
Ceratolejeunea laetefusca (Austin) R.M. Schust. 1 1 1
Cheilolejeunea adnata (Kunze) Grolle 8 2 3 1 1 1 1 6 1




51

Height zone Edge distance class

Family/species Total z1 z2 z3 z4 Z5 Cl C2 C3 C4 C5
Cheilolejeunea filiformis (Sw.) W. Ye, R.L. Zhu & Gradst. 2 1 1 2
Cheilolejeunea holostipa (Spruce) Grolle & R-L. Zhu 1 1
Cheilolejeunea rigidula (Mont.) R.M. Schust. 26 4 4 8 7 3 3 1 12
Cheilolejeunea trifaria (Reinw. et al.) Mizut. 8 1 2 2 3 3 2
Cololejeunea diaphana A. Evans 1 1 1
Colura tortifolia (Nees & Mont.) Steph. 1 1
Diplasiolejeunea brunnea Steph. 3 3 1
Diplasiolejeunea rudolphiana Steph. 1 1 1
Drepanolejeunea fragilis Bischl. 12 2 1 2 7 3 2
Drepanolejeunea mosenii (Steph.) Bischl. 2 1 1 2
Harpalejeunea stricta (Lindenb. & Gottsche) Steph. 8 2 3 3 3 1 1
Harpalejeunea tridens (Besch. & Spruce) Steph. 1 1 1
Lejeunea caespitosa Lindenb. 1 1
Lejeunea caulicalyx (Steph.) M.E. Reiner & Goda 2 1 1 1 1
Lejeunea cerina (Lehm. & Lindenb.) Gottsche, Lindenb. & Nees 6 2 1 3 4 1
Lejeunea controversa Gottsche 1 1
Lejeunea aphanes Spruce 1 1 1
Lejeunea flava (Sw.) Nees 5 1 4 1 1 1
Lejeunea grossitexta (Steph.) E. Reiner & Goda 4 2 1 1 1 3
Lejeunea laetevirens Nees & Mont. 1 1 1
Lejeunea oligoclada Spruce 2 1 1 2
Lepidolejeunea involuta (Gottsche) Grolle 6 2 2 1 1 2 3 1
Lopholejeunea subfusca (Nees) Schiffn. 1 1
Microlejeunea epiphylla Bischl. 5 5 1 1
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Height zone Edge distance class

Family/species Total z1 Zz2 zZ3 zZ4 Z5 Cl C2 C3 C4 C5
Prionolejeunea aemula (Gottsche) A. Evans 1 1 1
Prionolejeunea denticulata (Weber) Schiffn. 6 4 2 2 2 2
Prionolejeunea scaberula (Spruce) Steph. 1 1 1
Symbiezidium barbiflorum (Lindenb. & Gottsche) A. Evans 19 5 2 3 3 6 6 5 3 4 1
Taxilejeunea obtusangula (Spruce) A. Evans 2 1 1 2
Vitalianthus bischlerianus (Pérto & Grolle) R.M. Schust. & Giancotti 1 1 1
Metzgeriaceae (1/2)
Metzgeria albinea Spruce 6 1 1 1 2 1 1 5
Metzgeria ciliata Raddi 1 1 1
Plagiochilaceae (1/4)
Plagiochila aerea Tayl. 6 3 2 1 3 3
Plagiochila disticha (Lehm. & Lindenb.) Lindenb. 3 1 1 1 3
Plagiochila distinctifolia Lindenb. 1 1 1
Plagiochila montagnei Nees 4 1 2 1 1 2 1
Radulaceae (1/1)
Radula kegelii Gottsche ex Steph. 4 2 1 1 4
Brachytheciaceae (2/2)
Squamidium brasiliensis (Hornsch.) Broth. 5 1 1 2 1 4 1
Zelometeorim patulum (Hedw.) Manuel 2 1 1 1 1
Calymperaceae (3/7)
Calymperes lonchophyllum Schwégr. 1 1 1
Calymperes palisotii Schwagr. 1 1 1
Octoblepharum albidum Hedw. 12 1 2 5 4 1 4 1 6
Syrrhopodon incompletus Schwagr. 3 2 1 1 2
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Height zone Edge distance class

Family/species Total z1 Zz2 zZ3 zZ4 Z5 Cl C2 C3 C4 C5
Syrrhopodon ligulatus Schwagr. 3 1 1 1 1 2
Syrrhopodon parasiticus (Sw. ex Brid.) Paris 13 2 2 2 5 2 1 1 3 3 5
Syrrhopodon prolifer Schwagr 1 1 1
Dicranaceae (1/1)
Leucoloma serrulatum Brid. 7 2 3 1 1 3 4
Fissidentaceae (1/2)
Fissidens guianensis Montagne 1 1 1
Fissidens ramicola Broth. 1 1 1
Hypnaceae (2/2)
Isopterygium tenerum (Sw.) Mitt. 1 1 1
Ectropothecium leptochaeton (Schwagr.) W.R. Buck 2 1 1 1 1
Neckeraceae (1/1)
Porotrichum substriatum (Hampe) Mitt. 2 1 1 2
Orthotrichaceae (2/3)
Groutiella apiculata (Hook.) Crum & Steere 2 1 1 2
Groutiella mucronifolia (Hook. & Grev.) H.A. Crum & Steere 2 2 1 1
Macromitrium punctatum (Hook. & Grev.) Brid. 3 1 2 1 2
Phyllogoniaceae (1/1)
Phyllogonium viride Brid. 5 2 1 1 1 1 4
Pilotrichaceae (3/3)
Crossomitrium patrisae (Brid.) Mull. Hal. 2 1 1 1 1
Lepidopilidium brevisetum (Hampe) Broth. 2 1 1 1 1
Lepidopilum scabrisetum (Schwagr.) Steere 1 1 1

Pterobryaceae (1/1)
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Height zone Edge distance class

Family/species Total Z1 722 zZ3 Z7Z4 2zZ5 Cl C2 C3 C4 C5
Jaegerina scariosa (Lorentz) Arzeni 3 1 1 1 2 1
Sematophyllaceae (4/4)
Acroporium estrellae (Mull. Hal.) W.R. Buck & Schéf. -Verw. 1 1 1
Brittonodoxa subpinnata (Brid.) W.R. Buck, P.E.A.S.Camara & Carv.-Silva 16 1 2 3 6 4 1 2 1 4 8
Microcalpe subsimplex (Hedw.) W.R. Buck 4 3 1 1 3
Taxithelium planum (Brid.) Mitt. 1 1 1

Total 39 65 62 69 71 92 82 8 57 82 53
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4 CONCLUSOES

Os tracos funcionais lébulo, pigmento, papila e as formas de vida mostraram-se
preditores eficientes para distribuicdo espacial do grupo na Floresta Atlantica. A
variacdo na composicdo de tracos ao longo do gradiente vertical foi explicativa,
demonstrando existéncia de filtragem de tracos especificos para os microhabitats desde
0 sub-bosque até o dossel em foréfitos, bem como o requerimento de recursos, tendo em
vista que o sub-bosque possui maior umidade e menor entrada de luz, inversamente ao
dossel. O nucleo e a borda do fragmento apresentaram as maiores disting6es funcionais,
sem apresentar um efeito de borda linear, bem como a borda associada a tracos alusivos
a estresse abiodtico. O l6bulo das hepaticas folhosas mostrou-se como um caractere
funcionalmente relacionado com a distribuicdo espacial do grupo, com significativas
variaces no tamanho ao longo dos gradientes, associado a necessidade de requerimento
de agua, principalmente no dossel e na borda do fragmento. Assim sendo, constatamos
que os diferentes microhabtats em ambos os gradientes impdem filtros ambientais, e

estes selecionam tracos funcionais especificos e suas varia¢des morfolégicas.
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