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RESUMO

A resiliéncia das florestas tropicais é influenciada pela variacdo temporal e espacial
dos fatores bidticos e abibticos. Identificar qual conjunto de fatores contribui mais
para a resiliéncia é importante para avaliar a estabilidade das florestas sob recentes
pressfes antropicas, como perda de habitat e fragmentacdo. Dessa forma, nosso
objetivo foi determinar os principais fatores e interagdes que influenciam a resiliéncia
da paisagem na Mata Atlantica e como esse processo ecossistémico afeta a
diversidade funcional das aves. Utilizamos analises de caminhos usando modelos
lineares generalizados para avaliar os efeitos diretos e indiretos da sazonalidade da
chuva, fertilidade do solo, cobertura florestal e diversidade de respostas de aves na
resiliéncia. Estimamos a resiliéncia através da variacdo e quantidade de biomassa
vegetal entre os anos de 2000 e 2016, dada pelo indice de Diferenca de Vegetacdo
Normalizado (NDVI). Nossos melhores modelos mostraram a influéncia da cobertura
florestal e da sazonalidade das chuvas na resiliéncia da paisagem. NOSSOS
resultados destacam a fragilidade de areas a oeste do bioma da Mata Atlantica, que
estdo relacionadas a uma alta sazonalidade no regime de chuvas e a baixa
guantidade de floresta nativa na paisagem. Neste caso, areas a oeste do bioma séo
as gque mais necessitam de uma restauracao ativa a fim de melhorar a resiliéncia,
uma vez que sao areas ambientalmente mais frageis. A diversidade de resposta das
aves onivoras também influenciou fortemente na resiliéncia da paisagem. A alta
diversidade de resposta deste grupo permite que as espécies prosperem mesmo
sob mudancas ambientais. Por serem espécies generalistas de dieta e habitat, sdo
mais resistentes a tais mudancas e devido a isso, suas fungcbes ecoldgicas sédo
mantidas. Dessa forma, destacamos também a importancia de um manejo que vise
a conservacao de determinados grupos funcionais ao invés da quantidade dos
mesmos. Sendo assim, é importante pensar em estratégias de conservagdo que
levam em consideracdo o conjunto de caracteristicas funcionais das espécies, que
sejam relevantes para o processo de dispersdo e regeneragao.

Palavras-chave: Recuperacéo florestal. Estabilidade. NDVI.



ABSTRACT

Tropical forests resilience is affected by spatial and temporal variation of abiotic and
biotic factors. Identify which set of factors contributes most to resilience is important
to evaluate forest stability under recent anthropogenic pressures, such as habitat
loss and fragmentation. Therefore, our aim was to determine the major dirvers and its
interactions that affect landscape resilience in Atlantic Forest biome, and how this
ecosystem process influence bird's FD. We used generalized linear models to
evaluate the effects of rainfall seasonality, soil fertility, forest cover and bird’s
response diversity on resilience. We estimated resilience through the variation of
plant biomass quantity between the years of 2000-2016, given by the Normalized
Difference of Vegetation Index (NDVI). Our best models showed the influence of
forest cover and rainfall seasonality on landscape resilience. Our results highlight the
fragility of forest located in the interior of the Atlantic Forest biome, which are related
to a high rainfall seasonality and low native forest cover. The response diversity of
omnivorous birds strongly influenced landscape resilience. The high response
diversity of this group, allows the species to thrive, even under environmental
changes. Althought they are omnivorous, 30% of their diet is composed of fruits, and
some of them are habitat generalists. Thus, they can achieve its resources in distinct
type of habitat and through dipersal, contribute to the regeneration process in
degraded areas. Therefore, we also highlight the importance of a management aimed
at the conservation of species within functional groups rather than the number of
groups. It is important to consider conservation strategies that includes a set of
species functional traits that are relevant to dispersion and regeneration process.
Keywords: Stability. Forest recovery. NDVI.
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1 INTRODUCAO GERAL

A resisténcia e recuperacao sao tidos como processos intrinsecos da resiliéncia
(BHAGWAT; NOGUE; WILLIS, 2012; COTE; DARLING, 2016). No conceito de
resiliéncia ecoldgica, sdo previstos a existéncia de multiplos estados estaveis e a
tolerancia do ecossistema frente aos disturbios, que possam facilitar a mudanca de um
estado estavel para outro (HOLLING, 1973; LUDWIG, 1996). Quando perturbacfes
externas ultrapassam a capacidade de resiliéncia, o ecossistema é forcado a mudar
para um estado alternativo onde suas estruturas e funcbes sao alteradas
negativamente (THRUSH et al., 2009), o que compromete o fornecimento de servicos
ecossistémicos.

Magnuszewski e colaboradores (2015) demonstraram que a resiliéncia em
paisagens tropicais diminui em funcdo do aumento das pressfes das atividades
agricolas, o que aumenta a probabilidade do ecossistema permanecer em um estado
desflorestado. Perturbacdes provocadas por atividades antropicas afetam
drasticamente os estados do ecossistema e reduzem a resiliéncia (SCHEFFER et al.,
2001). As atividades antrOopicas sdo responsaveis por acelerar e intensificar as
mudancas no uso do solo, comprometendo a regeneracdo de florestas
(MAGNUSZEWSKI et al., 2015; PULLA et al., 2015; STAVER; ARCHIBALD; LEVIN,
2011). Muitos estudos apontam fatores abiéticos e bibticos capazes de influenciar a
resiliéncia em escala regional, tais como o clima, o solo e a biodiversidade (CUMMING,
2011; ELMQVIST et al.,, 2003; HIROTA et al, 2011; POORTER et al.,, 2016;
PRESCOTT, 2002; SASAKI et al., 2015).

As interacfes entre as espécies e 0s processos do ecossistema ao longo de um
gradiente de perturbacdo sdo mecanismos importantes para avaliar a resiliéncia
(THRUSH et al., 2009). Assim, compreender como a relacdo de fatores abidticos e
bioticos direcionam a resiliéncia em florestas tropicais é fundamental para prever
respostas ecoldgicas frente as perturbacbes. Além disso, € importante avaliar a
recuperacéo do sistema para determinar a necessidade de um manejo ativo que vise a
restauracdo funcional (LAKE, 2012), que visa o reestabelecimento da estrutura florestal
anterior, assim como as interacdes entre o0os elementos bidticos e abidticos do

ecossistema.
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2 REVISAO DE LITERATURA

2.1 Resiliéncia e estado alternativo em florestas tropicais

Uma das definicdes de resiliéncia considera o tempo que o sistema leva para
retornar ao seu estado anterior a perturbacdo (PIMM, 1984). Outra definicdo € a
capacidade do sistema em absorver as mudancgas de suas estruturas e funcdes e
persistir apdés perturbacbes (HOLLING, 1973). No entanto, atualmente tanto a
capacidade de recuperacdo quanto a resisténcia sao considerados aspectos da
resiliéncia (OLIVER et al., 2015; STERK et al., 2013). A resiliéncia pode promover a
manutencdo dos componentes que desempenham papé€is chaves nos processos
ecossistémicos, garantindo a continuidade deles ao longo do tempo (CUMMING &
COLLIER, 2005). O ciclo adaptativo de Holling descreve a forma que os padrbes e
processos do ecossistema se modificam ao longo do tempo, frente aos disturbios
(DAVOUDI et al., 2012; GUNDERSON, 2000)

Este ciclo refere-se as 4 distintas fases das mudancas na dinamica e estrutura
do ecossistema, que consistem na estabilidade e desenvolvimento das funcdes do
mesmo, através da reorganizacdo de seus componentes (Fig. 1). Durante a fase de
exploracdo, o sistema € dominado por espécies r-estrategistas, que sao as pioneiras na
colonizacdo de um ecossistema recentemente perturbado e é nessa fase que a
resiliéncia ecoldgica € alta. Na fase de conservacdo, ocorre um lento processo de
acumulacdo e armazenamento de energia e matéria e o sistema passa a ser dominado
por espécies k-estrategistas (climax). A terceira fase € a de liberacdo, onde a energia e
matéria sao liberadas por algum tipo de disturbio natural. Na quarta fase, as espécies e
0s processos dinamicos se reorganizam afim de comecar um novo ciclo de adaptacdo
(GUNDERSON & HOLLING, 2002). Tal reorganizacdo € dependente da memdria
ecologica do ecossistema. Ela é composta pelas dinamicas de interacdes entre as
espécies e estrutura do ecossistema que possibilita a reorganizacdo e recuperacao
deste através do ciclo adaptativo (BENGTSSON et al., 2003; GUNDERSON, 2000). No
entanto, é importante ressaltar que este ciclo ndo se aplica a todos os sistemas, uma
vez que pode haver sequéncias alternativas que podem refletir na auséncia de uma
das fases do ciclo (WALKER et al., 2006). Por exemplo, em alguns sistemas pode
haver a auséncia da fase de liberagdo, o qual ndo existe a perda de recursos. Em

outras situacdes, 0 ecossistema pode ficar estagnado entre as fases de exploracao e
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conservacao, mantendo assim sua estrutura.

No geral, a resiliéncia pode ser medida através da velocidade de recuperacao
desde que o sistema tenha limites e perturbacdes pré-estabelecidas (CARPENTER et
al., 2001; HOLLING, 1996; PIMM, 1984). Alguns testes experimentais para a resiliéncia
envolvem o uso de diferentes intensidades de perturbacdes no espaco e tempo com o
objetivo de identificar o nivel de perturbacdo necessaria para que haja a troca no
regime de estabilidade do ecossistema (CONNELL; SOUSA, 1983; SCHEFFER et al.,
2012). Os ecossistemas podem exibir limiares de respostas as mudancas nas
condicbes ambientais, e uma vez que tais limiares sdo ultrapassados, pode ocorrer
uma troca de estado do ecossistema durante a fase de reorganizacdo do ciclo
(SCHEFFER et al., 2001). No conceito de resiliéncia ecolégica sdo previstos a
existéncia de multiplos estados estaveis (GUNDERSON, 2000; HOLLING, 1973), o
qual uma mudanca relativamente pequena (e.g. tipping points) nas condi¢des
ambientais pode levar a uma mudanca abrupta para um estado alternativo do
ecossistema (REYER et al., 2015; SCHEFFER et al.,, 2009). Trocas para um estado
alternativo sdo grandes transicbes que podem ser detectadas através da modificacao
na composicdo da comunidade e dos processos ecoldgicos (FOLKE et al., 2004;
SCHEFFER et al., 2001). Assim, ecossistemas que apresentam baixa resiliéncia
podem ser facilmente levados a uma troca para um estado estavel alternativo (NES;
SCHEFFER, 2007).
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Figura 1 - Ciclo adaptativo

Conservation

Q

Reorganization

a

Fonte: DAVOUDI et al., 2012

Legenda: O modelo ilustra as 4 fases das mudancas na estrutura e no funcionamento do ecossistema.
A fase de crescimento e reorganizagéo (r e a) séo relacionadas com a estabilidade do sistema
por causa do rapido crescimento e estabilizagdo promovido pelas espécies r estrategistas As
fases de conservacao e liberagcéo (k e Q) estao relacionadas com o declinio do funcionamento
e da estrutura do sistema, e logo apds, o ciclo se inicia novamente, a partir da fase de

reorganizagéo.

As mudancas de um estado estavel para outro podem ser tanto desejaveis
guanto indesejaveis, uma vez que o0 ecossistema pode se estabelecer em um estado
degradado. Trocas para um estado alternativo indesejavel estdo cada vez mais comuns
devido as perturbacdes antrépicas (FOLKE et al., 2004). Os ecossistemas podem
apresentar trés dinAmicas de transicdo entre os estados; a primeira € caracterizada por
uma transicdo suave onde pequenas modificagdes na condicdo ambiental leva a uma
pequena mudanca do seu estado de equilibrio, j& as outras duas dindmicas séo
caracterizadas por apresentarem comportamento de limiar (e.g. “threshold”)
(SHACKELFORD, 2017). Uma delas exibe um comportamento onde uma pequena
mudanca é capaz de levar 0 ecossistema a uma resposta ecoldgica intensa que pode
ser revertida. A outra é caracterizada por uma resposta intensa que nao pode ser
revertida (LUDWIG et al., 1997; SCHACKELFORD, 2017).

Em regides de florestas tropicais tém sido observadas um aumento no colapso
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do ecossistema (DAVIDSON et al., 2012; NEPSTAD et al., 2014), caracterizado pela
substituicdo da mata nativa por pastagens de baixa diversidade biologica (VELDMAN;
PUTZ, 2011). Com o aumento das atividades agricolas, estados florestados de
paisagens tropicais podem se tornar cada vez menos possiveis (MAGNUSZEWSKI et
al., 2015). Um estado florestado da paisagem neste caso, consiste na quantidade de
cobertura florestal nos estadios sucessionais intermediarios e avancados. A resiliéncia
a nivel de paisagem é considerada como a capacidade de recuperacdo das manchas
de habitat, que sofreram com a extin¢do local de espécies, através da recolonizacao e
imigracado dos organismos em escala ampla (HOLL; AIDE, 2011). Assim, a existéncia
de um estado florestal pode depender da taxa de colonizacdo em paisagens
(MAGNUSZEWSKI et al., 2015).

Paisagens florestais estdo condicionadas a diversos tipos de perturbacbes com
frequéncia e magnitudes distintas, o0 que pode levar a uma variacdo espacial da
resiliéncia em funcéo da variacdo espacial dos padrdes e processos ecologicos dentro
de uma paisagem (CUMMING, 2011; LUCASH et al., 2017), além disso, a estabilidade
de ecossistemas tropicais e a capacidade de recuperacao pos-distarbios ainda é pouco
esclarecida (COSTER et al.,, 2015). Alguns autores ressaltam que determinar a
resiliéncia de sistemas complexos frente as transicbes de um estado para outro
constituem em um grande desafio para a ciéncias ambientais (SCHEFFER, 2009;
HIROTA et al., 2011). Devido a isso, € importante saber quais mudancas ambientais
levaréo o ecossistema ao seu tipping-point e quais fatores irdo colaborar efetivamente

com o processo de resiliéncia em uma paisagem tropical perturbada.

2.2 AVARIABILIDADE DAS CONDICOES AMBIENTAIS

As oscilacdes das condicbes ambientais ocorrem globalmente em todos os
ecossistemas; o clima e a disponibilidade de nutrientes por exemplo, estdo em
constante mudanca no espaco e tempo (HUGHES et al.,, 2013). Um dos maiores
desafios em estudos ecoldgicos consiste em definir qual caracteristica ambiental deve
ser modelada, para entender o impacto da variabilidade ambiental nos ecossistemas
(VASSEUR; MCCANN, 2007). A variagdo € um importante atributo que determina as
condicbes ambientais e respostas ecoldgicas (GHEDINI, 2016; LAWSON; VINDENES;
VAN DE POL, 2015). Porém, os impactos das atividades antropicas podem afetar a
variabilidade natural das condi¢6es ambientais (VASSUER & McCANN, 2007).
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Florestas intactas (e.g. florestas de climax) sdo Umidas e com temperaturas
estaveis e dossel continuo (LAUREANCE et al., 2002a). No entanto, a fragmentacao
florestal pode criar mosaicos que apresentam diferentes propriedades fisicas
(LAURANCE, 2004). Quando florestas intactas se unem as bordas de &reas alteradas
pelas atividades antropicas por exemplo, tais condicdes ambientais séo alteradas
dentro da floresta. As novas condi¢cdes ambientais podem elevar a temperatura e
assim, reduzir a umidade, o que atrapalha o desenvolvimento de espécies vegetais
sensiveis a seca (KAPOS, 1989). Assim, a regeneracdo da vegetacdo € dependente
das variacdes climaticas locais (FELSMANN et al., 2017; KHAINE et al., 2018;
VERBESSELT et al., 2016; ZHOU; WAN, 2010).

Alguns estudos mostram que a reducéo na precipitacdo e a seca pode limitar a
regeneracao ja que muitas espécies sdo sensiveis a variagdo dos fatores ambientais
durante o estadio inicial de desenvolvimento (ARROYO-RODRIGUEZ et al., 2017;
FELSMANN et al., 2017; KHAINE et al., 2018). Ha uma grande variacdo nos padrdes
de regeneragdo natural, uma vez que em sistemas florestais, as sementes podem
dispersar e germinar sob distintas condicdes ambientais (BOSE et al., 2016). Sendo
assim, as variacdes espaciais e temporais do clima exercem alta influéncia na
regeneracado da vegetacdo e consequentemente, na resiliéncia (FELSMANN et al.,
2017; HELMUTH et al., 2014; HIROTA et al., 2011; KHAINE et al., 2018; VERBESSELT
et al., 2016; ZHOU; WAN, 2010). A regeneracdo natural pode ser afetada
negativamente pela chuva em regides onde chove pouco (KHAINE et al., 2018), uma
alta sazonalidade no regime de chuvas esta associada ao surgimento de savanas em
regides tropicais e subtropicais, por levar a uma diminuicdo da cobertura florestal
(STAVER; ARCHIBALD; LEVIN, 2011). Assim, os fatores climaticos influenciam a
produtividade primaria de acordo com um gradiente geogréfico (GILLMAN et al., 2015).

A maior parte das espécies vegetais sofrem um estresse hidrico durante o
periodo seco e, neste caso, a sazonalidade esta diretamente relacionada com a
deciduidade em florestas (BUSTAMANTE; ALVALA; VON RANDOW, 2012). A
sazonalidade da precipitacdo € marcante em regides mais secas, COmo as savanas, ja
florestas tropicais sao caracterizadas pela baixa sazonalidade da precipitacdo, e podem
exibir uma menor estabilidade com o aumento de tal sazonalidade (STAVER,;
ARCHIBALD; LEVIN, 2011). O aumento da sazonalidade das chuvas pode elevar a
probabilidade de ocorréncia de queimadas. Secas e mudancas na precipitacao

regionais, aumentam a vulnerabilidade de locais mais secos as trocas na composi¢ao
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de suas comunidades (BROOKS et al., 2008; VAN DER SANDE, 2016). Uma maior
intensidade das perturbacbes pode acontecer quando eventos climaticos extremos se
unem as perturbacbes crbnicas e provoca uma resposta ecoldgica exacerbada
(GHEDINI, 2016).

Interacdes sinérgicas entre os diversos tipos de perturbacbes podem causar
impactos negativos no ecossistema (MANTYKA-PRINGLE; MARTIN; JONATHAN,
2011; OLIVER; MORECROFT, 2014; TURNER, 2010). A interagdo entre o clima e a
fragmentagcdo por exemplo, pode atuar sinergicamente na biodiversidade e gerar
feedbacks negativos na vegetacdo (BROOKS et al., 2008; MANTYKA-PRINGLE et al.,
2011). O microclima de fragmentos florestais é afetado negativamente pelas condicbes
climaticas ao exterior da floresta. Este processo reduz a capacidade da floresta de
amortecer tal impacto no microclima (EWERS; BANKS-LEITE, 2013), o que prejudica o
crescimento de espécies vegetais. Isso contribui para intensificar os efeitos da
sazonalidade na regeneracdo de florestas, uma vez que a alta sazonalidade das
chuvas limita a  distribuicio e ocorréncia de  florestas  tropicais
(STAVER;ARCHIBALD;LEVIN, 2011). Além disso, com a intensificagdo das mudancas
do uso do solo pelas atividades antrdpicas, os nutrientes podem ser perdidos e assim
comprometer a fertilidade e a regeneracédo da floresta, uma vez que a fertilidade do
solo é um fator limitante para o crescimento de cobertura vegetal (PRESCOTT, 2002;
PULLA et al., 2015; STAVER; ARCHIBALD; LEVIN, 2011). A produtividade priméaria e
outros fatores bidticos podem aumentar de acordo com a disponibilidade de nutrientes
presente no solo (QUESADA et al., 2012). Assim, € importante identificar interacdes
entre fatores climéaticos e nao climaticos, pois dessa maneira pode ser estabelecido
qual o potencial de adaptacdo do ecossistema as mudancas das condi¢cdes ambientais
(BROWN et al., 2013).

2.3 ABIODIVERSIDADE COMO FATOR QUE INFLUENCIA A RESILIENCIA DE
FLORESTAS TROPICAIS

A variabilidade espaco-temporal em habitats pode sustentar uma alta
biodiversidade que contribui com a resiliéncia (ODORICO; BHATTACHAN, 2012).
Alteracdes na estrutura dos habitats podem levar & uma menor complexidade ecolégica
nos ecossistemas (LAMBIN, 1994), assim paisagens estruturalmente complexas tém a

capacidade de suportar uma maior rigueza de espécies do que paisagens simples. A
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variacdo das condicbes ambientais leva a uma mudanca na estrutura e no
funcionamento das comunidades ecologicas (PAINE, 1969); elas podem mudar a sua
composicdo como sendo um reflexo das alteragbes na estrutura do habitat
(SHUTHERLAND, 1974). Entender como as espécies de uma comunidade respondem
as perturbacbes do habitat, permite compreender as mudancas na estrutura e no
funcionamento dos ecossistemas (NEWBOLD et al., 2012).

A perda do habitat € uma das principais consequéncias da fragmentacdo. Este
processo é responsavel por transformar areas continuas de vegetacéo nativa em areas
descontinuas e menores (FAHRIG, 2003, 2007). A perda de habitat pode se dar de
diversas formas (antrOpicas ou naturais) que ira resultar em um mosaico de padrées
espaciais em uma paisagem, que podera ser constituida por manchas de habitat com
formatos, tamanhos e composicdo vegetal diferentes (WANG; CALDAS, 2014).
Processos do ecossistema tais como a dispersdao de sementes e polinizacdo, variam
muito entre manchas florestais, dependendo da quantidade de cobertura florestal na
paisagem (ARROYO-RODRIGUES et al., 2017). A perda de mosaicos de vegetacdes
naturais implica no desaparecimento de espécies que ndo sao capazes de dispersar a
longas distancias (NILSON, 1997). Sendo assim, a quantidade de habitat influencia
fortemente o sucesso da disperséo (e consequentemente da regeneracao), ja que uma
maior quantidade de habitat reduz o risco de morte durante dispersdo por animais
frugivoros (MIGUET et al., 2016).

A degradacdo do habitat pode diminuir o tamanho da populagdo de espécies
especialistas e favorecer as espécies generalistas (PARDINI et al., 2009). Aves nao-
dependentes de floresta possuem habilidade para adquirir recursos em diferentes tipos
de habitats (MIGUET et al., 2016) por serem favorecidas pelo efeito de borda.
Generalistas de habitat possuem uma maior habilidade para disperséo do que espécies
especialistas de interior de floresta. A dispersdo de sementes por frugivoros sao
processos chaves do ecossistema que influenciam a capacidade de regeneracdo da
floresta (RODRIGUES; FISCHER, 2018) apo0s grandes perturbacdes. Como agentes
indispensaveis da dispersdo, a perda das espécies de aves frugivoras em florestas
tropicais pode resultar em uma estrutura modificada da vegetacdo e em uma
regeneracao prejudicada, em paisagens muito fragmentadas (SEKERCIOGLU; DAILY,
EHRLICH, 2005; TERBORGH et al., 2008).

Alteracbes na estrutura da vegetacdo e composicao das espécies ao longo do

tempo, implica em mudancgas na diversidade funcional (DIAS et al., 2016). Essa
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diversidade é composta pelo conjunto das fung¢des que 0s organismos exercem dentro
de uma comunidade, sendo baseadas na morfologia, comportamento e historia de vida
de cada espécie (GAGIC et al., 2015). Pode-se atribuir a diversidade funcional, a
relacdo direta com a estabilidade e resiliéncia das comunidades, a qual depende da
complexidade das caracteristicas funcionais das espécies (LALIBERTE et al., 2010). A
perda da capacidade de resiliéncia pode ser causada pela perda de determinados
grupos funcionais através de mudancas nas condi¢des ambientais (THOMPSON et al.,
2011). Uma diminuicdo na abundancia e riqueza de diferentes grupos funcionais pode
comprometer 0s servicos ecossistémicos sustentados por eles (SEKERCIOGLU et al,
2006). No entanto, é possivel que ocorra uma perturbacdo sem afetar a estrutura da
comunidade, isso pode ser o resultado de processos que atuam no combate aos
efeitos da perturbacdo (SHUTHERLAND, 1974). Neste caso, a dinamica interna das
comunidades serve como um tipo de amortecimento as perturbacées do habitat. A
variacdo das condicfes ambientais afeta as espécies de maneiras distintas (SWIFT et
al., 2010), assim, a capacidade das espécies em persistir em um ambiente perturbado
irA depender de caracteristicas fisicas e comportamentais (NEWBOLD et al., 2012;
OLIVER et al., 2015).

A diversidade de resposta das espécies é um conjunto de respostas que 0s
organismos exibem frente as mudancas das condicbes ambientais, e esta relacionada
com a resiliéncia do ecossistema durante a fase de reorganizacdo do mesmo
(ELMQVIST et al., 2003). Quando a diversidade de resposta em uma comunidade é
baixa a resiliéncia também serd baixa, pois as espécies terdo a mesma resposta frente
as perturbacdes do habitat. Tal comunidade sera vulneravel a maior parte das
perturbacdes por causa da falta de caracteristicas funcionais que irdo permitir cada
espécie responder de maneira diferente a perturbacdo (ELMQVIST et al.,, 2003;
LALIBERTE et al., 2010). Quando a diversidade de resposta de frugivoros é baixa em
um ecossistema florestal, a regeneracao pode tomar um caminho diferente, o qual
pode ser dominado por espécies de plantas dispersas pelo vento ou exoticas
(ELMQVIST et al., 2003), e assim estabelecer um estado alternativo do ecossistema,
onde ele se encontra degradado.

Assim, a variacdo na resposta dos individuos pode determinar o fornecimento
dos servicos ecossistémicos (MORI et al.,, 2013; OLIVER et al., 2015) como a
dispersdo de sementes pelas espécies frugivoras e assim, favorecer a regeneracao e

colaborar com a resiliéncia dos ecossistemas florestais. Portanto, as interacdes entre
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os frugivoros e plantas sdo importantes fatores que colaboram com a resiliéncia e
entender como a biodiversidade pode sustentar a resiliéncia em florestas, € necessario
para melhorar o0 manejo e préticas de conservacdo em ecossistemas tropicais
(THOMPSON et al., 2011; BREGMAN et al., 2016). Além disso, existem poucos
trabalhos que avaliam a diversidade de resposta como sendo um mecanismo a favor
da resiliéncia (BHASKAR et al., 2018; MORI; FURUKAWA; SASAKI, 2013). Por ser um
grupo importante na dispersdo de sementes (BREGMAN et al., 2016; SITTERS et al.,
2016), é necessario investigar como a diversidade de resposta das aves pode afetar no

processo de resiliéncia em paisagens tropicais.

3 CONCLUSAO

Muitos trabalhos focam em utilizar a resisténcia e recuperacdo como medidas
para avaliar a resiliéncia em sistemas perturbados. Utilizar a taxa de recuperagao
como indicativo de resiliéncia é tida como relevante (LEEMPUT et al., 2018). Assim,
a velocidade com que um ecossistema degradado se recupera, é importante para
identificar os locais que ainda mantem a capacidade de regeneracdo e aqueles que
perderam tal capacidade e necessitam de uma restauracdo ativa. Com o0 aumento
das atividades antropicas, existe uma quebra da variabilidade natural das condi¢cdes
ambientais que mantém o ecossistema em estado de equilibrio. Devido a isso, é
importante identificar como e quais fatores irdo afetar o processo de resiliéncia. Além
dos fatores climaticos e de paisagem, as interacfes entre plantas e os dispersores
de sementes é de suma importancia para manter o funcionamento do ecossistema
frente as crescentes pressdes antropicas. Apesar de muitos estudos (Magnuszewski
et al., 2015; Jakovac et al.,, 2015; Poorter et al.,, 2016; Staver et al., 2011)
ressaltarem a importancia do clima, solo e o papel das florestas climacicas na
regeneracao de florestas tropicais, o papel das aves no processo da resiliéncia ainda
€ pouco explorado, particularmente em um bioma altamente degradado como a
Mata Atlantica. A maioria dos trabalhos focam nas respostas de espécies de plantas
sob diversos tipos de perturbagbes. A variabilidade das respostas das aves as
mudancas nas condi¢cdes do habitat dentro de determinados grupos funcionais, &
importante para manter a resiliéncia em paisagens degradadas. Dessa forma,

considerando o papel dos fatores abioticos e biéticos no desenvolvimento de plantas
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investigamos neste trabalho, como estes fatores e suas intera¢cdes contribuem para
a resiliéncia em paisagens ao longo da distribuicdo da Mata Atlantica, em diferentes

estados de conservacao.
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4 Main drivers of geographic variation in landscape resilience: forest cover, rainfall
seasonality and bird’s response diversity

Resumo

A resiliéncia da floresta tropical é influenciada pela variagdo temporal e espacial de
fatores bioticos e abidticos. Identificar qual conjunto de fatores contribui mais para a
resiliéncia € importante para avaliar a estabilidade das florestas sob pressdes
antrépicas, como perda de habitat e fragmentacdo. Nosso objetivo € determinar os
principais fatores que influenciam a resiliéncia da paisagem na Mata Atlantica e
como esse processo afeta a diversidade funcional das aves, bem como os servicos
ecossistémicos prestados por elas. Usamos Modelagem de Equacgéo Estrutural para
avaliar os efeitos diretos e indiretos da sazonalidade da chuva, fertilidade do solo,
cobertura florestal e diversidade de resposta de passaros na resiliéncia. Estimamos
a resiliéncia por meio da variacdo e quantidade de biomassa vegetal entre os anos
de 2000 e 2016, dada pelo indice de Diferenca Normalizada de Vegetacdo. A alta
sazonalidade das chuvas e a baixa quantidade de cobertura florestal levam a
grandes variacdes e declinio da biomassa da paisagem, prejudicando sua
resisténcia. Assim, uma maior cobertura florestal esta relacionada a uma paisagem
florestal mais estavel em zonas de sazonalidade de baixa precipitacdo. Embora a
diversidade de resposta de uma ave alta explicasse melhor a variagdo da biomassa.
Por causa de sua maior diversidade de resposta as mudancas ambientais, essas
aves podem prosperar em areas perturbadas e podem contribuir para o processo de
regeneracéo. E importante considerar grupos funcionais com espécies que carregam
caracteristicas relacionadas a capacidade de dispersdo, em estratégias de
conservacao. Nossos resultados destacam areas que requerem restauracao florestal
em areas do interior do bioma, para que também possa manter a prestacdo de
servigos ecossistémicos.

Palavras-chave: Recuperacéo florestal, Estabilidade florestal, NDVI
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Abstract

Tropical forest resilience is driven by temporal and spatial variation of biotic and
abiotic factors. Identify which set of factors contribute most to resilience is important
to evaluate the stability of forests under anthropogenic pressures such as habitat loss
and fragmentation. We aim to determine the main factors that influence landscape
resilience in Atlantic Forest and how this process affects the functional diversity of
birds, as well as the ecosystem services provided by them. We used Structural
Equation Modelling to evaluate the direct and indirect effects of rainfall seasonality,
soil fertility, forest cover and bird’s response diversity on resilience. We estimated
resilience through variation and quantity of plant biomass between the years of 2000
and 2016, given by the Normalized Difference of Vegetation Index. The high rainfall
seasonality and low amount of forest cover lead to high variation and decline in
landscape biomass, impairing its resistance. Thus, a higher forest cover is related to
a more stable forested landscape in low rainfall seasonality zones. While a high bird’s
response diversity better explained the biomass variation. Because of its higher
response diversity under environmental changes, those birds can thrive in disturbed
areas and can contribute to the regeneration process. It is important to consider
functional groups with species that carry traits related to dispersion ability, in
conservation strategies. Our results highlight areas that urges forest restoration in
interior areas of biome, so it can maintain the provision of ecosystem services as
well.

Key words: Forest recovery, Forest stability, NDVI
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5 INTRODUCAO

Ecosystem resilience concept (Holling, 1973) has developed along the time and
currently has multiple definitions. Some of these definitions refer to resilience as the
time the system takes to return to its previous equilibrium state after perturbations
(e.g engineering resilience, Pimm et al., 1991; Holling, 1996; Carpenter et al., 2001),
while other definitions encompass multiple stable states of the ecosystem and its
resistance to shift to an alternative stable state (e.g ecological resilience, Gunderson,
2000). In this case, the resistance refers to the ecosystem's capacity to maintain its
structure and function in the face of perturbations through the time (Thompson et al.,
2011). The most recent definitions, consider resistance and recovery as two aspects
of resilience, highlighting distinct mechanisms related to this process (Oliver et al.,
2015). In this study, we worked with resilience as the returning time of ecosystem
previous state following perturbations, characterized by biomass variation in function

of abiotic and biotic factors (Oliver et al., 2015).

Under increasing perturbations, there is a growing concern to determine which
factors make an ecosystem resilient (Willis et al., 2018). Some authors have
demonstrated that temporal and spatial variations of climate, for example,
significantly influence forest resilience around the globe (Hirota et al., 2011;
Verbesselt et al., 2016; Ciemer et al., 2019). Rainfall is one of the most used climatic
variables to measure forest resilience (Hirota et al.,, 2011; Bhagwat et al., 2012,
Poorter et al., 2016). Tree growth can be limited by water availability, therefore lower
rainfall conditions can diminished suitable areas for tropical forest growth (Hilbert et
al., 2001; Staver et al., 2011; Staal et al., 2015; Staal et al., 2016).

Tropical forests exhibits a great variance in regeneration rates (Sansevero et al.,
2017; Poorter et al., 2016; Spasojevic et al., 2015;). Water availability influences the
production of new leaf (Morellato, 1991); the annual vegetation growth has been
related to rainfall seasonality (Becerra et al., 2015). Rainfall seasonality is strong in
semideciduous forests located in the interior Atlantic Forest, while rainforests along
the coastal areas are characterized by low rainfall seasonality. These differences in

rainfall regime result in distinct leaf production periods for the these distinct
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biogeographic subregions. In semideciduous forest such production occurs in
transition from dry to wet season (September and November), and in rainforests

occurs in wet season (November and February) (Morellato et al., 2000).

Another abiotic factor commonly used to quantify forest resilience is soil (Willis et al.,
2018). Poorter et al. (2016) indicated soil fertility as a positive influence in biomass
recovery in secondary neotropical forest’s plots. Other studies pointed out that soil
fertility can limit vegetation growth; low soil fertility can reduce height and density of
trees, and creates canopy discontinuity (Lawrence et al., 2007). Anthropogenic
pressures and distinct type of land use also negatively impacts on biomass recovery
(N'Guessan et al., 2018). On the other hand, forest remnants are a great influence
for colonization rates in abandoned areas, once many frugivorous use those

remnants during dispersion between one area and other (Carriere et al. 2002).

However, resilience can not only be related to abiotic and landscape factors, some
species traits are extremely important to ecosystem function because they are
capable of affect regeneration rates of forest cover and its capacity to recover
following perturbations (Verbesselt et al., 2016; Willis et al., 2018). Animals that
actively move, especially frugivorous, may facilitate ecosystem restoration in
degraded areas by boosting resilience through seed dispersal (Escribano-Avila et al.,
2014; Sasaki et al., 2015). The response diversity (RD) encompass the distinct forms
that species within the same functional groups respond to disturbances (Mori et al.,
2013). The decline or loss of key species to maintain ecosystem function can reduce
species response capacity in the face of changing environmental conditions (Flynn
et al., 2009; Laliberté et al., 2010). High variation in response in such conditions may
prevent the loss of ecosystem functions when key species are lost (EImqvist et al.,
2003). Many studies suggest that RD can be used to evaluate ecosystem resilience
(Elmqgvist et al., 2003; Laliberté et al., 2010; Karp et al.,, 2011). Thus, within a
functional group, RD is extremely important to resilience because it buffers the
ecosystem against degradation and collapse of its own functions (EImqvist et al.,
2003; Mori et al., 2013).

Few studies used bird’s RD to quantify ecosystem process such as resilience; the

majority of papers in literature used plant’s RD (Laliberté et al., 2010; Finegan et al.,



30

2014; Spasojevic et al.,, 2015). In this context, studies investigating resilience in
Atlantic Forests focused only on coastal areas formation of south-eastern Brazil
(Cheung et al. 2010; Sansevero et al.,, 2017 ). Being a highly fragmented biome
(Rezende et al., 2018), it is extremely important to evaluate how a set of abiotic and
biotic factors affect the different biogeographic subregions of the Atlantic Forest.
Identify which set of conditions will improve forest resilience is useful to define priority

conservation areas and to discuss proper restoration practices.

Therefore, our aim was to quantify the effects of abiotic factors (rainfall seasonality,
soil fertility and forest cover) and biotic factors (response diversity of birds) in
geographic variation of landscape resilience along the Atlantic Forest. We also
investigated the effects of resilience on bird’s functional diversity. Here, we used
recovery and resistance to measure resilience of the native forest cover in selected
landscapes along the biome. Using structural equation modelling (SEM) we
evaluated the effect of each factor and their interactions (Fig. 2) in the two

components of resilience, as well as in birds’ functional diversity.

Abiotic factors
Rainfall seasonality
Soil fertility

Landscape factors

> Resilience ———> Bird’s FD

Biotic factors @ Response Predictors
V) h Bird’s response diversity * Response diversity
= r} B . * Resilience *+ Rainfall seasonality
A ¥ * Response diversity  Forest cover
* Functional diversity * Soil fertility
* Resilience

Figure 1: Conceptual model used to test the relationships between biotic and abiotic variables. We
hypothesize that high rainfall seasonality decreases landscape resilience at low forest cover situations,
as well as low soil fertility and low bird’s response diversity should impairs resilience too. Also, we
expect that landscape factors should affect the response diversity of birds and so influencing resilience
as well.
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6 DESENVOLVIMENTO

6.1 STUDY AREA

We selected landscapes within the Atlantic Forest domain, located in eight Brazilian
states (Fig. 2). Due to widely latitudinal and longitudinal extension of the study area
(3°S to 31°S; 35°W to 60°W) there are eight different biogeographic subregions in
study domain (Ribeiro et al., 2009). Here, we only focused on the rainforests along
the coast and semideciduous forest in the west of the biome. Rainforests receives
the greatest rainfall amount (4000mm/year), while in the west this amount is much
smaller (Ribeiro et al.,, 2009). The southeast rainforests are characterized by
absence of dry season and regular distribution of rainfall regimes throughout the year
(Morellato et al., 2000). Semideciduous are marked by their well-defined dry and wet

season and a short dry season in subtropical region (Campanili and Schaffer, 2010).

Originally, the Atlantic Forest cover extents along approximately 150.000.000
hectares, under heterogeneous environmental conditions (Ribeiro et al., 2009).
However, due to its long history of exploration, currently the biome is highly
fragmented with 65% of its surface covered by anthropic areas (Rezende et al.,
2018). The Atlantic Forest remnants estimated by Ribeiro et al. (2009), revealed that
most of their forest remnants (97%) do not exceed 250 hectares of area and only 77

fragments (0,03%) has an area there is equivalent or bigger than 10000 hectares.

6.2 SAMPLE DESIGN

We accessed bird’s occurrence and abundance data along 58 points sampled from
native forest of the Atlantic Forest from Hasui et al (2018) database. We selected
only studies that used mist-net, which were carried out in different years within the
range of 1981 and 2011. Mist-net sampling captures understorey birds and reduces
the error in species count and identification by researches, besides it is of ease
standardization of sample effort between distinct studies (Karr, 1981a; Dunn and
Ralph, 2002). After selecting the study sites and standardization of the sample effort,
we obtained data for 117 species of birds native to the Atlantic Forest (Table S2). We

selected only species with 10 to 100% of its diet consists of fruits (Supplementary
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Material).

We used LANDSAT 8 images, 30m x 30m per pixel spatial resolution, of forest cover
from year 2000, from Hansen Global Forest Cover Data (Hansen et al., 2013).
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Figure 2: Method for delimiting the landscapes in this study. 1. We selected species within an Atlantic birds’

communities along the extension of the biome. 2. From that, we created 1200m radius buffer around the
communities sample points. 3. We delimit the native forest area within each landscape. For each landscape’s

forest cover, we performed NDVI analysis

Since it is a continuous map, we did a reclassification to define forest areas on the
map, thus selecting sites that had at least 60% of native forest. We created a buffer
with 1200m radius around the community sample points, to define our studied
landscapes (Figure 2). We define 1200m because at this spatial scale, the variation
in environmental conditions can be better perceived by the majority of the selected

species (Boscolo and Metzger, 2009; Alexandrino et al., 2019).

6.3 RESILIENCE METRIC

We used The Normalized Difference Vegetation Index (NDVI) as operational variable

to measure resilience. This index is sensitive to photosynthetically active biomass
and is positively correlated with primary productivity. We can also measure plant
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phenology and global carbon cycle through NDVI analysis (Pettorelli et al., 2005).
These index is derived from the equation NDVI = (NIR — RED)/ (NIR + RED), which is
possible to quantify the near infrared (NIR) that is reflected by vegetation and
captured by remote sensors. NDVI goes from -1 to +1; the negative values
correspond to vegetation absence and positive to presence or growth (Marable and
Alvarez-Taboada, 2013).

We analysed NDVI images from MODIS (MODO09) with 250m pixel resolution, from a
temporal series that ranges the years of 2000 to 2016, between September and
November. These images have NDVI values ranging from 50 to 252, obtained
through the equation (ndvi_byte = (ndvi_raw * 200.0) + 50.0), to transform the values.
Values equal or lower than 50 and 252 respectively, indicates database problems
such as clouds presence. We used NDVI standard deviation values (NDVI STD) that
express NDVI or biomass fluctuation along the studied temporal series, and NDVI
temporal median (NDVI TM), which represents the median biomass value over 17
years. Higher biomass fluctuation given by NDVI STD, means that resistance is low.
In this context, NDVI STD refers to forest resistance while NDVI TM refers to forest

recovery.

For greater accuracy, we calculated forest gain though the NDVI difference (2017-
1985) using maps extracted of MapBiomas v.3.1 (Projeto Mapbiomas, 2019). We
selected only those landscapes that presented biomass gain over the years, to obtain
the NDVI value of each gain feature. These values were used in posterior models, as
standard deviation and temporal median of gain NDVI. In this context, higher NDVI
standard deviation values means that gain occurred begin from a non-vegetation
situation. The temporal median of gain NDVI values express biomass quantity in gain
site and so, landscapes with higher values of temporal median represents biomass

gain in an already good ecosystem state.
6.4 ABIOTIC AND LANDSCAPE FACTORS
Bioclimatic data. Precipitation is the major factor that influences vegetation growth

and distribution, since that the majority of net primary productivity is concentrated in

the wettest months (Vlam et al., 2014). Thus, we extracted from Worldclim — Global
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Climate Data (Fick and Hijimans, 2017), annual rainfall seasonality (biol5) to
evaluate the influence of climate on landscape resilience. We choose rainfall
seasonality because it can affect flower, leaf and fruit productions in many ways in
distinct forest compositions in Atlantic Forest. In semideciduous forests, the
production occurs in transition from dry to wet season, while in rainforests the
seasonality of phenological patterns in function of rainfall seasonality is less
pronounced (Morellato, 1991; Morellato et al., 2000). Thus, such seasonality can
contribute to geographic variation of resilience along a latitudinal and longitudinal

gradient of Atlantic Forest.

Soll fertility data. We analysed soil fertility through Embrapa Solos maps (available at
http://mapoteca.cnps.embrapa.br/geoacervo), which provides soil type data based on
its composition and suggested land use. We used fertility to evaluate its influence on
landscape resilience. Typically, sites that present poor soil are less used by
agricultural activities, thus can remain forested (Resende et al., 2002; Silva et al.,
2007). We did an ordinal classification according to the levels of soil fertility provided
by EMBRAPA maps (Table S3). We extracted soil fertility mask for each landscape,
using Spatial Analyst tools, from ArcGis 10.4.1.

Forest cover. To evaluate the effect of forest cover on landscape resilience and bird’s
RD, we created a categorization of forest and non-forest area within landscape

buffers and, after that, we quantify the percentage of forest cover in each landscape.

6.5 MEASURING BIRD’S RD

Response diversity (RD) can measure the resilience of a given community by
indicating the amount of traits that are adapted to cope with distinct perturbations. If a
community presents low response diversity, then all of its species will have similar
responses to ecosystem perturbations (Laliberté et al., 2010). This same community
can be highly susceptible to the majority of perturbations because of the lack of traits
that allows each species to respond differently to distinct environmental conditions
(Elmqvist et al., 2003).

We quantify species RD from FDis (Functional Dispersion) index weighted by
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abundance (Laliberté et al., 2010). FDis is a multidimensional method proposed by
Laliberté et al. (2010) which is not affected by species richness. FDis is based on
Gower’s dissimilarity matrix in specie’s functional trait space, which allows merge
continuous and discrete variables. This index is measured by mean distance of each
species on trait space, thus, we used the FDis values to modelling the effect of RD
on landscape resilience (Apendix 1). A decrease in the dispersion of traits in
functional space, indicates that composition of functional groups has changed to
species that presents similar responses in the face of perturbation, this means loss of

resilience.

6.6 MEASURING BIRD'’S FD

To evaluate the effect of resilience (NDVI STD and NDVI TM) on bird’s functional
diversity (FD) (Fig. 3), we calculate four FD index: functional richness (FRic),
functional divergence (FDiv), functional evenness (FEve) and functional group
richness (FGR). FRic is defined as the species number present in a community,
however, it cannot be weighed by abundance. The more species present in the
community, the greater the functional space of the niche occupied by them. A
community composed by species with similar traits between them, presents low FRic
values (Scheleuter et al., 2010). FDiv is a measurement that comprises variation in
function and grouping traits position within the functional space, that is, differentiation
in resource use. High FDiv indicates a higher degree in differentiation in resource use
that can be interpreted as low competition within a community. This may enhances
ecosystem functions as a result of efficiency in resource use (Mason et al., 2005).
FEve measure how regular are the species traits distributed within a functionally
occupied space, according to species abundance. Lower FEve’s values suggests
that some parts of the niche are underutilized, which may result in decreased

productivity (Mason et al., 2005).

FGR represents the number of functional groups in each landscape, the cut off point
was eight functional groups. Although this may be an arbitrary method, we checked
group’s composition a posteriori. We also excluded from posterior modelling the

functional group eight, because of its insufficient n (n<10).
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All FD indices used in this study were calculated by FD and ade4R package in R
(Petchey and Gaston, 2006; Laliberté and Legendre, 2010). To modelling the effect of
resilience on FD indices we used only FEve as response variable, because the two
models tested with FRic and FDiv were not relevant (p<0.05).

6.7 EFFECT AND RESPONSE TRAITS TO EVALUATE BIRD'S RD OF
FUNCTIONAL GROUPS

We selected seven species traits that can directly or indirectly affects resilience
process (effect traits) and/or influences on response to fragmentation and habitat
loss. There is no classification in literature of bird’s functional traits acting as an effect
and response to resilience process, so we chose characteristics related to dispersion
and regeneration (Table S1 and S2). Using multiple traits is useful because we can
observe the effect of environmental changes on communities (Bregman et al., 2016).
Response traits influences species ability to colonize and persist against
environmental changing (Diaz et al., 2013). A set of effect traits reveals species
influences on ecosystem properties; they are good indicators of its functioning
(Chapin et al., 1996; Lavorel and Garnier, 2002; Garnier et al., 2004). We based on
Stotz et al (1996), Sick (1997), Wilman et al (2015) and Bovo et al (2018) to build the
effect and response traits matrix used in this study (Table S3).

We used only species with at least 10% of its diet composed by fruits once
interactions between animals and plants is extremely important to seed dispersion,
which favours resilience in degraded landscapes. Furthermore, we used wing length,
beak gape, body mass, nesting type, sensitivity to disturbance and forest
dependency as traits related to seed dispersion and response to perturbations (Table
S1). Wing length reflects the ability for long distance dispersion (Hamilton, 1999),
while beak gape reflects the limit size of seed that a bird can swallow, and
consequently, disperse (Wheelwright, 1985). We used body mass because it is a
standard ecological attribute and because the larger the species more able to
disperse greater seeds. Besides, the probability to disperse a seed to far from the
mother plant is higher for larger species (Allenspach and Dias, 2012; Wotton and
Kelly, 2012). Nesting type, sensitivity to disturbance and forest dependence reflects

response traits that may change according to fragmentation and habitat loss. Species
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has different levels of vulnerability to perturbations. Forest dependence for example,
may reflect the location of resource acquisition (Violle et al., 2007). Therefore, birds
with low sensitivity to disturbances can achieve its resources in disturbed
environments. Species’ responses in the face of increasing land use differs between
species with distinct ecological traits. Newbold et al (2013) suggested a decrease of
large frugivorous with forest dependence as the land use increase. Plant
community’s response to environmental perturbations, for example, often depends on

traits related to regeneration and dispersion (Sunding et al 2008).

6.8 STATISTICAL ANALYSIS

We tested multiple hypotheses using Structural Equation Modeling of piecewiseSEM
package in R (Lefcheck, 2015), which make feasible combination of multiple
variables in an only causal network of its direct and indirect relations. Besides,
differently of Path Analysis, the SEM evaluate each component model independently
(Lefcheck, 2015; Ogilvie et al, 2017). We used Shipley’s test of d-separation to check
for the fit of these models. It allows us to see if an inclusion of a missing path, that
means, a relation between variables, where they can act both as predictors and
response, will improve the model fit or not. SEM allows including a wide range of
models and distributions, so in this study we used general linear models to test our
hypothesis. To test response variables with continuous data (NDVI STD and bird’s
FD and RD) we used gamma and Gaussian distributions, and for response variables

with discrete data (NDVI TM), negative binomial.

We built 28 models that predicts variation in resilience and bird’s FD. Our model
included the directly effects of rainfall seasonality, soil fertility, forest cover and bird’s
response diversity on landscape resilience (i.e. recovery and resistance) through 17
years. We included resilience as a predictor of bird’s FD. Moreover, we built models
that included the effects of forest cover on birds’s RD. All those models were repeat
seven times so we can evaluate the effect of bird’s RD of each functional group.
Thus, we calculated the alternative paths that may explain the variation in landscape
resilience and bird’s RD in our study area. Also, we use these same set of models to
predict forest gain, using the standard deviation and temporal median of NDVI gain

values as response variables. We rejected all models with p value lower than 0.05
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and selected those models with highest p value (p>0.05), according to Fischer’s C
(Shipley, 2009).

6.9 RESULTS

The majority of models were plausible (p>0.05), which means there are no paths
missing and the fit of the model is good. We observed that Atlantic Forest landscape
resilience varied according to a geographic gradient. In relation to gain models, only
the recovery (NDVI TM) was affected by landscape and abiotic factors and was
explained by 83% of the data. Our overall models explained 54% of resistance (NDVI
STD) and 91% NDVI TM). The factors that most influenced the two components of
landscape resilience in our study was rainfall seasonality, forest cover and bird’s RD
(Appendix 1).

Rainfall seasonality negatively affected NDVI TM through 17 years, with lower values
related to highly seasonal sites (Fig.3), while forest cover had a positive effect on
biomass increment. In this context, landscapes located in semideciduous forests are
naturally less resilient than landscapes in coastal areas because of the stronger
seasonality. The additive effect of such seasonality with a lower forest cover showed
us a lower resilience situation, indicating an undesirable alternative stable state (Fig.
3).
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Figure 3. Map of the Atlantic Forest resilience according to the additive effects of rainfall seasonality

and deforestation. We built the map by combining the rasters of forest remnants (Ribeiro unpublished
data) and rainfall seasonality (Bioclim15, Fick and Hijimans, 2017), using the estimated coefficients
and the intercept of a linear regression. The green areas represent high resilience zones. Inland areas
(i.e semidecidual and decidual forests) need the most management to improve resilience, as they are
environmentally fragile. Deforestation and fragmentation in these areas are intense because of
agricultural activities, with the additive effect of high rainfall seasonality, the resilience can be lower in

this formation of the Atlantic Forest biome

Regarding resistance (NDVI STD), we observed a positive effect related to a high
RD2 suggesting an effective interference of generalist birds in landscape resilience.
This group is composed by medium sized species with a low frugivory degree (<30%
of diet) and a semi-dependence on forest habitat (Table S2). Because of its high
response diversity under environmental changes, they can thrive in disturbed areas,

and despite being occasionally frugivorous, they can contribute to the regeneration
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process, because of the movements between distinct habitats and thus, improving
resilience as well. RD of the others functional groups did not affect NDVI TM nor
NDVI STD.

6.10 DISCUSSION

According to our expectations, abiotic and biotic factors affected the two components
of resilience. A higher amount of forest cover and lower rainfall seasonality are
related to a more resilient forest because of the higher biomass increment in the long
term. Contrary to our hypotheses, landscape forest cover did not affect bird’s
response diversity. Also, contrary to our expectation birds’ FD were not affected by
landscape resilience. We discuss here only significant (p<0.05) results of our best

models.

6.10.1 Effects of abiotic and biotic factors on landscape resilience

Forest cover can directly determine the magnitude of edge effects (Ewers and
Didham, 2006), which constitutes a barrier against plant regeneration in highly
fragmented landscapes. For example, forest remnants’s borders in contact with
altered environment might decrease in biomass because of environmental
changes (Melito et al., 2018). Thus, forest regeneration can be slower in highly
fragmented landscapes (Hughes et al.,, 1999; Martinez-Ramos and Garcia-Ortiz,
2007). Landscapes with higher biomass fluctuation (NDVI STD) are composed by
highly fragmented landscapes. Besides, these same landscapes presented the lower
biomass values (NDVI TM) and are located in a high rainfall seasonality zones.
Therefore, landscapes with a lower forest cover and higher seasonality are less
stable because they are constantly submitted to anthropogenic pressures like
deforestation and to environmental pressures such as edge effect. These process
cause habitat degradation and leads to biomass reduction, characterized by
fluctuation in biomass quantity given by NDVI STD. Staver et al. (2011) suggested
that high rainfall seasonality can reduce the stability of tropical forests. Therefore, the
additive effect of such seasonality and lower forest cover, can strongly impair

landscape resilience in semideciduous forests of the Atlantic Forest biome.
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Additionally, a decrease in bird’s response diversity can diminished resistance in the
face of such perturbations, which collaborates even more for biomass reduction.
Frugivorous bird’s response diversity might collapse in highly disturbed habitat
because of fruiting tree removal (Bregman et al., 2016). The collapse in seed
dispersal network at low levels of habitat cover is pushed up by changes in
community composition (Vidal et al., 2019). Thus, it is important to maintain at least
30% of forest cover in landscapes to assure the integrity of species composition and
the structure of frugivory's networks (Banks-Leite et al., 2014). The loss of old growth
forest leads to a reduction in habitat availability and connectivity (Fahrig, 2013),
which limits the dispersion of moving species and, consequently, of seeds between

regenerating areas (Didham et al., 2012).

Species do not have equally responses to environmental changes because they
present distinct ecological traits, which interacts differently to landscape
composition (Swift et al., 2010; Oliver et al., 2015). These different responses will
guarantee ecosystem services provided by species, because it prevents the loss or
reduction of key species that maintain ecosystem functioning (Mori et al., 2013). In a
low response diversity ecosystem, modifications in environmental conditions might
negatively influence the majority of species at the same time, which compromise the
recover capacity after disturbances. Our results highlight the influence of response
diversity of medium omnivorous birds (Fig. 4) for resilience in Atlantic Forest
landscapes. Regeneration process can be impaired by changes in birds’
communities’ functional traits. Bregman et al. (2016) suggested that forest
regeneration ability depends on the presence and proximity with seed dispersion
birds. However, some species are favoured by reduction in forest cover at the
landscape scale. This reduction creates suitable habitats that favour generalist birds

that can achieve its resources in disturbed areas (Morante-Filho et al., 2015).

We observed a higher biomass fluctuation, related to high response diversity of
medium omnivorous birds. Because environmental perturbations may decrease
specialist species (e.g. frugivorous) and favours the generalist ones (e.g.
omnivorous) (Pardini et al., 2009; Morante-Filho et al., 2015), the extinction of some
frugivorous might change seed dispersion patterns, affecting forest structure (Moran

and Caterral, 2014; Morante-Filho et al., 2015). Due to their ability to move between
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distinct habitats, generalist species can contribute to regeneration processes in
modified forested landscapes (Neuschulz, Botzat and Farwig, 2011), thus maintaining
its ecological functions. However, they provide different functions in relation to
frugivorous birds (De Coster et al., 2015), which might lead the regeneration process

into a different pathway.

6.10.2 Ecological restoration recommendations for the Brazilian Atlantic Forest biome

Besides considering the spatial variation of the Atlantic Forest resilience, it is
important think about the spatial variation of the potential for natural regeneration,
when planning for restoration efforts (Rezende et al., 2018). Therefore, the green
areas on the map (Fig. 6), particularly in coast areas of the biome, carry a great
potential for natural regeneration once they are located in low seasonality zones and
the majority of nature reserves and larger fragments of mature forests are
concentrated in these areas. However, it is important to conserve these areas as
mature forests have taken decades to form, as well as the ecosystem services
provided by them, such as seed dispersion. Therefore, increasing the area of nature
reserves must be considered, to maintain their stability. In relation to the orange
areas on the map, especially the interior areas of Sdo Paulo and Minas Gerais
states, need a special focus on conservation efforts. Besides these areas are located
in high seasonality zones, they are highly degraded and fragmented because of the
agricultural activities. Thus, restoration efforts in these situations should focus not
only on proper management of the surrounding matrix to minimize edge effects
(Ribeiro et al., 2009) but also in increasing forest cover amount.  Additionally,
different land use types and the socio-economic context must be included in

restoration planning’s (Rodrigues et al., 2011).

According to the geographic variation of resilience (Fig. 6), the north portion of the
Atlantic Forest biome it is in the worst state. The interior of Bahia and Piaui states,
presents a naturally low resilience, which can make difficult to restore the area, not
only due to its environmental pressures but also, because of the high cost for the
restoration efforts. These areas are naturally fragmented (Ribeiro et al., 2009) and

the high seasonality of the rainfall impairs the potential for resilience (Fig 6). In such



43

adverse environmental conditions, passive regeneration is impaired. Therefore, there
is a need to increase the forest cover area to create functional connectivity to
maintain key species for seed dispersal process. Although smaller fragments tend to
be poor in resources, they can be useful to allow the movement of species that can
enhance seed dispersal process (Sekercioglu et al., 2006), when clustered. (Ribeiro
et al., 2009).

Because of the insufficient number of large frugivorous species in our dataset, we
cannot evaluate their effect on resilience neither how this group is affected by the
landscape. The method used to sample Atlantic forest birds’ communities limits the
capture of large frugivorous (e.g toucans, jacus and cotingas). Despite our models
limitations, our results emphasized the relevance of investigated relations between
landscape, biodiversity and resilience. This point out the need for a management
that prioritizes conservation of some relevant functional groups instead of species per
si, because some groups may exhibit distinct ecological responses that contribute
more to resilience in the face of environmental change. Additionally, we highlight the
fragility of semidecidual forests located at high rainfall seasonality zones, because
many of them are highly fragmented and/or degraded. Forest cover plays a key role
in landscape resilience, because it buffers the ecosystem against biomass
fluctuation. Future analysis must include landscape connectivity metrics, to identify
possible thresholds for resilience and ecosystem services provision (e.g. seed
dispersion) in highly fragmented landscapes of Brazilian Atlantic Forest. Also, it is

important to evaluate how birds will respond in a scenario of climate changes.
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7 CONSIDERACOES FINAIS

Dentre os fatores que afetam a resiliéncia de paisagens tropicais, a cobertura
florestal se destaca como fator que exerce o maior efeito. A maior quantidade de
cobertura florestal se relaciona positivamente com a resiliéncia. A interacdo com a
sazonalidade das chuvas revelou o baixo potencial de resiliéncia de paisagens
fragmentadas, localizadas nas zonas de alta sazonalidade. Assim, a quantidade de
floresta nativa é imprescindivel para garantir condi¢des favoraveis a regeneracao de
paisagens perturbadas. Através do mapa da resiliéncia deste estudo, é possivel
tracar estratégias de restauracdo que levem em consideracdo o alto potencial para
regeneracao natural, sendo importante para minimizar oS custos com a restauracao.
Além disso, 0 mapa evidencia que as regides mais degradadas se encontram nas
areas altamente povoadas. Sendo assim, é importante identificar nestas regides, as
areas criticas para conservacao e assim tracar estratégias mais eficientes para a
provisao e continuidade dos servi¢gos ecossistémicos.

A relacdo direta do alto desvio padrdo do NDVI (usado para medir a
resisténcia) com a alta diversidade de resposta das aves onivoras evidencia uma
troca do estado de equilibrio na paisagem. A alta diversidade de resposta de
espécies mais generalistas pode ser capaz de alterar os padrdes de dispersédo de
sementes, 0 que pode direcionar a regeneragado para outro caminho, onde pode se
estabelecer um estado alternativo do ecossistema. Assim, conservar espécies que
carregam caracteristicas funcionais importantes para dispersdo de sementes é
essencial para garantir a estabilidade de florestas frente ao aumento das

perturbacdes em paisagens tropicais.

"O presente trabalho foi realizado com apoio da Coordenacéo de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) - Codigo de Financiamento 001.
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Appendix 1: Structural Equation Modeling showing the direct and indirect effects of abiotic and biotic
and variables on resilience and bird’s FD for our overall models with the highest p value (p>0.05). The
fit of the model was obtained through Shipley’s test of separation, using Fischer’s C statistic. The solid
and dashed arrows represent significant (p<0.05) and non-significant relationships, respectively. NDVI
STD = standard deviation of NDVI, NDVI TM = temporal median of NDVI, RD2 = response diversity of
functional group of medium omnivorous birds (code 2), FEve = bird’s functional evenness.



NDVI TM (gain)

NDVI TM (gain)

240

220

200

180

160

140

220

200

180

160

140

55

Appendix

220
200

180

NDWI T

160 . g

| | | | |
20 40 60 80 100 20 40 o0 80

Landscape forest cover (%) d

220
200

180

NDVI TM

160 .

100

| | | |
20 A0 80 30 20 40 60 80

Rainfall S lity (%
Rainfall seasonality (%) ainfall Seasonaltty (%)

Appendix 2: The relationship between resilience and gain given by NDVI TM, and (a, b) landscape
forest cover and (c, d) rainfall seasonality. Landscape forest cover positively influences resilience and

gain in Atlantic Forest landscapes, while a high rainfall seasonality impairs both the resilience and

forest gain.
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