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Dedicatoria

Dedico essa tese a toda jovem comunidade cientifica. Ser cientista
num ambiente com muitas adversidades ndo é uma tarefa facil, mas
enxergar a resisténcia e resiliéncia em cada um de vocés, me
fortalece!
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Epigrafe

"Para nacer, sélo basta un empujon
La vida viene y no depende de un millén
Para aprender a pararse, hay que intentar

Lanzarse al suelo y volverse a levantar
Y caminando no serds el mds veloz
Pero el paisaje suele ser mucho mejor
El mundo entere rodard bajo tus pies

De ti depende, lo que quieras recorrer”

“Monsieur Periné - No Hace Falta”
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Resumo

O desmatamento e a fragmentacao nas paisagens florestais tropicais promovem
mudancas na estrutura da paisagem, em geral com perda de florestas antigas para
a agricultura ou pastagem, parcialmente compensada com a regeneracao das
florestas secundarias jovens. Tal processo gera paisagens heterogéneas, com
florestas secundarias em diferentes estadios de sucessao e perturbacao. O estoque
de carbono nestas florestas pode, assim, variar muito e essa variagdo pode ocorrer
em diferentes escalas espaciais. Esta tese explora essas variacdes no nivel da
paisagem, procurando entender como fatores da paisagem, como cobertura
florestal e distancia da borda modulam o estoque de carbono, considerando em
particular seus efeitos em florestas maduras (em processo de fragmentacdo) e em
florestas jovens. Trabalhamos com dados LiDAR (Light Detection And Ranging) de
alta resolucdo espacial, obtidos em florestas secundarias da Mata Atlantica em
duas regides com condi¢des contrastantes de paisagem: na serra da Cantareira, no
sudeste do Brasil, onde a floresta foi intensamente perturbada e fragmentada, e no
Parque da Serra do Conduru, no nordeste do Brasil, onde a cobertura florestal
ainda predomina. Os resultados indicam que florestas secundarias tropicais de
paisagens antropizadas possuem baixos valores de estoque de carbono em
comparacdo com outras florestas tropicais. Além disso, existe uma alta
heterogeneidade espacial, guiada principalmente por fatores da paisagem e locais,
como perturbagdes antrdpicas. De forma inédita, mostramos que florestas
maduras e jovens respondem de forma oposta a proximidade da borda florestal:
em florestas maduras, a biomassa é mais baixa na borda do que no interior,
conforme relatado por outros autores anteriormente, porém nas florestas jovens,
esse efeito € positivo, com maior biomassa na borda do que no interior do
fragmento. Esse efeito invertido de borda em florestas jovens ainda ndo havia sido
descrito para florestas tropicais. Tendo em vista as implicacdes globais da intensa
fragmentacao florestal para os processos ecossistémicos, trabalhos como esse que
quantificam os efeitos da paisagem, e em particular das bordas, sobre a biomassa
sdo essenciais para projecoes climaticas e de estoque de carbono. O presente
trabalho contribui para o melhor planejamento de paisagens tropicais em relacdo
ao estoque de carbono florestal. A¢des que promovam o aumento da cobertura
florestal através da regeneracdo ou restauracdo ao redor de florestas maduras
podem evitar uma maior perda de biomassa em florestas nativas mais antigas,
além de promover um rapido acumulo de carbono nas florestas jovens.
Concluindo, nossos resultados sugerem que os estoques de carbono em paisagens
antropizadas e fragmentadas podem ser altamente afetadas pela estrutura da
paisagem, e particularmente que as condi¢des das bordas podem favorecer o
sequestro de carbono nas fases iniciais de regeneracao de florestas tropicais.

Palavras-chave: Florestas secundarias, Biomassa, Mata Atlantica
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Abstract

Deforestation and fragmentation in tropical forests result in changes in landscape
structure, with old forest losses for agriculture or pasture, partially offset with the
regeneration of young secondary forests. This process generates heterogeneous
landscapes, with secondary forests in different stages of succession and
disturbance. The carbon stock in these forests can thus widely vary at different
spatial scales. This thesis investigates these variations at the landscape level,
seeking to understand how landscape factors, such as forest cover and edge
distance, modulate the forest structure and carbon stock, considering both its
effects on old-growth forests (in the process of fragmentation) and young forests.
We worked with LiDAR (Light Detection And Ranging) data to obtain canopy
height information and carbon stock of secondary forests of the Atlantic Forest in
two regions with contrasting landscape conditions: in the Cantareira region,
southeastern Brazil where the forest was intensely disturbed and fragmented, and;
in the Parque do Serra do Conduru, in northeastern Brazil, where forest land cover
still predominates. The results indicated that tropical secondary forests of
anthropic landscapes have low values of carbon stock compared to other tropical
forests. In addition, there was a high spatial heterogeneity, guided mainly by
landscape and local factors, such as anthropic disturbances. Unexpectedly, we
found opposite responses of old-growth and young forests to the proximity to the
forest edge: in old-growth forests, biomass was lower at the edge than in the
interior, as reported by previous studies, but in young forests, this effect is
positive, with higher biomass at the edge than in the interior of the forest patch. To
the best of our knowledge, this is the first time a scientific research describes this
inverted edge effect on young forests. Given the global implications of intense
forest fragmentation for ecosystem processes, studies that quantify the effects of
the landscape structure, and particularly of the edges, on biomass are essential for
climate and carbon stock projections. The present study contributes to a better
planning of tropical landscape management in relation to its potential to stock
forest carbon stock. Actions that promote increased forest cover through
regeneration or restoration surrounding remnant forests may prevent further
biomass loss in older native forests, as well as promote rapid carbon accumulation
in young regenerating forests. In conclusion, our results suggest that carbon stocks
in anthropogenic and fragmented landscapes can be highly affected by landscape
structure, and particularly that edge conditions can favor carbon sequestration in
tropical forest at initial stages of regeneration.

Keywords: Secondary forests, above-ground biomass, Atlantic forest

11



10

11

12

13

14

15

16

17

18

19

20

21

22

Introducgao geral

As florestas tropicais, caracterizadas pela alta biodiversidade, sao as
formacdes que mais tém sofrido com essa intensa transformacao ao longo
dos ultimos anos (Achard et al., 2002). Aproximadamente mais de 60% das
florestas encontra-se ocupado por paisagens agricolas ou urbanas do que
por paisagens naturais (Reinmann & Hutyra, 2017) e mais da metade da
cobertura restante é composta de florestas secundarias em diferentes
estagios de regeneracdo natural (Poorter et al.,, 2016). O desmatamento para
uso agricola e de pastagens é o principal motivo dessa conversao.
Consequentemente, as florestas remanescentes encontram-se altamente
fragmentadas: 70% estdo situadas a menos de 1 km da borda com uma area
de uso antrépico (Remy et al,, 2016) e 20% nos primeiros 100 m (Haddad et
al., 2015). Os efeitos diretos e indiretos das condigdes microclimaticas
nessas florestas fragmentadas e o intenso regime de perturbacdo antropica
nas bordas de florestas sao apontadas como responsaveis por
aproximadamente 10% da reducao de estoque de carbono em florestas
tropicais (Chaplin-Kramer et al., 2015), alcancando valores de reducao de

50% nos primeiros 100 metros na Floresta Amazoénica (Laurance, 1997).

O histérico de perturbagdo humana, que afeta a estrutura da
vegetacdo, também pode contribuir para explicar as mudancas nos estoques
de carbono (Brown e Lugo, 1990). A interacdo entre fatores que agem na

escala da paisagem (ou seja, que consideram o espa¢o no entorno das
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bordas, como a cobertura florestal, tipo de matriz, e mesmo o efeito de
borda) e o regime de perturbacdo humana também é assim esperada na
regulacdo do carbono em paisagens secundarias antropizadas. A topografia,
por exemplo, pode atuar como um fator limitante para o acesso humano,
uma vez que florestas localizadas em encostas ingremes devem ser menos
degradadas devido a dificuldade de acesso humano. Consequentemente,
esses locais sdo mais desafiadores para a remocao de arvores, levando a
persisténcia de grandes arvores e maior biomassa acima do solo na
paisagem (Becknell et al., 2018). Esses padrdes foram previamente
observados na Mata Atlantica Brasileira (Silva et al. 2007; Vieira et al,,
2011). Apesar da relevancia desses fatores para uma melhor compreensao
da dinamica do estoque de carbono em paisagens dominadas pelo homem e,
consequentemente, para um melhor gerenciamento de paisagens
fragmentadas para enfrentar as mudancas climaticas, a importancia relativa

e a interacao entre esses fatores ainda sdao pouco compreendidas.

Os processos que agem na regulacao do estoque de carbono florestal
se inserem no contexto dos processos descritos acima, podendo variar muito
em paisagens antropizadas e essa variagdo pode ocorrer por efeitos em
diferentes escalas espaciais e temporais. Fatores abiéticos, como o clima e o
relevo, atuam sobre o acimulo de carbono em escala regional, enquanto
perturbacées humanas influenciam diretamente o estoque de carbono em
escala local. Entre estas duas escalas espaciais, os efeitos da dindmica da

paisagem, por meio da fragmentacdo e desmatamento, também atuam sobre
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o manutengdo do carbono em paisagens antropizadas. No entanto, a
importancia relativa destes fatores atuando na estrutura florestal é mal
compreendida, apesar da relevancia deste conhecimento para uma melhor
compreensdo do estoque de carbono e, assim, para uma melhor gestao das

nossas paisagens para enfrentar as mudangas climaticas.

As florestas tropicais sdo responsaveis por grande parte do estoque
mundial de carbono terrestre (Falkowski et al., 2000; Vieira et al., 2008), por
isso, as mudancas na composicao e estrutura das florestas tropicais tém sido
apontadas como uma das principais causas do aumento da concentragdo de
gas carbdnico na atmosfera, e por consequéncia, como um dos principais
vetores das mudangas climaticas globais (IPCC, 2018). Por outro lado, mais
da metade das florestas tropicais nativas sao florestas jovens, grande parte
em estagio inicial de sucessao florestal (FAO, 2017), e estas possuem altas
taxas de captura de carbono atmosférico, com potenciais consequéncias
para o ciclo global de carbono (Grace et al,, 2014). Tendo em vista a continua
fragmentacao em florestas tropicais, o efeito de borda atuara como um
importante papel na limitacao das estimativas de estoque de carbono
terrestre e sua relacdo com a regulacao climatica (Reinmann & Hutyra et al.,
2017). Embora as respostas estruturais das florestas a fragmentag¢ao, como
crescimento, mortalidade e recrutamento a criacdo das bordas, possuem
padroes espaco-temporalmente dinamicos, a maioria das observacoes de
biomassa e estoque de carbono em bordas florestais sdo baseadas em

bordas estaticas, ou seja apoiada na resposta da floresta num unico
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momento no tempo (Smith et al., 2018). Além disso, essas abordagens nao
foram delineadas para capturar os efeitos das adjacéncias, como diferentes
tipos de matriz e perturbagdes antrépicas, como corte seletivo, abertura de

trilhas e entrada e gado (Smith et al., 2018).

Nesse contexto, precisamos urgentemente entender melhor os
processos de recomposicao e resiliéncia de biomassa em florestas altamente
fragmentadas (Poorter et al.,, 2016). Taxas de regeneracao florestal sdo
altamente variaveis e os condutores dessa variacdo sdo escassamente
compreendidos, o que torna muito dificil a modelagem de estoque de
carbono com os dados disponiveis (Norden et al., 2015). Além disso,
precisamos de fontes de dados e analises que nos fornecam informagdes em
escala regional e com alta resolucdo espacial. Os estudos com crono-
sequéncias, muitas vezes baseados em um pequeno nimero de parcelas, ndao
conseguem capturar a variacdao de biomassa em relacao as condi¢des da
paisagem (Becknell et al., 2018). Embora estes estudos sejam cruciais para
mensurar muitas variaveis locais importantes como densidade de espécies e
propriedades do solo, abordagens em extensdes territoriais mais extensas,
utilizando dados espaciais com alta resolucao, como os dados LiDAR (do
inglés, Light Detection and Ranging), possibilitam a quantificacdo da
cobertura e regeneracdo em largas escalas espaciais e com alta definicao
(Leitold et al., 2015; Becknell et al., 2018). Os dados LiDAR fornecem

métricas diretas de altura e densidade de dossel, as quais podem ser
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utilizadas para gerar estimativas de biomassa florestal (Lefsky et al. 2002,

Asner & Mascaro 2014; Becknell et al., 2018).

Os capitulos incluidos na presente tese representam estudos que
estimam, por meio de uma base de dados LiDAR, o estoque de carbono em
florestas secundarias da Mata Atlantica e procuram entender como a
estrutura da vegetacdo dessas florestas secundarias é modulada pela
regeneracao e estrutura da paisagem. Em particular, os estudos estao
focados em bordas florestais com uma abordagem multi-escalar,
considerando fatores da paisagem, como cobertura florestal e distancia da
borda, além da relacao com fatores temporais. A tese aborda esses aspectos

em trés capitulos:

1. O capitulo 1, sob o titulo: “Inverted edge effect pattern on carbon
stocks in secondary tropical forests”, estima o estoque de carbono a
partir de dados LiDAR e inventario florestal. A partir disso, realiza
uma analise exploratdria de como fatores na escala da paisagem
(relevo, e caracteristicas de composi¢do e configuragdo da paisagem)
e na escala local (idade, composicao floristica e perturbagdes
antropicas) afetam os estoque de carbono em uma paisagem na regiao
de estudo da Cantareira;

2. 0O capitulo 2, sob o titulo: “Landscape effects overtake abiotic and age
influences on forest biomass in tropical fragmented landscapes”, tem

como objetivo principal quantificar os efeitos dos fatores da paisagem
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(cobertura florestal e distancia da borda na estrutura vegetacional -
abordada como altura maxima do dossel - considerando também os ja
reconhecidos efeitos do relevo e idade em florestas jovens e maduras
nas duas regides de estudo (Cantareira e Conduru).

3. 0O capitulo 3, sob o titulo: “Contrasting edge effects over successional
stages in secondary tropical forests”, usa a altura maxima de dossel,
como indicador de estrutura vegetacional para entender como se da o
efeito de borda em florestas jovens e maduras, utilizando uma
abordagem sistematica e pareada nas duas regioes de estudo

(Cantareira e Conduru).

O sistema de estudo do presente trabalho é a Mata Atlantica
brasileira. Trata-se de uma floresta tropical altamente diversa e ao mesmo
tempo altamente ameacgada, visto que sofre niveis sem precedentes de perda
de habitat, além de outras perturbacgdes antropicas desde o século 16 (Joly et
al., 2014). Este é um cendrio ideal para aprimorar a compreensao sobre os
fatores que modulam os estoques de carbono em florestas tropicais de
paisagens antropizadas (Metzger, 2009; Tabarelli et al.,, 2010). Hoje em dia,
esta floresta esta reduzida a cerca de 28% de sua distribuic¢do original
(Rezende et al.,, 2018; Figura 1), com a maior parte dos fragmentos florestais
remanescentes sendo reduzida a pequenos fragmentos, com menos de 50 ha
(Ribeiro et al., 2009). Cerca de 46% dos remanescentes encontram-se a
menos de 100 m da borda (Ribeiro et al., 2009). A Mata Atlantica ainda sofre

com a expansao de diversos cultivos, como a cana-de-actcar e o eucalipto,

17



10

11

12

13

14

15

16

17

18

19

20

21

22

além da expansao das areas urbanas e da ampla ocupagao por areas de
pastagem (Ribeiro et al., 2011). Atualmente, cerca de 120 milhdes de
pessoas vivem na area original da Mata Atlantica, boa parte em areas

urbanas de grande porte (Tabarelli et al., 2010).

Dentro do dominio Mata Atlantica, duas regides de estudos,
Cantareira, no estado de Sdo Paulo (Cantareira) e a Serra do Conduru na
Bahia (Conduru), foram selecionadas. Essas duas regidoes apresentam
condicOes contrastantes de paisagem, as quais nos permitem explorar o
efeito de distintos contextos em relacdo aos processos que modulam
regeneracdo florestal. Cantareira é menos florestada, com apenas cerca de
20% de vegetacao nativa, e intensivamente perturbada, enquanto que
Conduru possui aproximadamente 80% de cobertura de vegetagdo nativa,
além de sofrer menos com perturbagdes antropicas atualmente. Em relacao
a proporcao de florestas em estagio inicial de sucessao (aqui definida como
sendo com menos de 28 anos), a Cantareira é composta por cerca de 5% de

florestas jovens, enquanto que esse valor ndao chega a 1% no Conduru.

A Cantareira (Figura 1C, 1D e 1F) é um importante corredor ecolégico,
considerado como de alta prioridade para conservagao da biodiversidade no
estado de Sao Paulo (Rodrigues et al., 2008; Joly et al., 2010). As paisagens
nessa regido sao muito heterogéneas e compreendem diferentes tipos de
uso de solo antrépico, sendo majoritariamente composto por campos

antropicos em pequenas propriedades e silvicultura, principalmente
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Eucalyptus spp. Os remanescentes de vegetacao nativa estao em
propriedades particulares e estdo submetidos a diferentes niveis de
perturbacao (Whately and Cunha 2006). O Conduru (Figura 1B e 1E) é uma
area de Parque estadual, que esta sobre protecdo ha mais de 20 anos. Essa
regido é uma das maiores areas continuas de Mata Atlantica do Nordeste
brasileiro. Compreende manchas de florestas secundarias em diferentes
estagios de regeneracao, areas com restauracdo ativa e dreas remanescentes
que sofreram corte seletivo no passado. Além do corte seletivo, outras
atividades como caca e exploracao de fibra vegetal foram relativamente
comuns no passado (Piotto et al., 2009). Além disso, existem areas de
pastagem, estradas de terra e algumas trilhas utilizadas pela comunidade

local dentro do parque (Becknell et al., 2018).

Esperamos com essa tese expandir nosso conhecimento sobre como
processos que operam no nivel da paisagem afetam (em interacao com
outros fatores, ligados ao relevo e as perturbacdes humanas) a regulacao de
biomassa em paisagens florestais tropicais, considerando em particular o

efeito de borda em florestas com diferentes idades.
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Dominio Mata Atlantica
- Floresta madura (mais de 30 anos)
- Floresta jovem (menos de 30 anos)

Figura 1. Representacdao do dominio Mata Atlantica a distribuicdo de florestas maduras (mais de 30 anos) e florestas jovens

(menos de 30 anos). Os painéis B e E representam a area de estudo do Conduru e os painéis C, D e F representam a area de

estudo da Cantareira.
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Capitulo 1: “Inverted edge effect pattern on carbon stocks in secondary

tropical forests”

I[sabella Romitelli, Jomar Magalhdes Barbosa, Rodrigo Trassi Polisel, Michael

Keller and Jean Paul Metzger

ABSTRACT

Although the importance of tropical forests to regulate greenhouse gases is well
documented, little is known about what factors affect the ability of secondary
forests to store carbon in human-dominated landscapes. Among those factors,
landscape structure, forest disturbance, and topography aspects can have
important roles. Here, we evaluated, using field and LiDAR (Light and Detection
and Ranging) data, how landscape effects (composition, configuration, and
terrain) affect directly forest carbon stock in human-dominated landscapes from
the Brazilian Atlantic forest. At the site level, we also explored directly how
landscape effects affect local vegetation composition and structure which in turn
affect carbon stock, as well such factors affects carbon stock. The study area
showed a relatively low carbon stock (45.49 + 9.34 Mg ha-1) when compared with
other Atlantic forest regions. At landscape level, the interaction between forest
cover, edge effect and slope was the best combination of explanatory variables for
carbon stock. Although carbon stocks were low both at the edges and interior of
the studied secondary forest fragments, we found carbon stock to be higher close
to the edges. This unexpected edge effect contradicts the usual pattern reported in
the literature for old growth forests. We argue this pattern is related with a
positive effect that microclimatic conditions in the edge can have stimulating
forest regeneration, as we tested at plot level which edge distance and floristic
composition, mainly shade-tolerant species proportion, affect carbon stock. These

results suggest that carbon stocks in human-dominated and fragmented
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landscapes can be highly affected by the landscape structure, and particularly that

edges conditions can favor carbon sequestration in regenerating tropical forests.

Keywords: tropical forests, fragmented landscapes, above-ground biomass,

Atlantic forest, lidar

1. Introduction

Tropical forests have undergone an intense transformation over the last few
years (Achard et al.,, 2002) mainly due human activities, such as logging, hunting,
agricultural expansion, and human settlement (Giam, 2017). Currently, about 50%
of tropical and subtropical forests have already been fully converted to non-forest
areas (Sanderson et al., 2002; Hoekstra et al., 2005), and more than half of the
remaining cover is composed of secondary forests at different stages of natural
regeneration (Poorter et al,, 2016). The consequence of this transformation is not
only the loss of biodiversity (Chapin et al., 2000) but also a reduction in the
provision of different ecosystem services, including the capacity of those forests
to capture and stock carbon and thus to mitigate climate change (Berenguer et al.,
2014). Although the importance of tropical forests to regulate greenhouse gases is
well documented (e.g. Bonan, 2008; Pan et al., 2011), there are some knowledge
gaps of how local- and landscape-level factors interact to affect the ability of
tropical forests to store carbon in human-dominated landscapes (Laurence et al.,
1997; Melito et al., 2018; d’Albertas et al.,, 2018; Romitelli et al., in prep.). Local-
and landscape-level factors, e.g. species composition, forest age, landscape

composition, terrain and human impact, may have large implications on forest
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degradation and regeneration, and thus can impact the temporal dynamic and

spatial distribution of carbon stock.

Forest areas located near edges receive more insolation and are usually hotter
and drier and are more exposed to wind effects when compared to the forest
interior (Laurance et al,, 2011). As consequence, tree species composition is
strongly affected by microclimatic changes in forest edges, as well by floristic and
functional simplification induced by edge creation (Lobo et al.,, 2011; Michalski et
al. 2007). In particular, forest edges with contrasting or open matrix, such as
crops or pasturelands, have higher mortality of large trees (Laurance et al., 1997;
D’Angelo et al., 2004) and higher dominance of initial successional species
(Laurance et al., 2011), potentially resulting in lower carbon stock on forest edges
as compared to non-fragmented primary forests (Laurance et al.,, 2001). In
addition, landscapes with severe forest fragmentation and large forest-edge
extension could tend to store less carbon than landscapes with the same amount
of forest where fragments are bigger and more compact (Piitz et al, 2011). The
combined influence of adjacent edges can also intensify ecological changes in
comparison to what would be expected from a single forest edge (Ries et al.,
2004). Overall, it is expected that landscapes with less amount of forest, more
contrasting matrix and more abundant edges will have less carbon stock (Melito
et al.,, 2018). Additionally, different abiotic conditions, generally related to terrain,
soil, and climate, can alter forest regrowth as well as the distribution of big trees
on the landscape (Castilho et al., 2006), and thus can modulate carbon
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accumulation. Although the above-mentioned processes are expected for primary
and old-growth forests, we know very little how the forest edges determine
landscape-scale carbon stock in secondary forests with different stages of natural
regeneration. The microclimate conditions near to the edge could promote the

regeneration while increasing the light availability for photosynthesis.

The history of human disturbance, which affects the vegetation structure, can
also contribute to explain changes in carbon stocks (Brown and Lugo, 1990). The
interaction between landscape-level factors (i.e. forest cover, matrix type, edge
effect) and human disturbance is also expected. Topography, for example, may act
as a limiting factor for human access as forests located on steep slopes are
expected to be less degraded due to the difficulty of human access and
consequently those places are more challenging to remove trees, persisting large
trees standing and more aboveground biomass in the landscape (Becknell et al.,
2018). These patterns have been observed in the Brazilian Atlantic forest (Silva et
al. 2007; Vieira et al,, 2011). Despite the relevance of those factors for a better
understanding of the dynamics of carbon stock in human-dominated landscapes,
and consequently for better management of fragmented landscapes to face
climate change, the relative importance and the interaction among those factors

are poorly understood.

Using field and LiDAR (Light and Detection and Ranging) data, here, we

evaluated how landscape and local conditions affect directly and indirectly carbon
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stock from the Brazilian Atlantic forests in different growth stages and located at a
human-dominated landscape. We expect that landscape composition,
configuration and terrain interact with local-level factors (forest age, edge
distance, human disturbance) to determine vegetation composition and structure
(floristic composition, shade-tolerant species proportion and mean wood-
density), which in turn affect carbon stock (Figure 1). This is one of the few
studies that estimate carbon stock in Atlantic secondary tropical forest with high-
resolution LiDAR data, allowing analyses at both site and landscape levels. Due to
its large extent and long history of deforestation, fragmentation, and current
regeneration process, the Brazilian Atlantic forest is an ideal system to improve
our understanding on the landscape factors that modulate carbon stocks in

tropical secondary forests (Metzger, 2009; Tabarelli et al., 2010).

2. Methods

To understand how landscape and local conditions affect directly and
indirectly carbon stock, we performed two different carbon stock calculations: a
site level estimation by allometric models of above-ground biomass and; a
landscape level estimation using LiDAR models. As well, we performed the
explaining carbon stock spatial distribution at two levels: landscape and local
level. The influence of landscape and local conditions was performed by model
selection with all possible combinations of two variables (with and without

interaction), a null model (no effect) and all single models. The landscape
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variables were forest and matrix cover, Euclidean and additive edge effect,
elevation, slope and aspect. The local variables were forest age, edge distance,
human disturbance and floristic composition, shade-tolerant species proportion

and mean wood-density.

The landscape and plot-level explaining carbon stock spatial distribution
(Figure 1) considered the direct effects of landscape conditions; and composition
and structure vegetational conditions on carbon stock and the indirect effects of
local conditions on composition and structure vegetational. Thus, we presumed
that the carbons stock changes are effect of composition and structure

vegetational changes promoted by local conditions.

At landscape level, composition and structure vegetational conditions were not

considered due the data absence at this scale.

2.1 Study region

The Brazilian Atlantic forest is a highly diverse and endangered tropical forest
that experienced unprecedented levels of habitat loss and other human
disturbances since the 16th century (Joly et al., 2014). This forest was reduced to
ca. 28% of its original distribution (Rezende et al., 2018) with most of the
remaining forest patches being reduced to small fragments, with < 50 ha (Ribeiro
et al,, 2009), including 46% of this forest at less than 100 m distant from an edge

(Ribeiro et al., 2009). Annual deforestation rates are around 0.5% for the whole
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Atlantic Forest (220 km2 year-1; Soares-Filho et al., 2014), but may reach up to

2.9% in the Sao Paulo metropolitan area (Teixeira et al., 2009).

The study region, the Cantareira-Mantiqueira corridor, is located in Southeast
Brazil encompassing a wide mountain ridge region responsible for more than
50% of the water supply of the city of Sdo Paulo (Cantareira System). This region
is not only relevant for water supply but also for biodiversity conservation. It
includes an important ecological corridor which was considered of high priority
for biodiversity conservation at the state level (Rodrigues et al., 2008; Joly et al,,
2010). Landscapes of the Cantareira-Mantiqueira corridor are very
heterogeneous, comprising different land uses, mostly pasture areas in small
properties and reforestation, especially with Eucalyptus spp. Native Atlantic
Forest vegetation, in different successional stages and submitted to different
levels of disturbance, represents 21% of the studied region (Whately and Cunha

2006).

2.2 LiDAR data

Our study was performed within an area of 499 hectares, where LiDAR data
was acquired in October 2014 for this entire extent by an airborne Optech sensor
(Orion, 09SEN243) at an altitude of 853 meters, with a view angle of 102. Laser-
spot spacing was maintained at approximately 34.62laser shots m-2.
Approximately 43% of this LiDAR dataset (215 ha) is covered by native forest

vegetation (i.e. canopy height above 6 m with at least 2 strata; Figure 2A).
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2.3 Selection of areas for field survey

Within the 215 ha of forest remnants observed in the studied area (the LiDAR
dataset), 16 plots of 25 x 25 meters in size were sampled, totaling 0.9 ha. This plot
size is smaller than plots usually used in similar studies in the Amazonian forest
(e.g. Espirito-Santo et al., 2014; Andersen et al., 2014; Hunter et al., 2015; Chen et
al. 2016; Jucker et al., 2017), however, the plot size in our study was consistent
with the high spatial resolution of the LiDAR data and it was defined in order to be
the largest size without including an excessive vegetation composition and
structural heterogeneity. Because the studied landscape presents a high spatial
heterogeneity in forest regrowth stages (Romitelli et al., submitted), the number

of plots was defined to sample different vegetation conditions.

The location of plots was defined following a random-stratified sampling
protocol. First, we created two LiDAR images using two LiDAR metrics: (1)
maximum canopy height within the 95% of the vertical LiDAR pulse return,
disregarding outliers (5% of the higher pulses returns); and (2) relative laser
pulses density returns in the 0 to 5 meters strata. The maximum height is a good
predictor of tree growth (Wasser et al., 2013), while the relative density of returns
is a good proxy of forest disturbance and occurrence of trails created by human or
livestock (D’Oliveira et al., 2014). Consequently, we used both metrics in the
sampling selection to represent the canopy structure heterogeneity and allowing

the identification of clearings and trails. In total, we created four classes of
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maximum height (0-14 m; 15-17 m; 18-20 m; 21-37 m) and other four class of
relative density of returns (0-0.35; 0.36-0.46; 0.47-0.56; 0.57-1), resulting in 16
classes. In each class, one field plot was located randomly but always depending

on access permission from landowners.

2.4 Field carbon stock

In each plot, we conducted a field inventory between December 2016 and April
2017. The plot location was defined using a geodesic GPS (TOPCON Hyper SR) and
Station Total Geodetic NTS-325, which allowed spatially accurate measurements,

with an estimated error of 2-5 centimeters.

We measured all individuals with a diameter at breast height (DBH) higher
than 4.8 cm. The diameters were measured at 1.3 m height (DBH) of all live stems,
including trees, palms, tree ferns, lianas, and standing dead trees and palms. The
tree height was estimated using a Leica DISTOtm A5 laser distance meter. We
identified around 90% of the individuals at the species level, while the remaining

individuals were classified at the genus level (Table S1).

We applied different allometric equations to the field inventory measurements
to calculate plot-level above-ground biomass (AGB) and carbon stock. For palms
and lianas, we used allometric equations from Goodman et al. (2013) and
Schnitzer et al. (2006), respectively. For living trees, we use the allometric
equation for tropical forests of Chave et al. (2014) with DBH, height and wood
density. To determine the wood density we utilized the database from Chave et al.
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(2014) and Alves et al. (2010). To standing dead trees, we combined the taper
function for volume (Chambers et al. 2000) and the void-corrected snag density
from Palace et al. (2007). The conversion of above-ground biomass to carbon

stock follows Martinelli et al. (2000).

2.5 Landscape carbon stock

In the carbon mapping approach, we applied the equation produced by
Becknell et al.,, 2018 (equation 1) to our LiDAR data. Because this equation was
produced for the same vegetation type (i.e. Brazilian Atlantic forest) and there are
important similarities between study areas, we assumed acceptable the
transferability of the equation 1 to our study zone. We understand some
limitations may occur on this approach, increasing errors in carbon estimations.
However, transferability of LiDAR-based carbon equations among study regions
has been largely proven to be acceptable in different studies (adicionar
referencias aqui). Becknell and collaborators (2018) compared linear and
sigmoidal models using automated variable selection algorithms and used the
Akaike information criterion (AIC) to select the best equation. The following
equation showed the smallest RMSE (50.45 Mg/ha) and made realistic (nonzero)

predictions of biomass density across the landscape:

590.2
1+e—0.202(P95-23.24)

Aboveground Biomass Density (Mg/ha) =

(1)
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where, P95 is the height of the 95th percentile (m) of lidar returns over the 0.25
ha plotThe final carbon map of the study area with a spatial resolution of 15 m is
shown in Figure 3. This resolution was defined after testing pixels of 5, 10, 20 and
25 m (Table S2). The size of 15 m allowed maintaining a high spatial resolution,

avoiding significant spatial autocorrelation (Pearson’s r < 0.70; Zuur et al., 2009).

2.6 Landscape explanatory variables

Landscape structure

Forest and pasture covers are the predominant land use on this study
region (Whately and Cunha, 2006). Pasture was the predominant land use (42%
of the matrix), and thus represents the main inter-forest matrix composition.
Therefore, we mapped and calculated the amount of forest and pasture within a
buffer zone of 500 m, placed around each pixel of the carbon map (15 x 15 m). We
tested other landscape extents (250 m, 1 km, and 2 km) and observed that forest
cover was highly correlated across spatial scales. We created this moving window
approach to evaluate how the surrounding landscape composition affects carbon

stock at the pixel level.

In addition, we evaluated the edge effect on local level carbon stocks using
two methods. The first method considers additive edge effects of all edge within a
predetermined distance from a focal forest pixel (Dmax) (Malcolm, 1994). We
called this index the edge effect index and it was already applied to the same study
region (see d’Albertas et al., 2018). This index ranges from 0 to infinity, where
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higher values mean more edge effect. We implemented the edge effect index
model using the R package 'edgefx’ (Goldberg and Ries, 2010) in the R statistical
environment (R Core Team, 2017). We tested edge effect within 100 m from edges
to the interior of the fragment (i.e. Dmax = 100 m) and, additionally, we tested
other two Dmax values, 25 and 50 m. We used our forest /non-forest classification
map (from the year 2016) to generate raster images of edge effect index for each
pixel classified as forest in our study landscape (Figure 2). The second method to
evaluated edge effect is a simple measure of the nearest forest edge using the
Euclidean distance (straight-line distance between two points), obtained by
Spatial Analyst in ArcGIS 10.2 (Figure 2). Both edge effect index and Euclidean
distance were calculated with a 15 meters pixel size (the same pixel size of the

carbon stock map).

Terrain

The elevation, aspect and terrain slope were obtained through topographic
maps with 1:50,000 of scale and contour curve of 20 meters provided by the
Brazilian Institute of Geography and Statistics (IBGE). From this elevation map,
we produced the Digital Elevation Model (DEM), aspect and terrain slope using 3D
Spatial Analyst in ArcGIS 10.2. Those metrics were also extracted with a 15 m

pixel resolution.
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2.7 Analyses at the landscape level

The carbon stock estimated for each pixel was used as the response
variable and landscape structure and topography were explanatory variables. We
then used a generalized linear model with a Gaussian distribution to quantify and

model the effects of landscape factors on carbon stock.

Before building the model, we conducted an exploratory data analysis to
select only those explanatory variables with a relatively low correlation
(Pearson’s r < 0.70; Zuur et al., 2009). Aspect was excluded because it was
strongly correlated with the slope (r = 0.80). Besides that, the edge effect additive
index with DMax= 50 m was correlated with DMax= 100 m (r =0.73) and with
DMax= 25 m (r =0.82). Therefore, we only used DMax= 50 m because this index

represents the other two Dmax (25 and 100 m).

To reduce the number of variables, we built simple models in order to
evaluate the best variable to explain carbon stock variations considering three
groups of explanatory variables separately: landscape composition (forest and
pasture cover); landscape configuration (Euclidean distance and edge effect
index); and terrain factors (elevation, aspect and slope). From this initial
evaluation, forest cover, edge effect index, and slope variables were selected to

perform further analyses.

To explain the carbon stock, we then considered all possible combinations
of two variables (with and without interaction), a model with all variables (with
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and without interaction), a null model (no effect) and all single models. We
selected the most plausible model among the 12 models tested using the
corrected Akaike information criterion (AIC). The AIC is a selection criterion that
penalizes models with many parameters with a correction for small sample sizes
(Burnham and Anderson, 2002). Small values of AIC represent the best fit, so the
model with the lowest value AIC was considered the most plausible and models
with AAIC < 2 were considered equivalent. The statistical analyzes were

performed using the R environment (R Development Core Team, 2017).

2.8 Analyses at the plot level

In order to explore possible mechanisms that explain carbon stock
variation, additional analyses were performed with the 16 field sampled plots.
Here, we consider that landscape-level factors are affecting local-level factors,
particularly patch shape (and thus edge distance), forest age and human
disturbance, and those local factors can affect directly or indirectly the carbon
stock. In the direct relationship, carbon stocks respond directly to forest age, edge
distance and human disturbance. In the indirect relationship, forest age, edge
distance, and human disturbance affect first the forest structure and composition
(here represented by the floristic composition, shade-tolerant species proportion,
and wood density mean), which then affect carbon stocks (Figure 1). A model

selection analysis was performed for each above-mentioned relationship,
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following the same method described in item 2.7 but with the adjustment for

small samples (AICc).

Forest age was estimated based on aerial photographic surveys conducted
by the Brazilian army in 1962 and satellite images captured by LANDSAT TM5
during the years of 1985 and 2006. Considering texture pattern of the
photographs and satellite images, we were able to distinguish young and mature
forests. Hence, we considered six forest age classes: more than 80 years (mature
forest in 1962 image); ~65 years (young forest in 1962 image); ~50 years
(mature forest in 1985 image); ~40 years (young forest in 1962 image); and ~20
years (presence only in 2006). We also measured the plot distance to the closest
edge in 1962, 1985, 2006 and 2014 (Figure S1) with the intention to verify the

temporal dynamics of this variable.

The degree of human disturbance was evaluated with field data at the plot
level. We considered the main forest disturbance types (such as the presence of
selective logging, human trails, livestock trails, and forest gaps), and combined the
observed level of disturbance with its extent within the plots. Disturbance level
and extent (i.e. spatial distribution) were combine in a unique index by
multiplying these two values (Table S4). The human disturbances were ranked
from 5, very high disturbance (e.g. selective logging), to 2, very low disturbance
(e.g. human trails) with their spatial distribution, also ranked from 1, very low

spatial distribution (10-20%), to 5, very spatial distribution (80-100%) (See table
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S4 for a full range of values). We thus obtained a human disturbance index based
on disturbance type and extent. If more than one type of disturbance were present
within each plot, we summed the human disturbance index, creating a plot-level
total disturbance. Although we expect the edge proximity could affect the human
disturbance, it is worth mentioning that human disturbances were not correlated

with edge distance gradient.

To compare floristic composition among plots, and at different edge
distances and plot-level carbon stock, we used the first axis of a Principal
component analysis (PCA), indicating level of similarity of species identity and
abundance at the sampled plots. PCA values near to zero indicate proximity
between PCA center or similarity between plots. The PCA ordination was
performed using the R environment with the ‘vegan’ package (R Development
Core Team, 2017). Each plot has a PCA value and this value was used as a variable

in the model selection.

Wood density mean was considered as a predictor of the successional stage
(West et al,, 1999; Pooter et al., 2008; McCulloh et al., 2011). We used two related
metrics to model the successional stage at the plot-level: i) mean wood density
and; ii) proportion of shade-tolerant species. Mean wood density was the average
wood density of all individual trees within a plot. Proportion of shade-tolerant
species was the proportion of tree individuals with wood density over 0.69 g.cm-3

in relation to the total number of individuals. The threshold of 0.69 g.cm-3 was
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based on the wood density of shade-tolerant species inventoried in this study (e.g.
Machaerium villosum, Copaifera langsdorffii, Maclura tinctoria, Aspidosperma

ramiflorum).

3. Results

The LiDAR-based estimate of average forest carbon stock in the studied
landscape was 45.49 * 9.34 Mg ha-1, which was very similar to the mean values
observed at the plot level inventory (42.67 + 9.24 Mg ha-1; Figure 3A). At the
landscape level, edges and small fragments showed higher carbon stock values
than forest interior (Figure 3B). The model with the interaction of all three
variables (forest cover, edge effect index, and slope) was the best explanatory
model (Table 1). The edge effect index and the forest cover presented a clear
positive influence on carbon stock (R2 = 0.368 and R2 = 0.276, respectively),
while the effect of terrain slope was less evident, but also positive (R2= 0.355;

Figure 4).

At the plot level, edge Euclidean distance and forest age were the main factors
affecting vegetation structure (i.e. floristic composition, shade-tolerant species
proportion, and wood density mean; Figure 5 and Table S3). Additionally, forest
age influence floristic composition and wood density (Table S3). Human
disturbance was related to shade-tolerant species proportion. Edges distance

(Figure S2A) and forest age (Figure S2B) have a positive effect on carbon stocks
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(R2 =0.389 and R2 = 0.184, respectively). Plots near to forest edges in old

fragments showed high values of carbon stock.

The plots show relative high floristic composition similarity, regarding three
plots (Figure S3A). The floristic composition, as well as carbon stock, varied
according to the Euclidean distance to the edge, with a clear spatial segregation at
40 meters from the edge (Figure S3B). Plots near to the edge are composed
mainly by shade-tolerant species with high wood density (e.g. Actinostemon
concepcionis, Casearia sylvestris, Guapira opposite and Machaerium villosum )
while plots distant more than 40 meters apart from the forest edge are composed
mostly by common pioneers species with low wood density (e.g. Maytenus

evonymoides and Trema micrantha).

4. Discussion

Carbon stocks in the studied human-dominated landscape are clearly affected
by landscape-level conditions, such as forest cover, edge effect, and slope, and also
by local-level factors or conditions, particularly edge Euclidean distance, forest
age, and human disturbances. Edge effect processes at the local and landscape
scales seem particularly important, once they can affect local structural vegetation
variables (floristic composition, shade-tolerant species proportion and wood
density mean), resulting on an impact on forest carbon stock (Figure 1).
Surprisingly, forest biomass and carbon stock presented an inverted spatial

pattern of what is usually reported in the literature: carbon stocks were higher
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close to the edges than in forest interior, suggesting an inverse pattern of edge
effects. This is the first study showing this unexpected pattern (but see Costa
2015). One possible explanation is that in human-dominated landscapes,
composed essentially by secondary forests, carbon stocks are globally low, but the
recovery of biomass is faster at edges, where there is greater availability of light
for photosynthesis. Edge effects may benefit plant community regrowth, favoring
a high density of regenerating individuals, including species with high wood

density, which consequently result in a faster accumulation of carbon.

The edge effects influence on carbon stock is widely described in the literature
(e.g. Laurance et al,, 1997; Putz et al,, 2014). Melito et al. (2018) performed a
systematic literature review and created a conceptual model of landscape-level
effects on forest above-ground biomass. According to this model, after
stabilization of shade-tolerant species mortality, above-ground biomass may
increase by the proliferation of pioneers and lianas, but this effect should be
insufficient to compensate losses related to the period of sharp biomass decrease
(Melito et al., 2018). However, such effects are predicted for remaining forest
affected by surrounding deforestation and fragmentation processes, but not for
forest patches regenerating in a fragmented and human-dominated context, which
is mostly the case in our study area (a landscape with a long history of human

disturbances).
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At our studied sites, forest carbon stocks were explained by the interaction
between forest cover, edge effect, and slope. Although terrain factors were already
reported as important determinants of carbon stock (Vieira et al.,, 2011), here they
showed quite low influence on carbon stock, compared to landscape
compositional and configurational variables. The influence of terrain factors can
be potentially masked in human-dominated landscapes, due to a stronger effect of
factors directly related to human disturbances (e.g. seedlings suppression by
livestock foraging patterns, trails and logging), which are usually supposed to
occur more intensively near forest edges (Berenguer et al., 2014). More
important, human activities are interacting with landscape structure to determine
carbon stocks (Table 1). Terrain slope could be a regulatory variable in human-
modified landscapes because most of the fragmented and secondary forests occur
in steepest slope areas (Silva et al,, 2007, 2008, Teixeira et al., 2009), which are
areas difficult to use as agriculture land (Asner et al., 2009). But apparently in the
studied landscapes, human disturbances occur in all areas, both near and distant
from edges (Romitelli et al. in prep), and for this reason, disturbances were not a

good variable to explain carbon stock variation.

The effect of forest cover on carbon stock was positive. The presence of forest
surrounding the study sites positively affects carbon stocks. Beyond the positive
contribution of nearby forest fragments to facilitate forest regeneration (Guevara

et al., 1992; Guevara and Laborde, 1993; Galindo-Gonzalez et al., 2000),
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landscapes with more forest cover are also less densely populated and thus less

affected by human disturbances, supporting the accumulation of carbon.

The local-level analyses - using only the sampled plots - indicated that carbon
stock accumulates faster near to the edge of the fragments (less than 40 meters
from the edge), and this pattern was particularly clear for older forests (more
than 60 years). The main aspects involved with carbon accumulation in these
conditions were explained by a higher density of shade-tolerant species near
edges in older forest fragments (> 40 years) because the shade-tolerant species
(high wood density) contribute substantially to carbon stock (Figure S4). The
large trees which greatly affect biomass have already been lost in our study
landscapes and in different other Atlantic forest regions (Romitelli et al., 2014;
Costa et al,, 2015; ). Consequently, the biomass variation is affected by small
variations in species composition (Figure S5), in particular, the proportion of

shade-tolerant trees and species with higher wood density.

Our results suggest that carbon variation in landscapes with a long history of
human disturbances, where large trees were already lost, cannot follow the
general rules observed for remnant fragments in recently fragmented landscapes
(Pullin and Stewart, 2006; Koricheva et al., 2013; Melito et al., 2018). Fragments
regenerating in fragmented landscapes are accumulating carbon near the edges
where photosynthetic activities are more intense. In our case, those areas showed

a higher density of shade-tolerant species with higher wood density. However,
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further studies are needed to understand how plant community composition
change with forest regeneration in different edge conditions. In addition to the
factors already mentioned in the conceptual model of Melito et al. (2018; e.g.,
patch size, edge distance, matrix type, time since edge creation), we propose here
that future studies on carbon stocks in human-dominated landscapes should
consider whether the forest is regenerating or being degraded in a fragmented
condition. In the first case, regenerating forests can present an inverse pattern of
carbon accumulation near edges. If this unexpected pattern repeats world widely,
fragmentation can have a surprisingly positive effect on carbon stock in

worldwide secondary tropical forests located in human-dominated landscapes.

5. Conclusion

Secondary forests in human-dominated fragmented landscapes are
characterized by low carbon stocks, high spatial heterogeneity and multiple
interactions among landscape and local factors determining carbon stocks. As a
consequence, the potential carbon services provided by fragmented tropical
landscapes are complex (Melito et al., 2018). To understand the mechanisms
affecting carbon stocks, we need to consider the wide variety of factors acting on
carbon stock in tropical forests. Particularly, in human-dominated landscapes,
biomass accumulation in regenerating forest can be different from those usually
observed in existing forest fragments being submitted to degradation processes.

In this regard, our findings support programs of ecosystem services payments,
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such as REDD+, which financially reward developing countries that reduce
emissions from deforestation and forest degradation. Additionally, our findings
support differentiated carbon accumulation patterns in human-dominated
landscapes, which must be considered in carbon trading agendas (e.g., REDD+)

and carbon-conservation initiatives.
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Table and Figures (citation order)

Table 1 - Best supported models to explain variation in the carbon stock.

Explanatory variables considered: edge effect, forest cover and slope. Each model

is described by AAIC, the degrees of freedom (df) and weight. The tilde (~) means

the function and the colon (:) the interaction.

Model AAIC df weight
gf\;‘rl));)n ~ edge effect + forest cover + slope + edge effect : forest cover : 0 6 08268
carbon ~ edge effect + forest cover + edge effect : forest cover 3.7 5 01297
carbon ~ edge effect + forest cover + slope 5.9 5 0.0424
carbon ~ edge effect + forest cover 13.3 4  0.0011
carbon ~ forest cover + slope + forest cover : slope 285.7 5 <0.001
carbon ~ forest cover + slope 299 4 <0.001
carbon ~ forest cover 318.5 3 <0.001
carbon ~ edge effect + slope 664.2 4  <0.001
carbon ~ edge effect + slope+ edge effect : slope 664.9 5 <0.001
carbon ~ edge effect 675.2 3 <0.001
carbon ~ slope 10385 3 <0.001
null 313526 1 <0.001
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4  Figure 1.. [llustrative scheme of the landscape and plot-level explaining carbon

5 stock spatial distribution.
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Figure 2. Study area in Southeastern Brazil showing (A) the forest cover
(43.11%) and the 16 inventory plots (red points); (B) the elevation; (C) the
Euclidean distance of any forest area to an edge; and (D) the edge effect index. All

maps from A to D are under the same spatial scale.
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Figure 3. Carbon stock data of the 215 ha of native vegetation observed in the
Cantareira-Mantiqueira corridor. A) Histogram of carbon stock extrapolation
for the whole area, with red points representing data from forest inventory (16

plots); B) Forest carbon stock map
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Figure 5. [llustrative scheme of the plot-level model explaining carbon stock
spatial distribution. Green arrows correspond to composition and structure
vegetational affecting carbon stock, in these the thickness of the arrows initiates
the magnitude of the explanatory power of the variables. The black arrows
correspond tolocal conditions affecting composition and structure vegetational.
The explanatory variable weight (The explanation power of each variable by AlCc

model selection is presented for all arrows.
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Table S1 - List of species observed in the 16 studied plots from the Cantareira-

Mantiqueira corridor and their corresponding wood density and family.

Specie Wood density (g.cm-3) Family
Schinus terebinthifolia 0.62 Anacardiaceae
Tapirira guianensis 0.493 Anacardiaceae
Annona cacans 0.55 Annonaceae
Annona sylvatica 0.55 Annonaceae
Guatteria australis 0.55 Annonaceae
Aspidosperma australis 0.83 Apocynaceae
Aspidosperma camporum 0.83 Apocynaceae
Aspidosperma olivaceum 0.83 Apocynaceae
Aspidosperma parviflorum 0.743 Apocynaceae
Aspidosperma ramiflorum 0.71 Apocynaceae
Tabernaemontana laeta 0.49 Apocynaceae
Schefflera calva 0.436 Araliaceae
Vernonanthura divaricata 0.54 Asteraceae
Handroanthus sp. 0.4 Bignoniaceae
Cordia sellowiana 0.49 Boraginaceae
Protium heptaphyllum 0.55 Burseraceae
Celtis iguanaea 0.77 Cannabaceae
Trema micrantha 0.245 Cannabaceae
Maytenus evonymoides 0.4 Celastraceae
Maytenus salicifolia 0.4 Celastraceae
Hirtella hebeclada 0.72 Chrysobalanaceae
Clethra scabra 0.53 Clethraceae
Tovomitopsis paniculata 0.4 Clusiaceae
Terminalia sp. 0.58 Combretaceae
Lamanonia ternata 0.62 Cunoniaceae
Diospyros inconstans 0.83 Ebenaceae
Sloanea guianensis 0.861 Elaeocarpaceae
Erythroxylum deciduum 0.81 Erythroxylaceae
Actinostemon concepcionis 0.907 Euphorbiaceae
Actinostemon concolor 0.907 Euphorbiaceae
Alchornea glandulosa 0.4 Euphorbiaceae
Croton floribundus 0.6 Euphorbiaceae
Sapium glandulosum 0.27 Euphorbiaceae




1 Table S1 - List of species observed in the 16 studied plots from the Cantareira-

2 Mantiqueira corridor and their corresponding wood density and family (cont.).

Specie Wood density (g.cm-3) Family
Sebastiania brasiliensis 0.72 Euphorbiaceae
Copaifera langsdorffii 0.7 Fabaceae-caesalpinoideae
Hymenaea courbaril 0.71 Fabaceae-caesalpinoideae
Senna macrantera 0.6 Fabaceae-caesalpinoideae
Senna multijuga 0.58 Fabaceae-caesalpinoideae
Tachigali cf. denudata 0.52 Fabaceae-caesalpinoideae
Schenella cf. macrostachya 0.4 Fabaceae-cerciideae
Andira fraxinifolia 0.92 Fabaceae-faboideae
Dalbergia brasiliensis 0.91 Fabaceae-faboideae
Lonchocarpus cultratus 0.76 Fabaceae-faboideae
Machaerium aculeatum 0.54 Fabaceae-faboideae
Machaerium brasiliense 0.66 Fabaceae-faboideae
Machaerium hatschbachii 0.6 Fabaceae-faboideae
Machaerium nyctitans 0.6 Fabaceae-faboideae
Machaerium stipitatum 0.6 Fabaceae-faboideae
Machaerium villosum 0.69 Fabaceae-faboideae
Abarema jupunba 0.5 Fabaceae-mimosoideae
Anadenanthera colubrina 0.86 Fabaceae-mimosoideae
Balizia pedicellaris 0.465 Fabaceae-mimosoideae
Inga striata 0.57 Fabaceae-mimosoideae
Inga uruguensis 0.58 Fabaceae-mimosoideae
Leucochloron incuriale 0.4 Fabaceae-mimosoideae
Piptadenia gonoacantha 0.75 Fabaceae-mimosoideae
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1 Table S1 - List of species observed in the 16 studied plots from the Cantareira-

2 Mantiqueira corridor and their corresponding wood density and family (cont.).

Specie Wood density (g.cm-3) Family
Piptadenia paniculata 0.75 Fabaceae-mimosoideae
Aegiphila integrifolia 0.806 Lamiaceae
Vitex polygama 0.4 Lamiaceae
Cinnamomum triplinerve 0.41 Lauraceae
Cryptocarya aschersoniana 0.57 Lauraceae
Endlicheria paniculata 0.58 Lauraceae
Nectandra grandiflora 0.61 Lauraceae
Nectandra oppositifolia 0.51 Lauraceae
Ocotea elegans 0.62 Lauraceae
Ocotea glaziovii 0.53 Lauraceae
Ocotea lanata 0.57 Lauraceae
Ocotea pulchella 0.65 Lauraceae
Persea willdenovii 0.4 Lauraceae
Cariniana estrellensis 0.57 Lecythidaceae
Ceiba speciosa 0.224 Malvaceae
Eriotheca candolleana 0.43 Malvaceae
Luehea divaricata 0.64 Malvaceae
Pseudobombax grandiflorum 0.39 Malvaceae
Miconia cinnamomifolia 0.73 Melastomataceae
Miconia petropolitana 0.68 Melastomataceae
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1 Table S1 - List of species observed in the 16 studied plots from the Cantareira-

2 Mantiqueira corridor and their corresponding wood density and family (cont.).

Specie Wood density (g.cm-3) Family
Miconia rigidiuscula 0.63 Melastomataceae
Cabralea canjerana 0.41 Meliaceae
Cedrela fissilis 0.42 Meliaceae
Trichilia pallida 0.74 Meliaceae
Mollinedia elegans 0.52 Monimiaceae
Mollinedia schottiana 0.52 Monimiaceae
Ficus enormis 0.5 Moraceae
Ficus insipida 0.5 Moraceae
Maclura tinctoria 0.7 Moraceae
Morus nigra 0.517 Moraceae
Sorocea bonplandii 0.67 Moraceae
Calyptranthes grandifolia 0.78 Myrtaceae
Campomanesia guazumifolia 0.45 Myrtaceae
Campomanesia xanthocarpa 0.45 Myrtaceae
Eugenia aff. florida 0.722 Myrtaceae
Eugenia cf. florida 0.722 Myrtaceae
Eugenia cf. uniflora 0.722 Myrtaceae
Myrceugenia sp. 0.74 Myrtaceae
Myrcia hebepetala 0.74 Myrtaceae
Myrcia splendens 0.8 Myrtaceae
Myrciaria ciliolata 0.77 Myrtaceae
Psidium guineense 0.77 Myrtaceae
Guapira opposita 0.83 Nyctaginaceae
Pisonia ambigua 0.4 Nyctaginaceae
Pera glabrata 0.65 Peraceae
Bredemeyera floribunda 0.6 Polygalaceae
Myrsine coriacea 0.64 Primulaceae
Myrsine gardneriana 0.64 Primulaceae
Myrsine umbellata 0.86 Primulaceae
Roupala montana var. brasiliensis 0.77 Proteaceae
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1 Table S1 - List of species observed in the 16 studied plots from the Cantareira-

2 Mantiqueira corridor and their corresponding wood density and family (cont.).

Wood density (g.cm-

Specie 3) Family
Colubrina glandulosa 0.646 Rhamnaceae
Psychotria cf. sessilis 0.5 Rubiaceae
Psychotria vellosiana 0.5 Rubiaceae
Rudgea gardenioides 0.57 Rubiaceae
Zanthoxylum rhoifolium 0.797 Rutaceae
Casearia decandra 0.563 Salicaceae
Casearia lasiophylla 0.681 Salicaceae
Casearia obliqua 0.681 Salicaceae
Casearia sylvestris 0.8 Salicaceae
Allophylus edulis 0.593 Sapindaceae
Cupania vernalis 0.65 Sapindaceae
Matayba cf. cristae 0.8 Sapindaceae
Matayba elaeagnoides 0.78 Sapindaceae
Matayba intermedia 0.8 Sapindaceae
Cestrum sp. 0.41 Solanaceae
Solanum cf. erianthum 0.41 Solanaceae
Solanum cf. variabilis 0.41 Solanaceae
Solanum mauritianum 0.41 Solanaceae
Solanum pseudoquina 0.41 Solanaceae
Boehmeria caudata 0.364 Urticaceae
Cecropia glaziovii 0.41 Urticaceae
Cecropia hololeuca 0.43 Urticaceae
Cecropia pachystachya 0.41 Urticaceae
Aloysia virgata 0.66 Verbenaceae

3 Table S2 - Spatial correlation test results (Mantel test) between samples (9444

4  pixels)
Pixel size r
(m) value
5 0.983
10 0.825
15 0.634
20 0.612

25 0.578




Table S3 - Best supported models to explain variation in the carbon stock,

floristic composition, shade-tolerant species proportion and wood density mean.

Each model is described by AAIC, the degrees of freedom (df) and weight. The

tilde (~) means the function.

Model AAIC df weight

\ Local conditions affecting floristic composition \
floristic composition ~age + edge distance 0.0 4 0440
floristic composition ~ edge distance 0.2 3 0.389
floristic composition ~age 3.6 3 0.071
floristic composition ~ human disturbance + edge distance 3.8 4 0.067
floristic composition ~ human disturbance 6.0 3 0.022
floristic composition ~age + human disturbance 7.3 4 0.011
null 394 1 <0.001

\ Local conditions affecting shade-tolerant species \
shade-tolerant species proportion ~ edge distance 0.0 3 0.556
shade-tolerant species proportion ~ human disturbance +
edge distance 2.2 4 0.182
shade-tolerant species proportion ~age + edge distance 3.5 4 0.098
shade-tolerant species proportion ~ human disturbance 3.6 3 0.093
shade-tolerant species proportion ~age 4.5 3 0.058
shade-tolerant species proportion ~age + human
disturbance 7.4 4 0.014
null 26.8 1 <0.001

\ Local conditions affecting wood density \
wood density ~ edge distance 0.0 3 0.4880
wood density ~age + edge distance 0.8 4 0.3346
wood density ~ human disturbance + edge distance 3.4 4 0.0883
wood density ~age 4.3 3 0.0562
wood density ~ human disturbance 6.0 3 0.0245
wood density ~age + human disturbance 8.1 4 0.0084
null 65.7 1 <0.001

\ Composition and structure vegetational affecting carbon stock \
carbon ~ floristic composition + wood density 0.0 4 0.843
carbon ~ floristic composition 3.6 3 0.136
carbon ~ floristic composition + shade-tolerant species
proportion 7.3 4 0.021
null 394 1 <0.001
carbon ~ wood density 246.6 3 <0.001
carbon ~shade-tolerant species proportion + wood density 248.7 4 <0.001
carbon ~ shade-tolerant species proportion 2594 3 <0.001
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1 Table S4 - Human Disturbance Value (HDV) and Human Disturbance Spatial

2 Range (HDSR). The product of those two factors is the human disturbance index.

Human Disturbance Value
Human disturbance type = Human Disturbance Value

Selective logging 5
Livestock trail 4
Forest gap 3
Human trail 2

Human Disturbance Spatial Range
Spatial distribution (%) Human Disturbance Spatial

Range
10-20 1
20-40 2
40-60 3
60-80 4
80-100 5
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Figure S2. Relation separately between carbon stock and A) edge distance; B) forest age in

sampled plots.
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Capitulo 2: “Landscape effects overtake abiotic and age influences on

forest biomass in tropical fragmented landscapes”

Isabella Romitelli, Jomar Magalhdes Barbosa and Jean Paul Metzger

ABSTRACT

The knowledge gap on what processes determine the ability of secondary
forests to store carbon is still large. In human-dominated landscapes, landscape
level processes should have important an important role. Particularly,
landscape composition, habitat fragmentation, connectivity, patch size can
affect how forests resist to degradation and how they recover. This study aims
to evaluate the effects of landscape-level factors on secondary forest biomass in
human-dominated landscapes beyond the known role of forest age and terrain
variables (elevation, slope, and aspect). In particular, we evaluated how forest
cover and edge distance interact to affect forest biomass - maximum canopy
height (MCH) as a proxy for above-ground biomass - in young (recent
regeneration, about 20-40 years) and old-growth forests (> 100 years of
regeneration or not clear cut) of human-dominated landscapes of two Brazilian
Atlantic forest region, one with low and another with high forest cover. Our
results suggest that tree height (and thus above-ground biomass) in human-
dominated and fragmented landscapes can be more affected by the landscape
composition (forest cover) and structure (edge distance) than by forest age and
the topography factors . This pattern occurs in both landscape contexts, i.e. with
contrasting forest cover, and for young and old-growth forests. Our findings
may contribute to develop new carbon modeling approaches and carbon
conservation initiatives as we pointed out the important role of considering
landscape context effects on young and old-growth forest structure and

biomass.
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Keywords: Disturbed landscapes, secondary forests, forest structure, Atlantic

forest, carbon stock, above-ground biomass, LiDAR

1. Introduction

Secondary and degraded forests are one of the world's most rapidly
expanding ecosystems (Chazdon, 2014) and nowadays more than half of its
remaining cover is composed of secondary forests at different stages of natural
regeneration (Poorter et al,, 2016). The ecological consequences of this
secondarization process are drastic, jeopardizing the maintenance of
biodiversity (Tabarelli et al., 2012) and the provision a wide range of
ecosystem services (Brown & Lugo, 1990; Guariguata & Ostertag, 2001;
Naughton-Treves & Chapman, 2002). Those effects are related to both local and
landscape drivers, but our understanding of landscape-level processes are still
incomplete. Particularly, considering carbon sequestration process,
microclimatic and anthropogenic disturbance drivers on forest structure are
well documented at a local level (e.g. Haddad et al.,, 2015; Reinmann and
Hutyra, 2017; Smith et al., 2018) but there are important knowledge gaps of
how forest structure and carbon stock are affected by landscape-level
processes, related to forest cover (Romitelli et al. in prep), matrix types (Costa,
2015), and edge effects (Laurence et al,, 1997; Laurance et al., 2001; Romitelli
et al.,chapter 1 ; Costa, 2015; D’Albertas et al., 2018). Secondary forests in
human-dominated landscapes are characterized by reduced connectivity

between forest patches, low matrix permeability, high extension of areas under
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edge effects, in addition to high local risk of extinction, resulting in
impoverished communities, with few species and high number of young and
small trees (Melito et al. 2018). As a consequence, we expect multiple
interactions between local and landscape level factors to determine forest
structure, and thus carbon sequestration process and stocks in secondary

tropical forests (Romitelli et al., chapter 1).

Edge effects at the interface between forest and matrix areas are
considered as one of the most important processes acting on forests at the
landscape level (Melito et al. 2018). Forest areas located near edges receive
more insolation and are usually hotter and drier and are more exposed to wind
effects when compared to the forest interior (Laurance et al,, 2011). As a
consequence, tree species composition is strongly affected by microclimatic
changes in forest edges, as well by floristic and functional simplification
induced by edge creation (Lobo et al,, 2011; Michalski et al. 2007). In particular,
forest edges nearby contrasting or open matrix, such as crops or pasturelands,
have higher mortality of large trees (Laurance et al., 1997; D’Angelo et al,,
2004) and higher dominance of initial successional species (Laurance et al.,
2011). Additionally, highly fragmented landscapes, with large edge extension,
will tend to store less carbon than landscapes with the same amount of forest
where fragments are bigger and more compact (Piitz et al.,, 2011). The
surrounding forest cover can also affect local biomass. Specifically, we already

know that isolated trees in pastures, as well as the amount of forest coverage in
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the neighboring landscape, may improve local regeneration by attracting seed-
dispersing frugivores and facilitating recruitment conditions and seedling
establishment (Guevara et al.,, 1992; Guevara & Laborde, 1993; Galindo-
Gonzalez et al., 2000; Slocum & Horvitz, 2000; Slocum, 2001; Guevara &
Laborde, 2004). However, we still need to better understand how the

surrounding forest cover determine local level tree height and forest biomass.

Besides the landscape effects, the accumulation of biomass can also be
influenced by local factors. Different abiotic conditions, generally related to
geographical topography, soil and climate, can alter forest regrowth as well as
the distribution of big trees (Castilho et al., 2006), and thus can modulate
carbon accumulation. The history of human disturbance, which affects the
vegetation structure, can also contribute to explain changes in above-ground
biomass (Brown & Lugo, 1990). The interaction of all those factors is also
expected. Elevation and slope, for example, may act as a limiting factor for
human access as forests located on higher slopes are expected to be less
degraded due to the difficulty of human access and consequently those places
are more challenging from which to remove trees, leaving more large trees
standing and more aboveground biomass (Becknell et al., 2018).. This pattern

has been observed in the Brazilian Atlantic forest (Vieira et al., 2011).

Elevation and slope are the most commonly considered topographic
variables in relation to forest structure (Salinas-Melgoza et al., 2018). Besides

their interaction with human access, those factors are related to air
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temperature and solar radiation, which affect forest biomass through
evapotranspiration rates (Homeier et al. 2010, Sundqvist et al. 2013). The effect
of aspect on forest structure has been well recognized, but in tropical areas, this
does not usually play a key role in structuring vegetation (Gallardo-Cruz et al.
2009; Salinas-Melgoza et al. 2018). Solar radiation, that is, the amount of
radiant energy received at a certain location varies not only with the amount of
sunshine but with slopes, aspect, and adjacent topography (Wilson and Gallant
2000). However, terrain factors may not always be the most important drivers
of forest structure because in these fragmented and human-dominated
landscapes all the above variables are interacting and the influence of these
abiotic factors can be potentially masked due to a stronger effect of factors
directly related to human activities, particularly near forest edges (Berenguer
et al,, 2014). Besides, in the tropics, the depth of penetration of most
microenvironmental conditions (e.g. solar radiation, wind) at newly created
edges can be two to five times higher than on older and more densely vegetated
edges (Didham and Lawton 1999), which could possibly lead to differences

between young (regenerating) and old-growth forests.

In this context, the aim of this study is to evaluate the effects of
landscape-level processes on secondary forest structure in human-dominated
landscapes beyond the known role of forest age and terrain variables. We used
LiDAR data obtained from two fragmented landscapes of the Brazilian Atlantic

forest to answer the following questions: (1) Do landscape-level processes
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related to forest cover and edge effects affect local forest biomass? (2) What is
the relative importance of landscape-level factors to explain variation on forest
biomass? (3) Are there differences in how landscape-level factors affect forest
biomass between old growth (> 29 years) and young (between 4 and 28 years)

forests?

2. Methods

2.1. Study regions

We obtained data from two regions (Cantareira and Conduru), both
located in the Brazilian Atlantic forest (Figure 1A), a highly diverse and
endangered tropical forest that experienced unprecedented levels of habitat
loss and other human disturbances since the 16th century (Joly et al.,, 2014).
The remaining forest cover (~28% of its original distribution; Rezende et al,,
2018) consist of small fragments, with < 50 ha (Ribeiro et al., 2009), including
46% of this forest at less than 100 m distant from an edge (Figure 1A; Ribeiro
et al,, 2009). The two studied regions present contrasting landscape conditions
(Conduru is more forest and less disturbed, while Cantareira is more
intensively disturbed and present a lower forest cover), allowing us to explore
the effect of distinct regional contexts on processes that modulate forest

biomass.

The Cantareira study region (Figure 1D-E) is located in Southeast Brazil.

[t includes an important ecological corridor that was considered of high
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priority for biodiversity conservation at the state level (Rodrigues et al., 2008;
Joly et al,, 2010). Landscapes of the Cantareira-Mantiqueira corridor are very
heterogeneous, comprising different land uses, mostly pasture areas in small
properties and reforestation, especially with Eucalyptus spp. Native Atlantic
Forest vegetation, in different successional stages and submitted to different
levels of disturbance, represents 21% of the studied region (Whately and

Cunha 2006).

The Conduru study region is a protected area (Serra do Conduru State
Park ) in Southern Bahia, Brazil (Figure 1B). The Conduru area bounds one of
the largest contiguous areas of Atlantic forest in the northeast of Brazil (almost
10,000 ha) and includes patches of secondary forest at different stages of
regeneration, active forest restoration sites, and areas of older forest that have
been selectively logged in the past, totaling around 80% of native vegetation.
Selective logging, hunting, and fiber harvesting are common throughout the
Conduru. Some small patches within the park remain occupied or used for
grazing. Several frequently used roads bisect the protected area, and there are

trails used by local inhabitants throughout the area (Becknell et al., 2018).
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Figure 1. Study areas situated in the Southeast and Northeast of Brazil (A). The
two study regions (Conduru - panel B and Cantareira - panels D and E) include
an area with large variation in forest cover. Panels E and F show the histogram
of the maximum canopy height of Conduru and Cantareira, respectively.

2.2. LiDAR data and maximum canopy height variable calculation

The LiDAR data of the Cantareira study region was acquired in October
2014 by an airplane flight with an Optech Orion M300 sensor at an altitude of
853 meters, with a field of view of 102. Laser-spot spacing was maintained at
approximately 86 laser shots m-2. The LiDAR dataset covers two areas of 499
hectares each (35 km distant apart), which includes approximately 43% of
native forest vegetation. In Conduru region, the LiDAR data was acquired in
December 2015 by an airplane flight with an Optech Orion M300 sensor at an

altitude of 853 meters, with a field of view of 122. Laser-spot spacing was
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maintained at approximately 94 laser shots m-2. This LiDAR dataset covers
three areas totaling 4,529 hectares, which includes approximately 82% of

native forest vegetation.

Using the above-mentioned LiDAR data, we calculated the maximum
canopy height (MCH). The MCH is a good proxy of above-ground biomass in
Atlantic Forest (Becknell et al., 2018). In addition, MCH variable has been used
to study forest structure and tree growth (Wasser et al., 2013). For both study
regions, digital terrain models (DTM) were generated from the LiDAR data
using a methodological process previously described in Leitold et al. (2015).
Then, we calculated a 1-m-pixel-scale MCH model using the 95th percentile
threshold of the LiDAR data points (P95 tree height map). To calculate the P95,
we used the “Cloudmetrics” utility in FUSION software package, beta version
derived from version 3.00 (http://forsys.cfr.washington.edu/fusion.html). We
used a 1-m-pixel mean moving window smoothing function to remove

anomalies.

2.4. Landscape factors (forest cover and edge distance)

To estimate forest cover we used a cartographic data-based supervised
classification and vectoring of RapidEye images (5 m). This mapping was
carried out within the scope of the High-Resolution Mapping Project of the
Brazilian Biomes, executed by the Brazilian Foundation for Sustainable
Development

(http://mapbiomas.org/pages/database/mapbiomas_collection_download).
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We realized a moving window approach to evaluate how the
surrounding amount of forest cover affects forest maximum height, biomass at
the pixel level (25 m) in three landscape extents (buffer areas of 400 m, 800 m,
and 1000 m). We observed that forest cover at 800 m landscape extent was
highly correlated with forest cover in the two other considered extents (R2 >

0.90), and thus we maintained only this extent for further analyses.

The forest edge distance is calculated using the Euclidean distance
(straight-line distance between any forest pixel and the nearest forest edge),
obtained by Spatial Analyst in ArcGIS 10.2 (Figure 2) with a 5 meters pixel size

raster (the same pixel size of the forest cover mapping).

2.5. Terrain explanatory variables (elevation, aspect and terrain slope)

The elevation, aspect and terrain slope were obtained through the digital
terrain model (DTM) generated from the LiDAR data by GEOID (see item 2.2).
Those metrics were also extracted with a 5 m pixel resolution using 3D Spatial

Analyst in ArcGIS 10.2.

2.6. Forest age estimation

We used a forest age estimation calculated by a chronological sequence
mapping of Landsat images obtained annually from 1985 to 2017
(http://mapbiomas.org/pages/database/mapbiomas_collection_download/).
The final map consists of forest age classification of 4 to 28 years, and equal or

superior to 29 years. For the purpose of classifying between young and old-
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growth forests, we grouped forest with less than 28 years as young forests and
forests with more than 28 years as old-growth forests. We found that 5% of the
forest cover in the Cantareira study areas and 0.06% of the forests in Conduru

study area represent young forests.

2.7. Relative variable importance calculation

To test the relative importance of the landscape (forest cover and edge
effect) and topographic variables, we performed model selection using Akaike
Criterion Information (AICc). We used GLMM with a log-normal distribution,
the "glmer" function in the "Ime4" package in r version 3.3 (Development Core
Team, 2018). Because we suppose that young and old-growth forests respond
to local and landscape-level processes differently (question n. 3), and that
landscape history and conservation status can influence those relationships, we
performed model selections considering four distinct conditions (treatment
groups): i) young forest of Cantareira; ii) old-growth forest of Cantareira; iii)

young forest of Conduru; iv) old-growth forest of Conduru).

Since the sample points are 25 meters of distance each other, we
calculated a covariable of spatial correlation to test the relative variable weight
of the other explanatory variables, considering the spatial correlation. We used
the "autocov_dis" function from the spdep package in r. AC was computed from
the weighted average distance of all neighboring samples, indicating the degree

of spatial clustering among dependent variables. The spatial correlation
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variable was calculated to all the sample points and incorporated to the full

model.

We used the "dredge" function from the MuMIn package in r, starting
with a full model that included all explanatory variables: landscape variables
(forest cover and edge distance), terrain variables (elevation, aspect, and slope)
and forest age - only to young forests (4-28 years). We then calculated the
relative variable importance for each variable between plausible models with
AAICc < 2, by "model average" function from the MuMIn package. We summed
the total weight of all variables and calculated the relative variable weight of

each variable, in other words, the sum of these variable weights is equal to one.

3. Results

The Cantareira and Conduru regions showed distinct patterns in relation
to the explanatory variables. Firstly, Cantareira has 7.7 ha of young forest and
148.9 ha of old-growth forest, while Conduru has 18.7 ha of young forest and
2935.9 ha of old-growth forest. Forest cover average of sample points (800-
buffer ratio) from Cantareira is 38.2%, with a range of 12.9-63.4%, while the
forest cover average of sample points from Conduru is 89.1%, with a range of
27-100%. The maximum edge distance average of Cantareira reaches 157 m
(average of 26.9 m), while in Conduru the maximum edge distance is 1192.7 m,
(average of 297.3 m). Only forest age has the same range between both study
regions (4-28 years), and similar averages: 19.24 years in Cantareira and 17.38

years in Conduru.
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The MCH (height at which 95% of LiDAR returns are below) is fairly similar
between the treatments groups (9,8 m for the young forests, against 10,3 m for
old-growth forest) in the Cantareira region (Figure 2). Comparatively, in
Conduru region, the difference between young (mean = 9,3 m) and old-growth

(mean = 14,9 m) forests is relatively high (60%).
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Figure 2. Boxplot of MCH by succession forest group (young and old-growth

forest) and study region (Cantareira and Conduru).

Edge distance and forest cover are the most relevant factors affecting
tree height and thus forest biomass for all treatments groups (Figure 3). As a
consequence, landscape factors are relatively more important than terrain
variables and age, especially in Cantareira and Conduru old-growth forests
(Figure 3). The relative importance of variables is quite similar among
treatment groups, expect for young forests in Cantareira, where forest age is

also an important variable (Figure 3).
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Figure 3. Relative variable importance of all variables tested: edge distance,
forest cover, elevation, slope, aspect and forest age in young and old-growth

forests of Cantareira and Conduru region.

Regarding landscape variables, forest cover is positively related with
MCH increase for both young and old-growth forests of Conduru (Figure 4A),
but with a low effect in Cantareira (Figure 4C). In both regions, old-growth
forest tended to have higher values in areas distant from forest edges, while the
effect in regenerating forest is only positive in Conduru (Figure 4, B and D). In
Cantareira region, we can observe an inverted edge effect: in areas close to
forest edges (<40-50 m), regenerating forests present higher biomass (MCH)
when compared to areas far away (> 50 m) from forest edges. In Conduru
region, this inverted effect is not observed, and both regenerating and old-
growth forests present increases in biomass (MCH) as a forest is located more

distant from edges (Figure 4D).

80



10

11

12

13

14

—— Old-Growth == Young A —— Old-Growth == Young B

35

30

30

251

20 A

MCH (m)

T T T T T T T T
20 30 40 50 60 0 50 100 150
Forest cover (%) Edge distance (m)

—— Old-Growth == Young C —— Old-Growth = Young D

40 40

35 1
304 :p
30

25 4
204 i

MCH (m)
MCH (m)

T T T T T T
40 60 80 100 0 200 400 600 800 1000 1200
Forest cover (%) Edge distance (m)

Figure 4. Relationship of MCH (height at which 95% of LiDAR returns are
below) with forest cover and edge distance in Cantareira (panels A and B) and
Conduru (panels C and D) regions. The continuous line corresponds to old-
growth forests and the dashed line corresponds to young forests. The dark
points (blue and red ones) correspond to the young forest points (125 in
Cantareira and 300 in Conduru Region), while all other points correspond to

old-growth forests.

4, Discussion

Landscape-level processes related to edge and forest cover effects were
the main factors explaining variation in forest biomass (here represented by
MCH) in the studied fragmented landscapes. Indeed, the importance of those
variables far exceeds those of more traditional and well-recognized variables,

such as forest age and topography variables. As highlighted in our results,
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landscape-level factors acting on forests under regeneration, as the one tested
here, may affect the speed of forest growth and, consequently, the ability of
those forests to store carbon in human-dominated landscapes (Melito, 2016;
Melito et al., 2018). Such landscape context processes may have large
implications on ecosystem functions related to forest structure and carbon

storage.

Although the relative importance of variables was similar among all
treatment groups, landscape variables influences were distinct between study
regions. Forests in a regional context of high forest cover (Conduru, > 80%)
presented higher biomass, but were less affected by landscape-level forest
cover increase (biomass were mostly maintained high), while forests in a low
regional forest cover (Cantareira, 20-30%) had lower biomass and were more
positively affected by forest increase. Biomass was positively affected by
distance to edge, except for regenerating forest in Cantareira, suggesting that
fragmentation can, in some situations, favor forest regeneration. Beyond the
positive contribution of nearby forest fragments to facilitate forest
regeneration (Guevara et al., 1992; Guevara and Laborde, 1993; Galindo-
Gonzalez et al,, 2000), landscapes with more forest cover are also less densely
populated and thus less affected by human disturbances, supporting the
accumulation of carbon. Human activities on the remaining forest include
changes in the overall amount of standing stock (i.e. AGB) and changes in

structure, through selective removal of certain species, while others find the
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opportunity to regenerate in human-dominated landscapes. Where human
pressure is greater as a result of accessibility to roads and human settlements
(Salinas-Melgoza et al., 2018), there is obviously more likelihood of direct or
indirect impact on natural vegetation (Cincotta et al. 2000, Luoga et al. 2002,
Mon et al. 2012, Malhi et al. 2014, Morales-Barquero et al. 2015). Landscape
level processes are thus interacting with human activities and terrain factors to

regulate biomass in tropical fragmented landscapes.

Natural regeneration of forests is widely considered to be an effective
low-cost mechanism for carbon sequestration, particularly in tropical regions
(Canadell and Raupachet, 2008; Pan et al., 2011; Houghton et al,, 2015).
However, this contribution could be distinct in young and old-growth forests.
At new forest edges, after the stabilization of shade-tolerant species mortality,
above-ground biomass may increase by the proliferation of pioneers and lianas,
but this effect should be insufficient to compensate losses related to the period
of sharp biomass decrease (Melito et al., 2018). Such effects are predicted for
remaining old growth forests affected by deforestation and fragmentation but
not for young forest patches regenerating in a fragmented and human-
dominated context, which seems to be the situation of landscapes with a long
history of human disturbances. Young forests regenerating in fragmented
landscapes are accumulating carbon near the edges where photosynthetic
activities are more intense. Those areas can have higher tree height and density

of shade-tolerant species with higher wood density (Romitelli et al., chapter 1).
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Nevertheless, the different mechanisms related to edge effects which could
affect biomass in young and old-growth forest must be explored by a systematic
and paired design to test the consistency of the observed inverted edge effects

in young and old-growth forests.

5. Conclusion

Here, we provide a comprehensive analysis of landscape factors effects
on forest growth and above-ground biomass of tropical fragmented forests in
contrasting landscape contexts beyond the topography and forest age influence
fared well explored. The effect of forest cover on carbon stock was consistently
positive, as expected. However, the edge distance influence on forest growth
presented contrasting resulting, indicating that there is still a remaining
knowledge gap concerning the edge effect mechanisms in young and old

forests.

Given the continued tropical forest fragmentation, landscape level
processes will play an important role in carbon sequestration and its feedback
with climate (Reinmann and Hutyra, 2017). New models of biomass estimation
need to better incorporate those processes in addition to commonly used
abiotic proxies, through spatially explicit approaches that consider the spatial
arrangement of the remaining forest. Our findings contribute therefore to
stimulate initiatives for carbon conservation and regeneration considering the
distinct effects that landscape processes can have on young and old-growth

forests.
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Capitulo 3: “Contrasting edge effects over successional stages in

secondary tropical forests”

I[sabella Romitelli, Jomar Magalhdes Barbosa and Jean Paul Metzger

ABSTRACT

Deforestation and fragmentation are the most important drivers of
environmental changes in tropical forest regions, resulting in landscapes with
extensive edges between anthropic and forest areas. The biotic and abiotic
characteristics of those edge areas can affect forest structure and productivity,
but the distinct effects that edges can have on old-growth and initial
regenerating forests are still poorly explored. This study is the first to test,
systematically and with a paired design, the edge effect on forest structure of
old-growth and regenerating forests. We hypothesize that biomass are
negatively affected by edges in old-growth forests (through disturbance effects
and loss of old trees), while positively affected in regenerating forests (through
favorable photosynthetic conditions and faster growth of trees). To test this
hypothesis, we used LiDAR data of maximum canopy height (MCH), as a
biomass proxy, from two fragmented landscapes of the Brazilian Atlantic
Forest. Using maps of MCH values, we built "virtual transects" of 100 m from
edges to the interior of the forest, and compared, with generalized linear mixed
models, the effects of edge on old-growth and regenerating forests with a
paired design. As expected, edges affected negatively tree height in old-growth
forests (i.e. lower biomass near edges) and positively in regenerating areas (i.e.
higher biomass near edges). The slope of the relationship between MCH and
edge distance is mostly affected by forest age, but forest cover surrounding a
particular area also plays a positive significant role on tree height. Given the
continued trend of forest fragmentation and the important role of edge effects
on modulating terrestrial carbon sink, further landscape planning projects

should be delineated considering the aspects abovementioned to provide better
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climate regulation. In this sense, our results suggest that forest restoration
projects around existing forest old-growths can both reduce edge effects in old-
growth patches and favor biomass regrowth in regenerating or restored
forests, being thus doubly beneficial to increase carbon stock in human-

dominated landscapes.

Keywords: human-dominated landscapes, Atlantic forest, carbon stock, above-

ground biomass

1. Introduction

Deforestation and fragmentation are the most relevant drivers of
ecological changes in human-dominated landscapes. More than 60% of
terrestrial forestlands are already replaced by agriculture and infrastructure
(Reinmann and Hutyra, 2017). In addition to this forest reduction, the
remaining forest cover is also very fragmented: 70% is within 1 km of the edge
of anthropic land uses (Remy et al., 2016), and 20% within 100 meters of the
edge (Haddad et al., 2015). The direct and indirect effects of microclimate
conditions and higher disturbance regimes along forest edges could be
responsible for approximately 10% of carbon stock reduction in tropical forests
(Chaplin-Kramer et al.,, 2015), reaching to 50% in the first 100 meters in the

Amazonian region (Laurance, 1997).

Forest edges, when compared to interior conditions, are abiotically
characterized by high wind turbulence (Laurance, 1997), high temperature and
low humidity (Briant et al., 2010), which affects forest community structure

and composition (Peters, 2001), and indirectly phenology and plant
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recruitment (Curran et al.,1999). All those abiotic characteristics may induce
increases, decreases, or no change in the factors controlling forest productivity
and biomass in comparison to forest interior (Ries et al., 2004). The extent and
the intensity of edge effects associate to the abiotic conditions may vary with
vegetation type, successional stage, landscape-context and regional-scale

climate conditions (Crouzeilles et al., 2017; Schmidt et al., 2017).

Edge conditions can induce changes in forest structure and consequently
in carbon stocks (Melito et al. 2018). Theoretically, those effects could be
negative or positive. Negative effects have been widely described in the
literature (e.g. Laurance et al,, 1997; Putz et al,, 2014) and are mostly related to
higher rates of mortality of large shade-tolerant trees near the edges due to
microclimatic and disturbance regime changes. After the stabilization of shade-
tolerant species mortality, above-ground biomass may increase by the
proliferation of pioneers and lianas, indicating that edge condition may benefit
the growth of some species. Although this positive effect is insufficient to
compensate for losses related to the previous period of sharp biomass decrease

(Melito et al., 2018).

Contrastingly, changes at the forest edge can create favorable conditions
for plant growth, depending on the local limiting factors to growth and
vulnerabilities to stress (Smith et al., 2018). For example, nitrogen deposition
and availability can be elevated at the forest edge due to a combination of

inputs from nearby fertilizer applications and altered canopy roughness
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characteristics (Weathers et al.,, 2001; Remy et al., 2016). Overall, increased
incident solar radiation is perhaps the key factor differentiating the edge’s
microenvironment from that of the forest interior (Matlack, 1993); the tree
seedling recruitment and growth may also increase within 10 m of a newly
created edge (Sizer and Tanner, 1999). All those factors can lead to a positive
edge effect on biomass, which is also called “inverted edge effect pattern”
(Costa, 2015; Romitelli et al.,, chapter 1), given that the negative effect is the

best-known and widely accepted pattern.

Negative edge effects on biomass were predicted for old-growth forests
affected by surrounding deforestation and fragmentation processes, but not for
young forest patches regenerating in a fragmented and human-dominated
context. Actually, in new regenerating forests an inverted pattern (i.e. positive
edge effect on biomass) should be expected because in this condition of forest
regrowth tendency biomass is mostly increasing with regeneration (and not
decreasing due to mortality). In addition, the extent of most
microenvironmental changes can be two to five times higher in young forest
edges than at older and densely vegetated edges (Didham and Lawton, 1999).
Considering that over half of the world's tropical forests are not old-growth, but
naturally regenerating forests in initial successional stages (FAO, 2017), we
should differentiate both the edge effects on old-growth and regenerating

forests to fully account for edge effects in fragmented landscapes.
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Although the inverted edge effect pattern in tropical forests has been
documented in other recent studies (Reinmann & Hutyra, 2017; Romitelli et al.,
chapter 1 and 2), here we propose a new systematic and paired design to test
the edge effect in old-growth and young forests. We hypothesized that young
and old-growth forests respond distinctly to edge effects: old-growth will
respond negatively to edges (lower biomass near the edge) and young forests
will respond positively (higher biomass near the edge). To test this hypothesis,
we used Maximum Canopy Height (MCH) obtained with LiDAR data as a proxy
of above-ground biomass and explored edge effects in young and old-growth

forests of two fragmented landscapes from the Brazilian Atlantic Forest.

2. Methods

2.1. LiDAR data and MCH variable calculation

We obtained data from two regions (Cantareira and Conduru), both
located in the Brazilian Atlantic forest (Figure 1A), a highly diverse and
endangered tropical forest that experienced unprecedented levels of habitat
loss and other human disturbances since the 16th century (Joly et al.,, 2014).
The remaining forest cover in the Brazilian Atlantic forest (~28% of its original
distribution; Rezende et al., 2018) consist of small fragments, with < 50 ha
(Ribeiro et al,, 2009), including 46% of this forest at less than 100 m distant
from an edge (Figure 1A; Ribeiro et al,, 2009). The two studied regions present
contrasting landscape conditions which allowed us to explore the effect of

distinct regional contexts on processes that modulate forest regeneration:
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Conduru is more forested (approximately 80% of forest cover) and less
disturbed, while Cantareira is less forested (approximately 20% of forest
cover) and more intensively disturbed. Regenerating forests (with less than 28
years) correspond to approximately 1% of all forests in Conduru and 5% in

Cantareira.

The Cantareira study region (Figure 1C-D) is located in Southeast Brazil.
[t includes an important ecological corridor, which was considered of high
priority for biodiversity conservation at the state level (Rodrigues et al., 2008;
Joly et al., 2010). Landscapes of the Cantareira-Mantiqueira corridor are very
heterogeneous, comprising different land uses, mostly pasture areas in small
properties and forestry plantations, especially with Eucalyptus spp. Native
Atlantic Forest vegetation, in different successional stages and submitted to
different levels of disturbance, represents 21% of the Cantareira study region

(Whately and Cunha, 2006).

The Conduru study region is a protected area (Serra do Conduru State
Park) in Southern Bahia, Brazil (Figure 1B). The Conduru area bounds one of
the largest contiguous areas of Atlantic forest in the northeast of Brazil (almost
10,000 ha) and includes patches of secondary forest at different stages of
regeneration, active forest restoration sites and areas of older forest that have
been selectively logged in the past. Selective logging, hunting and fiber
harvesting are common throughout the Conduru. Some small patches within

the park remain occupied with pastures. Several frequently used roads bisect
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the protected area and there are trails used by local inhabitants throughout the

area (Becknell et al.,, 2018).
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Figure 1. Study areas situated in the Southeast and Northeast of Brazil (A). The
two study regions (Conduru - panel B and Cantareira - panels C and D)
embrace large variation in forest cover. Panel E shows an example of a virtual
sample transect in old-growth and young forest.

2.2. LiDAR data and MCH variable calculation

Although small plot-scale studies are crucial for measuring many
important variables including species density and soil properties (Becknell et
al., 2018), airborne LiDAR offers an alternative for quantification of forest

structure at larger spatial scales (Leitold et al., 2015). LiDAR data provide
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direct measurements of height, which can be used to generate estimates of

forest biomass (e.g. Lefsky et al., 2002; Asner and Mascaro, 2014).

The LiDAR data of the Cantareira study region was acquired in October
2014 by an airplane flight with an Optech Orion M300 sensor at an altitude of
853 meters, with a field of view of 102. Laser-spot spacing was maintained at
approximately 86 laser shots m-2. The LiDAR dataset covers two areas of 499
hectares each (35 km distant apart), which includes approximately 43% of
native forest vegetation. In Conduru region, the LiDAR data was acquired in
December 2015 by an airplane flight with an Optech Orion M300 sensor at an
altitude of 853 meters, with a field of view of 122. Laser-spot spacing was
maintained at approximately 94 laser shots m-2. This LiDAR dataset covers
three areas totaling 4,529 hectares, which includes approximately 82% of

native forest vegetation.

Using the above-mentioned LiDAR data, we calculated the maximum
canopy height. The MCH is a good proxy of above-ground biomass in Atlantic
Forest (Becknell et al., 2018). In addition, MCH variable has been used to study
forest structure and tree growth (Wasser et al.,, 2013). For both study regions,
digital terrain models (DTM) were generated from the LiDAR data using a
methodological process previously described in Leitold et al. (2015). Then, we
calculated a 1-m-pixel-scale MCH model using the 95th percentile threshold of
the LiDAR data points (P95 tree height map). To calculate the P95, we used the
“Cloudmetrics” utility in FUSION software package, beta version derived from
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version 3.00 (http://forsys.cfr.washington.edu/fusion.html). We used a 1-m-

pixel mean moving window smoothing function to remove anomalies.

2.3. Virtual transect sampling

To systematically test the edge effect with a paired design in old-growth
and young forests, we plotted over the MCH raster maps 20 orthogonal virtual
transects on each study region (Cantareira and Conduru), totaling 40 transects
(Figure 1E). These transects - with 100 meters of extension - were orthogonally
positioned from the forest edge to the interior and constructed by the polyline
creation function in ArcGIS 10.2 software. We paired nearby transects in young
and old-growth forests to control for possible biotic and abiotic factors, which
could influence the edge effect in biomass (MCH). The paired transects were
linked to a same identification number in order to proceed with further
statistical analysis. In young forests, we positioned the transects in areas where

forest age was the more homogeneous as possible all long the transects.

We obtained MCH and explanatory variables (forest age and edge
distance) in sample points in an interval of 5 meters, totalizing 20 sample

points per transect (100/5 meters = 20 sample points).

2.4. Explanatory variables (forest age and edge distance)

To determine the spatial position of any MCH pixel within the virtual
transect, we calculated the Euclidean distance (straight-line distance) between

any forest pixel and the nearest forest edge. In this procedure, we applied the
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Spatial Analyst package of ArcGIS 10.2 (Figure 2) to a 5 meters pixel size raster

(the same pixel size of the forest cover mapping).

We used a chronological sequence mapping of forest stands with Landsat
images obtained annually from 1985 to 2017 (MapBiomas Project; available at

http://mapbiomas.org) to determine forest age of all MCH pixels. This forest

age map consists of a classification that ranges from 4 to 28 years and equal or
superior to 29 years. For the purpose of classifying both young and old-growth
forest, we grouped forest with equal and less than 28 years as young forests
and forests with more than 28 years as old-growth forests. We obtained low
young forest points in comparison to old-growth forests: 4.91% (7.68 ha) in

Cantareira region and 0.06% (18.68 ha) in Conduru region.

2.5. Data analyses

2.5.1. Mixed linear model

The MCH value of each forest pixel located at the virtual transects was
used as the response variable. To quantify and model the relationships between
MCH and the explanatory variables (forest age and edge distance), we used
generalized linear mixed models. The identity of the paired transects was used
as random effect in all models. We used the mixed models approach to test edge
effect distance since it allows considering the gradual influence of distance, as
used by Reinmann and Hutyra (2017). To select the best distribution to fit the

MCH data, we performed maximum likelihood estimation with Log-Normal,
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Normal and Gamma distributions. Then MCH was normalized to an exponential
distribution because this distribution showed the best fit to our data in both
study regions (Figure S1). We built simple models in order to evaluate the
individual effects of each explanatory variable (successional stage and edge
distance. The pair of virtual transects (i.e. young and old-growth forests) was
considered as a fixed effect in all models. Therefore, the model selection
procedure considered firstly the young-old growth relationship in each pair

and then this relation to all other explanatory variables.

We selected the most plausible models among the six models tested by
the corrected Akaike information criterion (AICc). The AICc is a selection
criterion that penalizes models with many parameters and utilizes a correction
for small sample sizes (Burnham and Anderson, 2002). Small values of AIC
represent the best fit, so models with A AICc < 2 were considered equally
plausible. The statistical analyses were performed using R software (R

Development Core Team, 2019).

101



10

11

12

Empirical and theoretical CDFs

S | o g——
e
,’ .
24 /// A
(=}
@
w ©
(=]
o <
o1
N
S
—— Normal
Log
o | Gamma
i T T T
20 25 30
o | = ————————
e ey I v
@
- - s
S B
e
w ©
o
© ]
o
N
S
—— Normal
Log
g =) Gamma
T T T T T
5 10 15 20 25

Maximum height canopy (m)

Figure S1. Graphical comparison of multiple fitted distributions of MCH in (A)

Cantareira and (B) Conduru study regions.

2.5.2. Young - old growth MCH ratio

To better understand spatial patterns related to positive and negative
edge effects, we performed a paired comparison between MCH of young and
old-growth forests. We used the edge distance gradient in intervals of 5 m to
compare MCH from paired young and old-growth transects, i.e. the MCH ratio.
The aim of this MCH ratio calculation was observed the difference between
young and old-growth forest along the gradient of edge distance and to identify
if the spatial pattern is uniform between the virtual transect pairs and along the

same transect pair.
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3. Results

As we expected from our hypothesis, edge effect was different to young
and old-growth forests in both study regions, since the best explanatory model
of MCH was the model with interaction between edge distance and successional
stage (Table 1). The MCH ratio highlights that young and old growth forest
have contrasting edge effects (Figure 2A; 3A): this ratio is higher than one in
areas near the edges (higher biomass in young than in old-growth forests), and

then tended progressively to be lower than one in areas far from the edges.

The highest values of MCH were observed far from the edge in old-
growth forests and near to the edge in young forests (Figure 2B and 3B). In the
Cantareira region, MCH of old-growth forest was mostly constant as edge
distance increased. Contrary, the inverted edge effect (or positive edge effect)
in the young forest was pronounced (Figure 2B). In the Conduru region, we
found a strong negative edge effect in old-growth forest, i.e. the higher the
proximity to the forest edge the smaller is the MCH, as well as an inverted edge
effect for young forests, however less evident than the one observed for
Cantareira (Figure 3B). Although the MCH is quite similar between young and
old-growth forests in the first meters of the edge distance, the difference is
more visible in the next meters where the MCH decrease in young forests and

increase in old-growth forests.
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Table 1 - Best supported models

Best supported models to explain variation in the Maximum Canopy Height
(MCH) in both study regions (Cantareira and Conduru). Explanatory variables
are edge distance and successional stage. The pair of young and old-growth
forests virtual sample transect was considered as a fixed effect in all models.
Each model is described by the degrees of freedom (df), AAICc and weight. The
tilde (~) means the function and the asterisk (*) the interaction. The virtual
sample transect was considered as a fixed effect in all models.

Models AICc | dAICc | df | weight
Cantareira
MCH ~ edge distance * successional stage 336.8 0 6 | 0.9833
MCH ~ edge distance + successional stage 346.3 9.5 5 | 0.0086
MCH~ successional stage 346.4 9.6 4 | 0.0080
null 368.6 31.8 3 | <0.001
MCH ~ edge distance 373.7 37 4 | <0.001
Conduru

MCH~ edge distance * successional stage 318.7 0 6 0.971
MCH~ successional stage 325.7 7 4 0.029
MCH~ edge distance + successional stage 340.3 21.6 5 | <0.001
null 426.2 | 107.5 | 3 | <0.001
MCH ~ edge distance 4440 | 1253 | 4 | <0.001
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heterogeneity in Cantareira (Figure S2) and in Conduru (Figure S3), mainly in

an intermediary edge distance (40-80 m). Some pairs of transects showed MCH

The MCH ratio from each virtual transect showed high spatial
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ratio lower than one along all the edge distance range (Figure S2A; S3A). In

contrast, we also found transects with MCH ratio higher than one all along the

edge distance range (Figure S2H; S31). Nonetheless, MCH ratio near to the edge

was usually higher than one, while being lower than one far from the edges,
which means that the inverted edge effect in the young forest is observed in

most pairs of transects (Table S1).

Table S1 - MCH Young-0ld growth forest slope, slope p value and r2

MCH Young-Old growth forest slope, slope p values and r2 in relation de the

edge distance in in Cantareira and Conduru.

Cantareira
Pair Slope Slope p value r2
A -0.005 0.003 0.394
B 0.003 0.179 0.098
C -0.004 0.103 0.140
D -0.007 0.012 0.3029
E -0.004 0.353 0.0481
F -0.006 0.132 0.4591
G -0.017 0.002 0.644
H -0.014 0.009 0.320
| -0.003 0.173 0.101
J 0.007 0.015 0.289
Conduru
Pair slope Slope p value r2
A -0.003 0.039 0.215
B -0.007 0.000 0.566
C 0.001 0.604 0.015
D -0.003 0.001 0.494
E 0.000 0.593 0.016
F -0.009 0.000 0.527
G -0.002 0.026 0.246
H 0.001 0.822 0.003
I -0.021 0.002 0.634
J -0.009 0.004 0.613
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Figure S2. Representation of Maximum Height Canopy (MCH) height ratio
between young and old-growth forests for each virtual sampled transect in
Cantareira. The line represents where these difference does not exist.
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Figure S3. Representation of (Maximum Height Canopy) MCH height ratio
between young and old-growth forests for each virtual sampled transect in
Conduru. The line represents where these difference does not exist.
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4. Discussion

We found contrasting spatial patterns of edge effects on vegetation
structure from fragmented and degraded Atlantic tropical forests. Edge
effect influenced both young and old-growth forests, although the increase
in distance from the forest edge resulted in positive and negative
consequences to canopy height in young and old-growth forests,
respectively. These results indicate that changes in canopy height due to
edge effect depend on the interaction between edge distance and
successional stage. Consequently, forest age should affect large-scale spatial
patterns of forest biomass and carbon stock. Additionally, the inverted edge
effect pattern was found in different landscape contexts, with distinct level
of forest cover and abiotic and biotic characteristics, which suggest this

pattern should be quite common in secondary tropical landscapes.

In light of the global tendency of increasing forest fragmentation in
different forest ecosystems, quantitative characterization of the effects of
fragmentation on forest growth and its interaction with climate is essential
for forest carbon balance and climate projections (Reinmann and Hutyra,
2017). The young and old-growth forest distinction approach in carbon
stocks estimations and restoration strategies are essential to consider, since
the ecological mechanisms are completely different. The inverted edge effect

pattern was revealed here with a systematic and robust approach in distinct
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landscapes contexts. It cannot be any more ignored in future estimation and

mapping of above-ground biomass (carbon stock).

Our findings contribute to the understanding about the landscape-
scale drivers of forest regrowth and carbon stock accumulation, which is
very important in planning forest regeneration projects. This type of
information is poorly understood in secondary tropical forests and difficult
to model based on the limited data available (Norden et al., 2015).
Furthermore, secondary tropical forests have rapid rates of carbon
sequestration, with potentially large consequences for the global carbon
cycle (Pan et al,, 2011). Forests with more than 30 years of regeneration
accumulate 50% more carbon than a forest with less than 30 years old
(Romitelli et al., in prep). Most of above-ground biomass and carbon stock
approaches were not designed to capture the effects of edges and
fragmentation on forest growth and biomass and do not capture this
important determinant of forest carbon balance and its sensitivity to
climate. Given the continued forest fragmentation, edge effects will play an
important role in constraining estimates of the terrestrial carbon sink and
its feedback with climate (Reinmann and Hutyra, 2017). We show here that
this carbon accumulation process is spatially heterogeneous within the edge
distance gradient. So the arrangement of the remaining forest in which best
improves the carbon stock accumulation should be considered in landscape

restoration.
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Even though the actual young forest proportion of Atlantic forest is
relatively low (6,78%; MapBiomas Project, 2019), some Payment for
Ecosystem Services programs and other initiatives to restore forest cover of
Atlantic forest aim to recover more than 15 million hectares until 2050
(Pacto, 2019). This value represents almost 50% of current forest cover of
Atlantic forest with less than 30 years old which increased 70% of the
proportion of young forests. Further, in the face of optimizing restoration
efforts, in this restoration projects of Atlantic forest for example, our results
suggest that forest restoration projects around existing forest old-growths
can both reduce edge effects in old-growth patches and favor biomass
regrowth in regenerating or restored forests, being thus doubly beneficial to

increase carbon stock in human-dominated landscapes.
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Conclusao geral

As florestas tropicais em paisagens antropizadas estudadas aqui
apresentaram um valor relativamente baixo de estoque de carbono relativo
a outras florestas secundarias tropicais (Romitelli et al., in prep) tanto em
areas proximas, quanto mais distantes da borda. Os resultados do capitulo 1
permitiram indicar, pela primeira vez na literatura de florestas tropicais,
que ha mais estoque de carbono préximo a borda do que no interior em
florestas jovens localizadas em paisagens fragmentadas. Esse inesperado
padrao invertido de biomassa em bordas florestais contradiz o padrao
usualmente reportado em inimeras publica¢des. Esse padrao invertido pode
estar ligado a um efeito positivo das condi¢des microclimaticas nas bordas,
que podem estimular a propagacao e o crescimento de arvores. O estoque de
carbono das paisagens estudadas foi diretamente afetado pela distancia a
borda, quantidade de floresta remanescente na paisagem e composicao
floristica. Nesse, sentido a configuracao da paisagem desempenha um
importante papel na modulacao de estoque de carbono, algo muito pouco

descrito na literatura até o momento.

Apés a identificacao do padrao invertido de efeito de borda e a
importancia do contexto da paisagem na regulacao do estoque de carbono
de florestas secundarias, no capitulo 2, testamos se esse padrao se repete em
diferentes paisagens, que diferem em cobertura florestal e grau de

perturbacgao. Além da paisagem da regiao da Cantareira, consideramos
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outras trés paisagens no Conduru. Concluimos que os fatores da paisagem
(cobertura florestal e distancia da borda) possuem maior importancia
relativa para a estrutura da vegetacao (altura do dossel), do que os fatores
de relevo e idade, estes dois ultimos sendo ja bastante explorados e
conhecidos. Esse padrao foi verificado para florestas jovens e maduras e
para as duas regioes, mesmo sendo elas com contextos bastante distintos.
Embora os fatores da paisagem tenham se mostrado bastante importantes
para a regeneracdo da estrutura da vegetagdo e acimulo de biomassa, os
modelos de estimativa de biomassa em larga escala (por exemplo: Baccini et
al., 2012; Mitchard et al., 2014; Urbazaev et al., 2018) nao utilizam esses
fatores como variaveis preditoras. Dessa forma, este capitulo aponta para a
necessidade de considerar tais fatores para melhores estimativas de

biomassa em florestas secundarias tropicais de paisagens antropicas.

Por fim, no terceiro e ultimo capitulo, conseguimos avaliar de forma
sistematica e pareada diferencas no efeito de borda sobre o dossel de
florestas jovens e maduras. Como esperado, o padrao usual de efeito de
borda negativo para florestas maduras foi observado para as duas regioes,
embora de forma mais intensa no Conduru, onde a proporc¢ao de vegetacdo
nativa é muito superior e possivelmente os processos ecoldgicos de florestas
maduras ainda estdo mantidos préximo aos 100 m da borda. Por outro lado,
observamos um efeito consistente de borda invertido para as florestas mais

jovens, tanto na Cantareira quanto no Conduru, o que sugere que esse
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padrdo deve ocorrer em outras paisagens tropicais degradadas e

fragmentadas, onde a regeneracao esta ocorrendo.

De forma conjunta, os trés capitulos indicam que em florestas
secundarias tropicais em paisagens antropizadas, o estoque de carbono é
muito abaixo do que em outras florestas tropicais menos perturbadas. Além
disso, existe uma alta heterogeneidade espacial, guiada por fatores de
paisagem e locais, como por exemplo perturbagdes antrépicas. Tendo em
vista as implica¢Ges globais da intensa fragmentacao florestal para os
processos ecossistémicos, trabalhos como esse que quantificam os efeitos da
fragmentacao e do efeito de borda em florestas jovens e maduras, sao
essenciais para projecgoes climaticas e de estoque de carbono (Reinmann &

Hutyra, 2017).

Os dados e andlises apresentados na tese fornecem importantes
informagdes de suporte para o manejo de carbono florestal de vegetacao
nativa em nivel de paisagem. Por exemplo, vimos que a configuracao dos
fragmentos florestais pode influir em maiores estoques de carbono, e desta
forma, sugerimos incrementar a cobertura florestal ao redor de florestas
remanescentes por meio de projetos de restauragdo. Com esse tipo de acao
seria possivel amenizar o efeito de borda negativo para florestas maduras e
ao mesmo tempo promover a regenerac¢do em florestas jovens que

apresentaram maiores valores de estoque de carbono préximo a borda.
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Nossos dados indicam que a maior efetividade de programas de
mitigacdo de mudancgas climaticas, como o REDD+ (Redug¢do das Emissdes
por Desmatamento e Degradacao Florestal), depende de um bom
planejamento de acdes a nivel de paisagem, considerando os efeitos
distintos de borda em florestas jovens e mais maduras. Neste sentido, é

importante ressaltar a importancia de evitar a perda de areas de florestas

nativas mais antigas, e estimular a regeneracao florestal ao longo das bordas

de florestas remanescentes. Esse simples planejamento espacial permitira

ndo apenas otimizar os ganhos de carbono por meio da restauragao, mas

também minimizar as perdas que ocorrem por meio de efeito de borda em

florestas remanescentes.
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