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RESUMO

Exploracdo madeireira e expansao agricola contribuem significativamente para a mudanca e
intensificagdo do uso da terra. Em todas as regides tropicais, as perdas de floresta crescem e
acarretam a diminuicdo da cobertura de florestas priméarias. Em algass campacto do
desmatamento € compensado pela regeneracdo de novas florestas quando essas areas nao s
convertidas para outros usos. Florestas secundarias estdo se tornando a principal cobertura
tropical diante da grande degradacdo e perda de flonestadrias. Elas apresentam um
consideravel volume de madeira de espécies comerciais, que podem contribuir
significativamente para produzir renda e valorizar areas regeneracdo em diferentes estéagios
sucessionais. Na Mata Atlantica, uma caracteristicaahelgiparte dessas florestas é o volume
significativo de madeira de espécies de crescimento rapido acumulado entre 30 e 40 anos de
regeneracao. Entretanto, esses ecossistemas ainda sdo muito pouco manejados para produca
de madeira, em parte por conta daassez de pesquisas sobre o tema. Nesta tese, busco
compreender como a floresta secundéria produz madeira de qualidade ao longo do processo de
sucessao e os impactos da colheita dessa madeira na dinamica da floresta. Foram analisados
dois conjuntos de dadaoletados de arvores com diametro a altura do peito (dap) acima de 5
cm. O primeiro € resultado do inventario de 82 parcelas em cronossequéncia de 2 a 50 anos,
distribuidas em trés trajetorias sucession®iEonia cinnamomifolia Miconia formosae
Tibouchina pulchra O objetivo da analise desses dados € compreender a produtividade de
madeira em florestas secundarias em diferentes idades. Os resultados mostram que espécies
arbéreas comerciais contribuem significativamente para o aumento da riqeezhasal e

volume comerciais das florestas regeneradas naturalmeqnie estagsepresentam 51% da
diversidade de espécies de arvores. Entre as 12 espécies dominantes, 9 sdo espécies comerciai
que apresentam um volume comercial de até 155m3Arsores de espécies comerciais com

mais de 30 cm de diametro produzem 126 ri¥d@ volume comercial ja aos 30 anos de
sucessaddieronyma alchorneoide#/. formosae M. cinnamomifolissdo espécies dominantes

de crescimento rapido e produzem 200 medemadia de qualidade aos 40 anos de sucessao.
Diversas outras espécies comerciais apresentam elevado estoque de madeira nessa idade d
floresta. O segundo conjunto de dados representa uma floresta em estagio médio de sucesséo
onde foram inventariadal? parcéas permanentes em 200918 parcelas permanentes em
guatro ocasiéegomduas antes de uma colheita seletiva de arvores (2009 e 2014) e duas apés
a colheita (2014 e 2021). O objetivo da andlise desses dados é compreender a dinamica e
crescimentala floresta antes e apds a intervencao silvicultural. Os resultados mostram que a
floresta responde rapidamente a colheita de arvores com participacdo de espécies comerciais
(45%) e com aumento da riqueza de espécies ap0s a colheita. Entre as espécies ddinantes
espécies), 11 sdo espécies comerciais, com destaqud. gEchorneoidesgue atingiu 12%

de valor de importancia (IV) do ecossistema. Apos a colheita, houve rapida recuperacdo da
densidade de individuos, area basal e volume comercial para todastafléx recuperacao

dessas variaveis foi mais lemas espécies comerciais em relagdo a floresta comiodo. A

suataxa de recrutamento excedeu a taxa de mortalici@&diéa @ floresta, tanto antes quanto
depois da colheita de arvores. A area basal rest@mte da colheita foi determinante para as
mudancas que ocorreram apos a intervencao e influenciou a riqueza, a densidade de arvores e
o volume comercial da floresta. A taxa de crescimento relativo (RGR) em diametro para toda a
floresta teve um aumentmasificativo do periodo pr€olheita para o periodo péslheita. Para

0 conjunto de espécies comerciais, o padrao € o mesmo, porém com taxas médias menores err
comparacao a floresta como um todo. Por sua vez, o incremento médio periodico anual (PAI)
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do voume comercial total foi de 5,5 m3.ahno periodo de crescimento antes da colheita e de

4,4 m3.and apos a colheita. A RGR mostrou relag@cersacom a area basal para espécies
comerciais, com maior taxa de crescimento em areas com menor area basat@héga,
enguanto o incremento foi impactado pela colheita. Os dados de arvores individuais de espécies
comerciais cresceragom taxas maioregpos a colheita, atingindo até 3,06 cmi@not. As

taxas médias foram de 0,30 cmanot antes da collia e de 0,33 cm.cthanc* apds a
colheita. Entre as espécies dominantes (9 espékieg)chorneoidesM. cinnamomifoliae

Virola bicuhybaapresentaram o maior incremento apos a colheita. Os resultados obtidos nesta
tese mostram que florestas secundériasgsd@amentedominadas por espécies comerciais e
produtoras de madeira de qualidadestrandaim rapido aumento de estoque de madeisa no
estagios iniciais de sucessao. A resposta rapida da floresta ao impacto da colheita seletiva de
arvores pode ser observada principalmente nos dados de crescimento de arvoresisraividua
nas taxas de recrutamento de novas arvores. O periodo de setie avasiacdo da floresta

apos a colheita foi insuficiente para a recomposicdo da densidade, area basal e volume
comercial nos niveis verificados antes da colheita. Entretanto, os resultados deste estudo
indicam que a colheita comercial de madeira acededinamica da floresta e reforca a
perspectiva do seu uso para a producdo sustentavel de madeira de espécies dominantes
enguanto contribui para a conservacéo de grande diversidade de espécies.

Palavras-chave:sucessao, produtividade de madeira, colltstarvores, espécies comerciais
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ABSTRACT

Logging and agriculture expansion contribute significantly to land use change and
intensification. In all tropical regions, deforestation loss increases, reducing the coverage of
primary forests cover decreada.some cases, the impact of deforestationfiset by the
regeneration of new forests when these areas are not converted to othBecsedary forests

are becoming the main tropical coverage in the face of-Ergke degradation and loss of
primary forests. These forests can hold a considevahlene of timber of commercial species,
which can contribute significantly to produce income and enhance the value of regenerating
areas in different successional stages. In the Atlantic Forest, an important characteristic of most
of these forests is theignificant volume of timber from fagfrowing species accumulated
between 30 and 40 years of regeneration. However, these ecosystems are still rarely managed
for timber production, partly because of the lack of research to support management decisions.
In this thesis, | seek to understand how the secondary forest produces quality wood throughout
the succession process and the impacts of a selectivedgegg has on the forest dynamics.

Two sets of data collected from trees with diameter at breast {BiBkt) above 5 cm were
analysed. The first is the result of an inventory of 82 plots in chronosequence from 2 to 50
years, distributed in three successional roltisonia cinnamomifoliaMiconia formosaand
Tibouchina pulchraThe objective of the analigsof these data was to understand the timber
productivity in secondary forests at different ages. The results show that commercial tree
species a contribute significantly to the increase in richness, basal area and commercial volume
of naturally regenerat forests and represent 51% of tree species diversity. Among the 12
dominant species, 9 are commercial species, which have a commercial volume of up to
155m3.hat. Commercial trees over 30 cm in diameter produce 12Bah of commercial
volume around 30years of successiorHieronyma alchorneoidesM. formosa and M.
cinnamomifoliaare dominant fasgrowing species and produce 200 mitad quality timber

by 40 years of succession. Several other commercial species show high timber stock at this
forest age The second dataseepresents a forest in msliccessional stage, whef®
permanent plots were inventoried in 2009 dBgpermanent plots were inventoriad?014 and

2021, two before a selective trémgging (2009 and 2014) and two afteee logging2014 and

2021). The aim of the analysis of these data was to understand the dynamics and growth of the
forest before and after the intervention. The results show that the forest responds rapidly to tree
harvesting with high participation of commercial Spec(45%) and with increased species
richness after harvesting. Among the dominant species (16 species), 11 were commercial
species, especiallyl. alchorneoideswhich reached 12% of the total importance value (V) of

the ecosystem. After harvesting, theras rapid recovery of the density of individuals, basal
area and commercial volume of the forest. Recovery of these variables was slower for
commercial species than for the whole forest. The recruitment rate exceeded the mortality rate
for the forest, bdit before and after tree harvesting. The basal area remaining from harvest was
a major driver of the changes that occurred after the intervention and influenced the richness,
tree density and commercial volume of the forest. The relative growth rate (R@Rreter

for the whole forest had a significant increase fromhaerest to posharvest period. The
pattern was observed for the set of commercial species, but with lower average rates compared
to the whole forest. The average annual periodic increrfidhk) of the total commercial
volume was 5.5 fayear! in the growing period before harvest and 4.4 m3.yeaiter harvest.

RGR showed negative relationship with basal area for commercial species, with higher growth
rate in areas with lower basal ardeemaharvest, while increment was strongly impacted by
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harvest. Data from individual trees of commercial species revealed that these trees grew faster
after harvest, reaching up to 3.06 cm:tgear. The average rates were 0.30 cmicyear!

before harest and 0.33 cm.cthyear! after harvest. Among the dominant species (9 species),

H. alchorneoidesM. cinnamomifoliaandVirola bicuhybashowed the highest increments after
harvest. The results reported in this thesis show that secondary forests are dominated by
commercial and quality timbgaroducing species, with a rapid increase in timber stock at early
successional stages. The rapide8t response to the selective tlegging can be observed
mainly in the increment of individual trees and in the recruitment rates of new trees. The
regrowth of the forest during the sevgear period after harvest was insufficient for the forest

to resbre density, basal area, and commercial volume tehg@neest levels. However, the
results of this study indicate that commercial timber harvesting accelerates forest dynamics and
reinforce the prospect of its use for sustainable timber production of dotspecies, while
contributing to the conservation of a significant species diversity.

Keyword: succesion, timber productivity, tree harvesting, commercial species
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1 CAPITULO 1

1.1 INTRODU CAO GERAL

1.1.1 DESMATAMENTO E FLORESTAS SECUNDARIAS

A demanda global por madeira, minérios e terras agricolas impulsiona o desmatamento
em areas tropicai®) que leva alegradacédo, perda de biodiversidade e eros&eicos
ecossistémico$CLEARY; WAITS; FINEGAN, 2016; COCHARD, 2011; CURTIS et al.,

2018; GHAZOUL et al., 2015)Desmatamento compreendeconversdo déorestaspara

outros usos, independentemente se por inducdo humana ,onatdimdo areas de florestas
convertidas para agricultura ou criacao de anilff&A©, 2023) Até 2020,a perda de florestas
promoveu uma reducgéo de 12% da cobertura florestal tropical, com o Brdsiateraior perda

com 1.7 milhGes de hectares de florg&OBAL FOREST WATCH, 2022)A cobertura

florestal ja esta abaixo do limite critico de 30% da paisagem necessaria para a conservacao da
biodiversidade em muitas regides tropiq®&NKS-LEITE et al., 2014)Jurtamente cono
desmatamento, a degradacao e a conversao para outros usos sao 0s principais impulsionadore:
da perda de florestas tropic@IAKOVAC et al., 2016; KARTAWINATA et al., 2001; PUTZ;
REDFORD, 201Q)

Em regides das florestas tropicai® crescentea reducdo a extensdo de florestas
primarias(PAIN et al., 2021)ao mesmo tempo que haegeneracao de florestas muito jovens
com menor biomassa e biodiversidg@ROSA et al., 2021)A exploracdo madeireira e a
expansdao agricola contribuiram significativamente para a mudanca e intensificacdo do uso da
terra(CHAZDON, 2016; PUETTMANN; COATES; MESSIER, 2009; WHALLEY, 199B)p
total global de florestas perdidas, 27% podem ser atribuidas a perda permanente para a mudance
do uso da terra para a produgiicola e pastagens que impede o crescimento da floresta
(CURTIS et al., 2018)Como consequéncia, temos paisagens empobrecidas com areas em
regeneracdo com diferentes tipos, formas e graus de pertu(d&RROYO-RODRIGUEZ et
al., 2017; BARLOW et al., 2007; JOLY; METZGER; TABARELLI, 2014; RIBEIRO et al.,

2009; SIMINSKI et al., 2021 5em atingir estagios mais avancados de regeneracéao, aaflores
estdo sendo perdidas em um tempo muito curto sendo novamente usadas para fins agricolas.
Estimase que had em torno de 250 a 300 milhdes de hectares globais consideradas areas
agricolagHEINIMANN et al., 2013) Segundo essa estimativa, muitas das paisagens ndo séo
areas agricolas, mas sim, florestas secundamediferentes estagios de crescimento.
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Floresta secundariagenera espontaneameapss o dasatamentala floresta original
(CHAZDON, 2016)e também compreendem o crescimento da regeneragao natural depois de
uma area ter sido abandonada apés agricultura ou criacdo de gaARad/AC, 2015) Em
areas que sao utilizadas durante periodo e depois abandonadas, a floresta volta a crescer.
Apés ser abandonada, a floresta em regeneracgéo inicia um processo continuo dedaicessao
vegetacaddDELANG; LI, 2013; PADOCH; PINEDG/ASQUEZ, 2010) Alguns estudos em
zonas tropicaispontanqueo pousiofavorece aecupergaodos niveis de nutriente® solo,
suficientes para outro ciclo de cultivo. Alguns estudos relatanh@aemento @ estoque e a
disponibilidade de nutrientes no sptoque favorece uso recorrente do sol§OTTO-SAME
et al., 1997; LINTEMANI et al., 220). Outros estudos relatam que o estoque total de minerais
no solopodediminuir durante os ciclos subsequentes de pousio e c(itivo; MANU, 1996)
um problema que podege agravar conperiodos de pousio mais curtd@ob circunstancias
adversasa paisagem torrse dominada por florestas mais jovéd8KOVAC et al., 2017)
com baba disponibilidade de madta e, ap6s a supressdo, a madeira exploracdo é destinada
paralenha e para producédo de carvao vegetal.

A permanéncia da floresta canmelos de pousimais longosgeram florestas com maior
biodiversidade, biomassa, capacidade de figagde carbono, estoque de nutrientes no solo e
com potencial para suprimento de madeira. Ao longo do processo de sucesséo, em florestas
regeneradas naturalmente ocorrem mudancas na composicao floristica e ¢BIRMWAAN;

LUGO, 1990; CIFOR, 1998)nfluenciadas pelos distarbios, naturais ou humanos, sofridos
anteriormente (BARNES et al., 1998, BREUGEL, 2007; @HDON, 2014,
CHOKKALINGAM; JONG, 2001; FRELICH, 2002)Disturbios sédo decisivos em processos
de selecdo de espécies em certas comunidades, além de influenciar os padrbes de sua
distribuicdo espacial e temporal, 0 que afeta a dinAmica natural do eroadEEBY, 1994)
Os processos naturais de regeneracatodssfa secundaria refletem em mudancas na riqueza
e composicao de espécies, tamanho e estrutura das populacées, e propriedades dos ecossistem
(BARNES et al., 1998; BREUGEL, 2007; BROWN; LUGO, 1990; CHAZDON, 2012, 2014,
GUARIGUATA; OSTERTAG, 2001; HARTSHORN, 1980; LOHBECK et al., 201&RRA-
CLAROS, 2003; SIMINSKI; FANTINI, 2004)

Diferengas na composigéo floristica no inicio da sucessao podem resultar de variagdes
no banco de sementes, na composicao da vegetacédo do entorno e mesmo nos padrdes climatico
anuai(CHAZDON et al., 2007)A sucesséo podevar a multiplos pontos finais e até mesmo

a uma falta de estabilidade dos estagios sucessionais, permanecendo em constante mudanc:
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(CHAZDON et al., 2007; DELANG,; LI, 2013; EGLER, 1954; FINEGAN, 1982yrante o
uso,areas cultivads recebem sementespécieg raizepermanecemivasno solqg e a lavoura

ou o pastoreio da terra age para quebrar e dispersar 0os propagulos e iniciar 0 processo de suz
germinacao no sol(EGLER, 1954)Na fase inicial da sucessao, ervas daninhas, gramineas,
arbustos pequenos oorthentes e espécies arbdreas estardo presentes no local. A mudanca é
gradual e a medida que cada grupo deixa a sucessdo, um novo grupo de espécies, presente desc
0 inicio da sucesséo, assume o dominio do local. Geralmente, estudos sobre a dinamica das
florestas secundarias mostram que riqueza e diversidade de espécies aumentam com 0 tempc
de pousio, assim como a area basal e a biomassa acima d@®EQKNG; LI, 2013)
Entretanto, as florestas secundéarias nas regiées neotropicais tém alto nivel de dissimilaridade
(JAKOVAC et al., 2022)Mesmo na paisagem podem ser observadas diferencas na estrutura e
na diversidade entre areas de floresta em p¢G$idZDON, 2008)

O uso da terra, a quantidade de ciclos deeusointensidade de uso do solo podem
determinar a rota sucessional e a diversidade da floresta secundaria em regeneracéo
(JAKOVAC et al., 2016)Mas, além dos disturbios que determinam a trajetéria sucessional e a
diversidade, a dindmica sucessional de uma floresta pode ser alterada por fatores abi6ticos,
biéticos e antropico§CAPERS et al., 2005; CHAZDON, 2008, 2012, 2014; DELANG,; LI,
2013; FINEGAN, 1984, 1992; GUARIGUATA; OSTERTAG, 2001; MASSOCA et al., 2012;
MESQUITA, 2000; PENACLAROS et al., 2008; VAN BREUGEL et al., 2013) outros
diferentes processos podem interferir na determinacdo da estrutura da comunidade e
diversidade de espécies. Em estudos realizados na Amazonia brasileira, foi possivel verificar
gue a intensidade do uso da terra anterior a regeneracado determina a condpssigecies
na floresta secundafdAKOVAC et al., 2016)Com o aumento da intensidade do uso do solo
no sistema de agricultura de corte e queima, a reducao da dealidaolo estabelece filtros
gue favorecem espécies com potencial de rebrota e que podem se desenvolver com baixa
disponibilidade de nutrientes. Os autores concluiram que, devido a filtros locais, a diversidade
alfa e beta da vegetacéao regenerante dimioiando as comunidades sucessionais em estagio

inicial semelhantes umas as outras.

Espécies arbdéreas podem ser desenvolver através de sementes ou rebrota, passando po
varios filtros até se estabelecer como individuos adultos ou serem excluidas degdece
sucessagCHAZDON, 2016; EGLER, 1954; WHITMORE, 1993 dominancia de espécies

arbéreas pode ser assegurada pela abundancia de regenerantes e pode facilitar a compreensa
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da dindmica, estruturacdo e composicdo da comunidade afbiNESSAN, 1984) Conforme

0 processo avancacorre oenriqguecimento gradual de espécies e auagmomplexidade
estruturd da floresta(CHAZDON, 2012) Inicialmente a area € dominada por espécies
pioneiras de rapido creisnento e alta capacidade de dispe@&blITMORE, 1998) Com o

tempq a abundéancia de espécies arbdreas pioneiras djntiando espaco pamspécies
arbéreas secundarjamntoiniciais quantotardias Com o avanco do processo sucessional,
outras espécies serdo substituidas por espécies de estagios avancados que estarampresentes
floresta madurédBREUGEL et al., 2013)

Nesse processo de sucessdo, as espécies madeireiras estardo presentes jA nos estagi
iniciais da regeneracao florestal. Nas primeiras fases do processo, as espécies madeireiras de
crescimento rapido podem coloaizireas abandonadas crescimento rapido pode aumentar
a produtividade da madeira jA nos primeiros anos de pdB&®OWN; LUGO, 1984;
GUARIGUATA; OSTERTAG, 2001)Outras espécies, que podem estar presentes desde o
inicio da sucessdo, podem suprimir essas espécies com taxa de crescimento inicial

relativamente alta durante a fase de excl(®idVER, 1981)

1.1.2 PRODUTIVIDADE DE MADEIRA EM FLORESTAS SECUNDARIAS

Considerando suas particularidades, as florestas secundarias podem ser fontes de
madeira tropical. Essas florestas sdo consideradas altasnatssenciais para estoque de
carbono, restauracao e protecao da biodiversid@@®ELLESSO et al., 2021; HEINRICH et
al., 2021; MATOS et al., 2020A dominancia de espécies de crescimento rapido, pode
favorecer ananejo econdémico dessas florestas para o fornecimento de madtigins como
o de Brown e Lugo {990)apontam qudorestas secundarias acumulam espécies madeireiras
em taxas relativamente altas em curto periodo de tgropém,periodos de pousimais curtos
nao resultam em formacdes florestais com area basal suficiente para extracao dePaaaleira.
atingir boa produtividade de madeira, seriam necessarios periodos de pousio maisdéommgos
florestas que poderiam fornecer madeira através da colheita sel@til@angos periodosA
presenca de espécies de rapido crescimento pag®rcionaras florestas secundarias alta
produtividade de madeira no estagio meédio de sucg$s&dTINI; SIMINSKI, 2016) e
garantir madeira de boa qualidade. As espéciesimeads podem se estabelecer rapidamente
nos estagios iniciais de sucessao e o crescimento rapido pode promover a producdo de madeira
ja nos primeiros30-40 anos de pousio(BROWN; LUGO, 1984; GUARIGUATA,
OSTERTAG, 2001)principalmente por meio de espécies pioneiras de longa vida e espécies
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secundérias iniciais. A exploracdo da madeira proveniente de florestas secundarias poderia
abastecer o mercado local de madeira, amquamanejo da floresta para a sua producéo pode
acelerar a taxa de crescimento de espécies taidietaé necessario aprofundar estudodre
produtividade de madeira em florestas secundarias para entender como a riqueza de espécies
comerciais madeirgscontribui para o0 aumento da area basal e voldenmadeirao longo
do processo de sucess@mm a identificacao e selecao de espécies madeireiras comerciais, as
fases de sucesséo podem ser utilizadas como mecanismos para o sucesso do manejo florestal
para garantir o incremento e a produtividade de madeira nos anos seguintes. Espécies do sub
bosque que demandam luz dominam o comércio de madeira e podem regenerar apds a colheita
seletiva de arvorg&REDERICKSEN; PUTZ, 2003; PUTZ et al., 2012)

Areas comalta produtividade de madeira promovem o uso meideipara diferentes
fins e garantem ao produtor rural um aumento na renda fa(RAANTINI; SIMINSKI, 2016).
Em diferentes regides tropicapgopriedades rurais sao tipicamente cobertas com vérias areas
em pousio em diferentes estagios e fatores sucessionais, formando um mosaico de fragmentos
de floresta secundéria, com caracteristicas semelhantes entiedadg CHAZDON, 2014;
FANTINI; SIMINSKI, 2016; FRELICH, D02)

Espécies comerciais madeireiras caracteristia@adlalestas secundarias tém boa
aceitacdo no mercado, M0 escass@studos sobre produtividade e rendimento de madeira.
Na Costa Rica, o valor da madeira de espécies da fleestadaria cresceu a medida que o
suprimento de madeira de florestas primarias se tornou escasso, mas 0 Seu aproveitamento
demanda adaptar técnicas silviculturais para aumentar o estoque de madeira em pequenas
propriedades que retém manchas de florq@asARIGUATA, 1999a) Este cenaricmdo é
diferente em florestas secundarias em outras regies neotropicais, ja que a pressao sobre
florestas primarias vem aumentando significativamente e medidas legais terdo que ser adotadas

para frear a exploracdo desordenada e abastecer o mercado noadeirei

1.1.3 USO DA FLORESTA SECUNDARIA COMO FLORESTAS PRODUTIVAS E PARA
CONSERVACAO PERMANENTE

A restauracao de areas e florestas degradadas € uma ferramenta que pode ser usada par
gerar florestas produtivas através de restauracdo ativa que congitatimpenriquecimento
por meio do plantio de mudas de espécies florestais de interesse ecolégico e ecandmico
manejo da regeneragao natuiahtretanto, muitas florestas iniciam o processo de restauracao

passiva através da regeneracdo natural com bmigsto ao proprietario, ap0s 0 uso na
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agricultura ou pastagefZAHAWI; REID; HOLL, 2014). A presenca de espécies arbdreas
comerciais em florestas secundarias teg@aim atrativo para a restauracdo em propriedades
rurais, aumentando a biodiversidade e a cobertura florestal na paisagem. Estudos recentes
mostraram que as florestas secundariasreamejo jA& mostram um bom volume de madeira
comercial em estagios iniciais de sucegZa&MBIAZI et al., 2021) Estudos que avaliaram as
praticas de manejo da regeneracdo mostraram que espécies madeireiras témntoescime
superior e maior oferta de madeira com qualidade sug¥td TUROLI; FRANCO; FAGG,

2015) maximizando a produtividade de madeira. Nesse contexto, uma abordagem inovadora €
gerenciar a floresta secundaria como um siatéeuso da terra capaz de proporcionar produgao

de madeira de valor comercial, além de beneficios indiretos (servicos ecossistémicos).
Conhecer a floresta secundaria de um ponto de vista de producdo baseado na diversidade,
dindmica, produtividade e rendimto das espécies madeireiras comerciais pode apoiar essa

abordagem.

Desenvolver e aplicar técnicas silviculturais e manejo de recursos florestais é o desafio
para a conservacédo de areas florestais, com as florestas tropicais tendo o papel especifico de
conservar a biodiversidade e fornecer produtos madeireiros sustefEREBERICKSEN,

1998) Entender como a produtividade e a producdo de madeira ocorrem durante a sucessao
pode permitir medidapara acelerar o crescimento de individuos de espécies comerciais de
madeira para gerar uma floresta de alto rendimento. As espécies de rapido crescimento com
alta produtividade de madeira podem ser dominantes nas florestas secucnl@riasanejo

dessa espéciesendoatraivo para pequenos produtores rur@SANTINI; GAIO, 2015;
FANTINI; SIMINSKI, 2016). A selecdo de arvores ao longo do ciclo pode diminuir a
competicédo, reduzir o desenvolvimento de galhos laterais e promover o crescimento apical,
favorecendo o rapido crescimento de arvores selecionadas no final da dMiAeitdEW;
NEWTON, 1998) Entretanto, é importante garantir a selecdo de arvores com boa forma. Um
regime com alta densidade de estocagem que otimize a maximizacao da produtividade pode
revelar a sustentabilidade do modelo de magMpYHEW; NEWTON, 1998)

1.1.4 MANEJO EM FLORESTAS SECUNDARIAS NEOTROPICAIS

As florestas secundarias neotropicais sao florestas que voltaram a crescer apdés um
distarbio, como desmatamento ou extragdo de mad@a JONG et al., 2001;
GUARIGUATA; OSTERTAG, 2001; POORTER et al.,, 2016) manejo sustentavel e

regenerativo pressupde que a floresta seja manejada repetidamente em eildteymiéados
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(SEBBENN et al., 2008Entretanto, a floresta secundéria responde de diferentes maneiras ao
corte seletivo. Com isso, 0 manejo pode ser direcionado a estagios intermediarios e tardios de
sucessao, onde ha a presenca de um grupo desejavel de espécies ou grupos dominantes (ITTC
2002). Mas, o sucesso dessa estratégia ainda demanda estudos cientificos visando compreende
o crescimento da floresta e os reflexos sobre produtividade e producdo de madeira de espécies
comerciais espacialmente e ao longo do teripmanejo de florestaesundarias tropicais
envolve praticas destinadas a promover a regeneracao e restauracdo de areas degradadas o
desmatadas visando a formac&o de um ecossistema florestal divergiicdldY; MAITRE;
AMSALLEM, 1999; HOLL, 2012; ITTO, 2002; PAIN et al., 20213s0 pode incluir atividades
como o plantio de espésiarboreas nativas, o controle de espécies invasoras e a implementacao
de métodos sustentaveis de colheita de produtos florestais. O objetivo final do manejo &
proporcionar beneficios econémicos, tais como renda proveniente de produtos florestais
madeireios e ndemadeireiros créditos de carbono.

Solugbes sustentaveis podem ser adotadas antes da colheita de(BORHZSON;
ANGO, 2021; DAVID et al., 2019; PAIN et al., 2021; PIOTTO, 2008§s estratégias podem
ser implementadasapa a melhoria da produtividade de madeira na floresta secundaria:
primeiro, é fundamental compreender bem o ecossistema que sera manejado; segundo, definir
claramente quais 0s objetivos do manejo; e terceiro, identificar quaisquer barreiras que possam
impedr ou dificultar a regeneracdo de espécies comerciais, 0 crescimento de arvores
remanescentes e a reposicao do estoque de madeira. Ter uma visdo clara do tipo de floresta que
se deseja obter ap6s 0 manejo e quais padrdes se pode esperar ajuda a toemmnuEsisO
acertadas durante o processo de extracdo de madeira. Geralmente, a meta é ter uma floresta cor
produtividade de madeira comercial em ciclos futuros, diversidade de espécies e crescimento
em diametro. Para aumentar a produtividade de madeira destdlbsecundarias antes mesmo
da primeira colheita de arvores, € possivel realizar algumas préticas silviculturais, tais como
refinamento e liberacAgGUARIGUATA, 1999b; PUETTMANN; COATES; MESSIER,
2009) No refinamento, séo eliminadas arvores indesejadaes gomove 0 crescimento de
arvores deespécies de interesse madeireiro; jA na liberacdo, elinseaas arvores quse

desenvolveram malara reduzia competicaA@ntre arvorepor recursos.

1.1.5 EFEITOS POSCOLHEITA DE ARVORES

Florestas secundarias tém alto potencial de restauracdo da biodiversidade com a

presenca de espécies com elevada dominancia. Essas espécies, damisé&mmadeireiro,
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apresentam alto incremento e podem favorecer a recuperaedistoéisio do volume colhido.

Apos a colheita seletiva de arvores, as florestas secundarias crescem a partir das arvores
remanescentes, regenerantes delmsgogue e de quaisgufontes de sementes locais ou vindas

da paisagem circundante. A taxa de crescimento e composicao dessas florestas dependem de
varios fatores, tais como a composicao inicial das espécies arbodreas, o grau de perturbacgéo, a
disponibilidade de luz e nutriesd, e a presenca de vegetacao competidora. Existe a expectativa
de que apods a colheita de arvores haja uma aceleracéo da taxa de crescimento da floresta. O qu
ocorre € que apos o disturbio, diferentes cenarios podem ser configurados em resposta a
intensichde da reducao da area basal da floresta. Os distUrbios causados pela colheita favorecem
0 aumento da densidade de espécies pioneiras e tolerantes a sombra imediatamente apos :
intervencAqSCHWARTZ et al., 2014)o que leva a uma alta taxa de recrutamento e aumento

da densidade de arvores. No entanto, ocorrem também altas taxas de mortalidade. O rapido
acumulo de biomassa florestal secundaria em curtos periodos de(BRipdO et al., 2022;
BROWN; LUGO, 1984; MUKUL; HERBOHN, 2016; POORTER et al., 2016; ROZENDAAL,
CHAZDON, 2015)favorece a recuperacao da area basal e do volume. Ainda assim, a reducao
de area basal pode se refletir em dois padrdes de desenvolvimento florestal, que também podem
ser devidos a riqueza de espécies e composicao floristica: o crescansnndividuos ja
presentes na floresta e a colonizacdo dos espacos por espécies de crescimento rapido.

Ha um aumento na riqueza de espécies com o corte séRAVOA; SEIDLER, 1998;
BERRY et al., 2010; PUTZ et al., 2012; PUTZ; REDFORD, 2@6¥pécies de crescimento
rapido recuperam o ambiente apos a perturb@d@BNER, 2010) Quando os disturbios séo
frequentes, espesse uma alta diversidade de espécies, com a presenca de espécies de estagios
sucessionais anterioregwguros TER STEEGER2003). Mastambém é comum que arvores
de espécies produtoras de madeira sejam favore¢B@8WARTZ; FALKOWSKI; PENA
CLAROS, 2017)Luz e espaco mudam na floresta. Portanto, mudancas na estrutura da floresta
apos a colheita acontecem mais rapidam@Iit¢ULUVAINEN, 2009; LINDENMAYER,;
MARGULES; BOTKIN, 2000; PARROTTA; FRARIS; KNOWLES, 2002)e as arvores
remanescentes podem crescer mais rapidamente em condicdo de menor competicao
(BREUGEL et al., 2012; ROZENDAAL et al., 2020ssim, a disposi¢cdo espacial de uma
arvore e seus vizinhomfluenciard e sera influenciada pelo ambiente de crescimento
(ASHTON; KELTY, 2018)e a estrutura florestal @ggtminara a competigéo entre as arvores e
seus recurso$PRETZSCH, 2009) Enquanto algumas florestas recuperam rapidamente a
estrutura do dossel e diminuem a intensidade da luz abaixo do dE€25KI; VIBRANS;
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DA SILVA, 2022), outras florestas secundarias podem mostrar evidéncia de corte seletivo no
dossel e na estrutura, e densidade de arvores da flfvdlst&ELA et al., 2006) Espéces
indesejaveis também podem ser favorecidas em areas com alta reducdo da area basal, 0 que
pode inibir o crescimento de arvores de interesse madeireiro remanedeentastro lado,

arvores remanescentes sofreriam menos danos em areastasnini@nsiddes de corte
(LIKOSKI; VIBRANS; DA SILVA, 2022).

1.1.6 MATA ATLANTICA E FLORESTAS EM REGENERACAO

Florestas secundérias cobrem cerca de 28% do territorio da América Latina
(ROZENDAAL et al., 2019)com alguns biomas altamente degradados, como aAvatdica.
Atualmente, esse bioma tem 28% (32Mha) de seu territério coberto por florestas nativas
(REZENDE et al., 2018)xom 4,41Mha de florestas em regeneracdo em diferentes estagios
sucessionai$PIFFER et al., 2022No sul do Brasil, onde a Mata Atlantica € dominante e
considerada unmotspotde restauracd¢NANNI et al., 2019) além de ser unmotspotde
biodiversidade(SCARANO; CEOTTO, 2015)a madeira produzida provém de florestas
secundarias presentes em pequenas e médias propriedades rurais cuja tradicdo de uso do solo
agricultura e pastage(RANTINI et al., 2017; FANTINI; SIMINSKI, 2016)Desde o inicio do
século XX até os anos 1990, a exploracdo madaieeir extrativismo foram intensos em areas
de floresta primaria, o que levou a reducao drastica dessas florestas a um percentual de 12% da
cobertura origina(RIBEIRO et al., 2009)Com a reducao da oferta de madeiralttevalor
proveniente de florestas primarias, as restricdes legais impostas pelo Decreto 750 de 1993 e
pela Lei da Mata Atlantica n° 11.428 de 2B8&RASIL, 1993;2006)tornaram a extracao de
madeira ilegal. Como resultado, a producdo passou a ser direcionada para espécies entao
consideradas de mer valor. Entretanto, a0 mesmo tempo em que as restricdes legais
buscavam garantir florestas remanescentes na paisagem e a preservacao da biodiversidade, :
conversao para outros usos da terra nao foi estancada (FANTINI e SIMINSKI, 2016; FANTINI
et al., 2@7). Nos ultimos 35 anos (198919), apenas dois tercos das florestas secundérias
persistiram na Mata Atlantica, enquanto 1,37Mha de florestas nativas regeneradas voltaram a
ser desmatadas ap0s quatro e oito anadsidio do processo de regeneracao @h(fHFFER
et al., 2022)

O desmatamento precoce de areas em regeneracdo impede o avango da sucessao ¢
diminui a presenca de florestas em diferentes estagios sucessionais na paisagem. O manejo

florestal € uma alternativa para aumentar a cobertura florestal e a persisténciastiadtare

28



diferentes estagios de sucessdo em areas de restauracao passiva. Além dos beneficios em termc
de biodiversidade e estoque de carbono, a produtividade da madeira nas florestas secundarias
pode favorecer a restauracdo e a persisténcia dessas d$locestaa atratividade econémica

para os proprietarios de terrag\(R et al., 2021). Arvores com bom volume de madeira podem

ser encontradas em florestas secundarias a partir de 30 anos em florestas restauradas
passivamente, sem intervencao. A diversidiglespécies de arvores com a alta proporcéo de
espécies comerciais de rapido crescimento contribui para a produtividade da madeira comercial.
Entretanto, as técnicas de manejo e praticas silviculturais adotadas nos estagios iniciais da
sucessdo podem acele o crescimento das arvores produtoras de madeira, proporcionando

ciclos de corte mais curto.

Em estudos realizados com cronossequéncias na Floresta Ombréfila Densa de Santa
Catarina, foi possivel observar que areas de floresta secundéaria com ida@6 erfi@ anos
tém arvores de valor comercial prontas para corte e uso em serrariaMmumia cabucy
Miconia cinnamomifoliae Hieronyma alchorneoidegZAMBIAZI, 2017). Como esses
resultados foram obtidos em florestas sem qualquer manejo, € possivel que se possa aumental

as taxas de crescimento com intervencgdes silviculturais.

Este estudo visa destacar gleedstas secundarias apresentam espécies comerciais com
potencial para producéo de madeira. Ocorre um aumento da produtividade ao longo do processo
sucessional e essas florestas tém uma resposta rapida aos disturbios gerados por uma colheit:
seletiva de &ores. A presenca de uma proporcao significativa de espécies comerciais € uma
contribuicdo importante para a andlise de como essas espécies podem produzir madeira de
qualidade em poucos anos na floresta em regeneracao e, assim, contribuir para a colheita
seletiva de arvores no estagio meédio de sucessao. Os disturbios causados pela colheita seletiva
de arvores foram utilizados para analisar como a floresta e as espécies comerciais respondem
as mudancas na riqueza, estrutura, demografia e crescimento.lagdosgleste estudo podem
ajudar a consolidar o potencial madeireiro de florestas secundarias em regiées tropicais e apoiar
sistemas de manejo que contribuam para a restauracdo, manutencdo e expansado de éreas d
floresta na paisagem. Além disso, essesdmsoelhorar a viséo sobre florestas secundarias,
gue muitas vezes sao vistas como degradadas e ndo como importante componente na ecologie

de florestas tropicais.

Em resumo, alemanda global por recursos naturais, como madeira, minérios e terras
agricolas, tem impulsionado o desmatamento em &reas tropicais, resultandoem graves
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consequéncias ambientais, incluindo a degradagéo dos ecossistemas, a perda de biodiversidade
e a redugo dos servigos ecossistémic@sdesmatamento, juntamente com a degradacao e a
conversao de florestas para outros usos, é responsavel pela diminuicdo da cobertura florestal
tropical, que ja esta abaixo do limite critico para a conservacéo da biodiversidatuitas

regides tropicais. Em regides de florestas tropicais, a perda florestal tem levado a reducéo das
florestas primarias, sendo compensada pela regeneracdo de florestas secundarias com menol
biomassa e biodiversidade. A exploracdo madeireira pane#o agricola ttm desempenhado

um papel significativo na mudanca e intensificacdo do uso da terra, com 27% das florestas

perdidas globalmente sendo atribuidas a conversao para produ¢ao agricola e pastagens.

A sucesséo florestal secundaria desempenha apel [crucial na regeneracdo das
florestas, com diferentes estagios de pousio resultando em mudanc¢as ha composicao e estruture
das comunidades de espécies. Ciclos mais longos de pousio favorecem florestas com maior
biodiversidade, biomassa, capacidade gacfio de carbono e estoque de nutrientes no solo.

No entanto, a intensidade e a duracao do uso da terra, juntamente com fatores abioticos, bidticos
e antropicos, podem influenciar a trajetéria sucessional e a diversidade das florestas secundarias

em regenecao.

As florestas secundérias podem ser fontes importantes de madeira tropical, com espécies
de crescimento rapido favorecendo sua produtividade. A presenca dessas espécies nos estagio:
iniciais de sucessao e seu rapido crescimento possibilitam a abté@gdadeira de boa
qualidade em periodos relativamente curtos de pousio. No entanto, periodos de pousio mais
longos ou a transformacdo permanente das florestas secundarias podem ser necessarios par

garantir uma area basal adequada para a extracdo duskele madeira.

Em concluséo, o manejo adequado das florestas secundarias, considerando a dinamica
sucessional, a diversidade de espécies e os impactos humanos, é fundamental para promover ¢
conservacao da biodiversidade, a restauracdo de ecossistersapreanento sustentavel de
recursos naturais. E crucial adotar politicas e praticas que incentivem a protecéo das florestas
tropicais, 0 uso responsavel da terra e a valorizacao das florestas secundarias como importantes
fontes de madeira e servigos ecsiEsnicos. Somente por meio de esforgos integrados de
conservacdo e manejo sustentavel serd possivel enfrentar os desafios do desmatamento e

garantir um futuro sustentavel para as florestas tropicais.
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1.2 AREAS DE ESTUDO

Neste estudo, foram avaliadas floesssecundarias da Mata Atlantica com diferentes
idades, localizadas no estado de Santa Catarina. Foram analisados dois conjuntosyde dados
fazem parte de um banco de dados de pesquisas desenvolvidas pelo Laboratério de Ecologia e
Manejo de Ecossistem&torestais da UFSC, coordenado pelo Prof. Alfredo Celso Fa@tini
primeiro conjunto deladog(Capitulo 3 sé@oreferentesa trés cronossequéncigmmthway com
82 parcelas no total, distribuidas de acordo com a espécie dominante de maior frequéncia:
Miconia cinnamomifolia Miconia formosae Tibouchina pulchra(Figura 1.1).As parcelas
desse conjunto de dados foram alocadas em propriedades rurais na Floresta Ombroéfila Densa
de Santa Catarina em areas com florestas em regeneracdo. Foram selecionadas areas con
estagios sucessionais identificaveis em diferentes idades pordmegaracteristicagas
fitofisionomias e informagBes do histérico de uso dos agricultores. estagios sucessionais.
Historicamente, as areas sao utilizadas no sistema de agricultura de pousio.

O segundaonjunto dedados(Capitulos 3 e ¥iconsisteem parceds permanentes em
uma floresta secundaria em estdgio médio de sucessdol2Sgarcelas permanentes
inventariadas em 2009 ¥ parcelas permanentes inventariadas em 202021 Apos o
inventario de 2014, a floresta foi submetida a uma colheita seletigavdees e novamente
inventariada. ApOs sete anos da colheita de arvores, em 2021, a floresta foi nhovamente
inventariada. Portanto, @sfloresta foi inventariada antes da colheita (2009 e 2014) e ap0s a
colheita (2014 e 2021; Figura 1.Esta area de ftesta esta inserida em uma propriedade rural
de 42 hectares que foi abandonada ap6s o uso para agricultura de roca e criagdo de animais
(BRITTO et al., 2017¢m 1978, na qual o proprietario tem uma pequena serraria onde a madeira
foi processada. O projeto desenvolvido nesta area € Unico na Mata Atlantica, sendo um projeto
piloto de manejo florestal em é&reas de florestas secundarias. O projeto tem convénio e
auorizacao de colheita seletiva de arvores pelo Instituto do Meio Ambiente de Santa Catarina
(IMA/SC). A colheita seletiva de arvores foi baseada na longevidade e senescéncia das arvores
em estagio médio e avangado de sucesséo, a fim de aproveitar avptadieitde madeira

dessas arvores.
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Figural.l Mapa da cobertura originaldds remanescentefa Mata Atlantica no Brasil (esquerda),
indicando o tipo florestal no Estado de Santa Catarina. A localizacdpadeslas por trajetoria
sucessional (IMiconia cinnamomifolia2. Miconia formosa 3. Tibouchina pulchra é fornecida em

detalhes no mapa. Fonte: http://mapas.sosma.org.br/ (SOS Mata Atlantica, 2020); Mapa com dominio

da Mata Atlantica com base na Lei Eed a | nU 11.428/ 2006

(SAR, 2005).
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Figural.2 Distribuicdo das parcelas permanentes em uma floresta secundaria com colheita seletiva de
arvores na Mat#tlantica, sul do Brasil. Mapa da cobertura original e dos remanescentes da Mata
Atlantica no Brasil (esquerda), indicando o tipo florestal no Estado de Santa Catarina. Fonte:
http://mapas.sosma.org.br/ (SOS Mata Atlantica, 2020); Mapa com dominio datateca com base
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1.3 APRESENTACAO DA TESE E OBJETIVOS DO ESTUDO

Este estudo tem como objetivo geral compreender a produtividade de madeira em
florestas secundarias emeatiéntes idades e a dindmica da diversidade, estrutura e crescimento
e produtividade de madeira em uma floresta manejada para a producdo de madeira por meio da
colheita seletiva de arvores. Esta tese é composta por cinco capitulos, incluindo introducéo gera
(Capitulo 1), trés capitulos de pesquisa (Capitulo 2 e 4), e uma discussao geral (Capitulo 5). Os
capitulos de pesquisa buscam atingir o objetivo geral e propdem questdes de pesquisa
conectadas com a andlise da riqueza, diversidade, estrutura, demaged@mento e
produtividade de madeira de espécies comerciais em florestas secundérias, a partir de uma

perspectiva sucessional e de manejo.

No Capitulo 2, eu investigo se a diversidade de espécies de florestas secundarias
contribui para a produtividadie madeira em florestas com diferentes idédegousid, para
0 uso em serraria e aumento do volume de madei@uzamento com analises ecoldgicas
permitira investigar quais espécies adanaioresesponsaveis pela produtividade de madeira,
como essas espécies contribuem para a dindmica florestal secundéaria e se sédo espécies de alt
qualidade de madeira, respendo as seguintes questdes: 1) florestas secundarias possuem
diversidade e volume de madeira de espécies comerciais gue tornam o0 seu manejo atraente?; 2]
como o volume das espécies comerciais muda ao longo da sucessdo em comparacdo com as
espécies ndo comwais?; e 3) quando as arvores de espécies comerciais atingem um tamanho

de corte durante o processo de sucessao?

As mudancas na diversidade e estrutura da floresta secundaria antes e depois da colheita
de arvores em funcéo da area basal e da intensidade da colheita estardo presentes nos Capitulc
3 e 4. No Capitulo 3, analiso os efeitos da area basal e da interdedadieicdo de area basal
na diversidade, aumento da densidade, area basal e volume comercial, além do recrutamento de
espécies comerciais com as seguintes questdes: 1) como a floresta secundaria responde &
colheita de arvores em um curto espaco de tenf)o@omo a area basal e a intensidade da
colheita impactam a dinAmica da floresta apds uma colheita de madeira?; e 3) como as espécies
de interesse comercial respondem a colheita de arvores em compmanag@doresta como

um todo?

No Capitulo 4, analiso efeito pré e pdscolheita sobre o crescimento e 0 incremento
em uma floresta secundaria. A hipotese é que a floresta responde rapidamente ao corte de
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arvores com aceleragéo do crescimento e aumento do volume comercial em relagéo a area basa
inicial e ps-colheita. As questbes de pesquisa que embasam este capitulo sdo: 1) a colheita
favorece o crescimento das arvores de espécies comerciais?; 2) como a exploracdo afeta o
crescimento das arvores em relacéo a area basal eelaanescentta floresta @o diametro

das arvores?; e 3) quais grupos ecoldgicos de espécies e arvguassdiasses de diametro

se beneficianda colheita das arvores?

Na discussao geréCapitulo 5) € apresentada a dindmica da produtividade de madeira
ao longo do processo decgsséo e o impacto da extracdo sobre a floresta e a produtividade de
madeira de espécies tipicas da floresta secundaria. Sao relacionados os principais resultados €
conclusdes dos outros capitulos com o objetivo geral da tese, além de serem discutidas
implicacdes silviculturais, perspectivas e viabilidade do manejo de espécies comerciais em
florestas secundarias. Por fim, é discutido como os resultados da tese podem contribuir para o

conhecimento atual sobre conservacédo e manejo da floresta secundaria.
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2 CAPITULO 2

2.1 Timber stock recovery in a chronosequence of secondary forests

in Southern Brazil: adding value to restored landscapes
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ABSTRACT

The Brazilian Atlantic Forest is largely covered by secondary forests, megdperated after

the abandonment of patches previously used for shifting cultivation. A characteristic of these
secondary forests is the significant timber volume fromdasiving species at ages as young

as 30 to 40 years. In this study, we investigatieginges that occur in timber production of
secondary forest during the first 50 years of succession. We inventoried 82 plots (10x20 m) in
a chronosequence ranging from 2 to 50 years since agricultural abandonment in four
municipalities located in Santa taana State, Southern Brazil. Our results showed that
commercial tree species have rapid recovery of richness, basal area and stem volume in
naturally regenerating forests. Commercial species represent about 51 percent of tree diversity,
with 9 out of 12dominant species being commercial timber species, with a stem volume up to
155m3hd . Trees of commerci al species with O
years of succession, while trees O 3026cm ar
m3.hat of stem volume. We highlightlyeronima alchorneoidés Miconia cabucé and

Miconia cinnamomifoliaas fasgr owi ng domi nant species that
cm in diameter after 20 years of succession, with volume reaching 200 inéfloae 40 years

of succession. We found that secondary forests are dominated {yrdastg and wooéd
producing species, with a rapid increase in timber stocks in the early stages of succession. These
secondary forests are important biodiversity resesvim humanrpressured landscapes, in
addition to providing forest products and other ecosystem services. The management of
secondary forests may be an alternative restoration approach that can accelerate the recovery of

timber stocks, provide landscapedlisity, and add more value to private forests.

Keywords: commercial tree species, timber quality, fgsiwing, dominant species, wood

producing species

! Hieronyma alchorneoideé o nome aceito, senddyeronima alchorneoidea variante. Porém, na publicacéo
deste artigo em 202Hyeronima alchorneoidegsinda era o nome aceito. Fonte: Flora e Funga do Brasil
(http://floradobrasil.jbrj.gov.b)/

2 Miconia formosa o nome aceito, sendidiconia cabucisinonimia botanica. Porém, na publicacédo deste artigo
em 2021, Miconia formosa ainda era o nome aceito. Fonte: Flora e Funga do Brasil
(http://floradobrasil.jbrj.gov.b)/
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2.2 INTRODUCTION

Around 50% of the world's remaining forests are secondary or degi@ti@Z DON et
al., 2009; FAO, 2020rnd they play a significant social and economic role by supplying timber
and nonrtimber forest products(AKINDELE; ONYEKWELU, 2011; BARRANCE;
SCHRECKENBERG; GORDON, 2009; COOMES; BURT, 2001; GUARIGUATA, 1999a;
MOSER et al., 2015)Secondary forests also provide ecosystem services, such as soll
conservation, nutrient cycling, carbon sequestration and storage, and biodiversity conservation
(CHAZDON, 2014; CHAZDON et al., 2009; MATOS et al., 2020; MUKUL; HERBOHN,
2016; SILVA JUNIOR et al., 2020)hey are also recognized as a key element of traditio
agricultural systems, such as swidden agriculfGi¢AZDON, 2012; CHAZDON et al., 2020;
FANTINI et al., 2017; PIOTTO et al., 2009 systenthat provides food and income to forest
peoples(ADAMS et al., 2013; VAN VLIET ¢ al., 2013) However, the management of

secondary forests in ways that result in higtality production of timber is largely overlooked.

In Brazil, approximately 26 million hectares of secondary forests were regenerated from
deforested areas betweef86 and 2018, with 27% located in the Atlantic Forest biome
(SILVA JUNIOR etal.,,2020) I n this biome, one of the wo
hotspots (SOARESFILHO et al.,, 2014) protection from further degradation and new
deforestation has been achieved throughdimwn regulatiofBRANCALION et al., 2016a)

For exampe, efforts to restore Brazilian landscapes include the Brazilian Atlantic Forest
Restoration Pact (AFRP), which aims to restore 15 M ha of degraded/deforested lands by 2050
(CROUZEILLES et al., 2019)Other actions are aligned with global initiatives, sustihe

Aichi Target (JORGENSEN, 2013gnd the Bonn Challeng8UCN, 2011) Under these
circumstaces, active restoration using timber species has the potential to reverse further
degradation of ovelogged forest§CERULLO; EDWARDS, 2019)as well as restore clesat

lands.

In the Atlantic Forest biome, a humpressured landscapes, these proactive approaches
may foster restoration by increasing the value of forested lands through the management of
secondary forests. Secondary forests can be used for timber poadirotn fastgrowing
species, reducing the pressure on the remaining natural fqFeSTINI et al., 2019;
GUARIGUATA, 1999a; MESQUITA, 2000)Despite this potential, few policies have been
initiated to promote sustainable use of secondary forests, especially efforts to realize their
potential for timber productioFANTINI et al., 2019; OLIVEIRA et al., 2020)n part, this
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can be attributed to the fact that the current timber demand in the region is supplied by hardwood
coming from oldgrowth forests of the Amazo(BARRETO, 2006; CAIRES et al., 2019;
HOMMA, 2011) and from plantations of the exotic spedsusspp andEucalyptusspp.
(ALARCON; BELTRAME; KARAM, 2010; FANTINI et al., 2019)which cover an area of

nine million hectare§iBA, 2020).

Studies on applied forest ecology are needed to support the management of secondary
forests, but the scarcity of such studies has staltieditse to scaleup restoration of these
ecosystems. Most studies on secondary forest regeneration after swidden agriculture focus on
understanding diversity, forest structure and biomass recovery througbfAIDAd/S et al.,

2013; COOMES; MILTNER, 2017; FANTINI et al., 2017; LIEBSCH; MARQUES;
GOLDENBERG, 2008; LINTEMANI et al., 2020; PIOTTO et al., 2009; RIBEIRO FILHO et

al., 2015; SIMINSKI et al., 2011; WOOD; RHEMTULLA; COOMES, 0. Other studies

have focused on the natural regeneration of secondary forests as a strategy to restore forest
ecosystem¢BRANCALION et al., 2019; CHAZDON; BRANCALION, 2019; CHAZDON;
GUARIGUATA, 2016; CROUZEILLES et al., 2020; ROZENDAAL et al., 2019; SIMINSKI

et al., 2021)Only recently has secondary forest, as source of timber production, started to gain
attention based on data from forest manage®RITTO et al., 2017, 2019; FANTINI et al.,

2019; OLIVEIRA et al., 2018; PIAZZA et al., 2017; SliAkt al., 2017)Such studies showed

the significant volume of timber available in mio latesecondary forests and signaled the
effectiveness of management in enhancing timber production and providing other ecosystem
services(FANTINI et al., 2019; FINEGAN, 1992; GUARIGUATA, 1999a; MESQUITA,
2000) Although the principlesf applied forest ecology are well established in the literature
(e.g., Ashton and Kelty, 2018), further studies need to investigate the application of
regeneration systems to Neotropical secondary forests.

Our study aims to examine the potentidimber production in secondary forests through
changes they undergo during the first 50 years of succession. We asked 1) if secondary forests
hold a diversity and timber volume of commercial species that would make their management
attractive, 2) how theolume of commercial species changes through succession as compared
to norcommercial species, and 3) when trees of commercial species reach a harvestable size
during succession. With this study, we hope to promote the use of timber resources of secondary

forests in the Atlantic Forest and other tropical regions.
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2.3 METHODOLOGY
2.3.1 STUDY AREA AND DATA COLLECTION

The study was carried out in secondary forests located in the municipalities of Garuva,
Guaramirim, Joinville and S&o Pedro de Alcantara, located in Santa Catarina State, Southern
Brazil (Fig. 1). This region is characterized by a humid subtropical cliwitievarm summers
(Cfa), average temperature of 20.7 °C, and annual precipitation of 1,80@AbYARES et
al., 2013) The region is covered by the Brazilian @itic Forest, specifically Dense
Ombrophilous Forest (DOF), which presents an evergreen canopy, abundance of epiphytes and
palm treefGASPER et al., 2014; SIMINSKI et al., 2011; VIBRANS et al., 200&)F mostly
covers low to medium elevations (<10080elevation) of the eastern slopes of the mountain
chain running along the Brazilian coastline, also known as the Serra do Mar Mountains
(MORELLATO; HADDAD, 2000) The characteristic soils of the region are Latosol-Red
Yellow Alicus A Moderate, Podzolic Redellow Alicus TB Moderate, Gleissol Low Humic
Dystrophic and Alluvial Alicus Soils TB A ModerattEMBRAPA, 2004) Currently,
landscapes in this region have a mosaic of secondary and mature forests, monocultures of
EucalyptusandPinusspecies, agricultural fields, pastures, and urban §xdBRRANS et al.,

2012) Most secondary forests in the region have now regenerated after the abandonment of
crop fields cultivated under swidden agricult(8MINSKI et al.,2011)

For this study we used data from inventories carried out in naturally regenerated
secondary forests, ranging from 2 to 50 years after the abandonment of the crop field. Secondary
forests located in a mosaic of regenerating forest patches aadltagal lands were sampled
in private lands, and landowners reported the land use history, including how long the land has
been regenerating. The inventories were done using 82 plots (10x20 m), totaling 16,400 m2 of
sampling area (Tabl2.1). For the pysose of statistical analyses, plots were categorized by
floristic composition into three groups (hereinafter called successional pathways), according to
the most frequently observed dominant speciddidonia cinnamomifolia2. Miconia cabucu
3. Tibouchna pulchra(Figure2.1). In each plot, we measured all living trees, palms, and tree
ferns with diameter at the breast height (¢
height (m), commercial height (m) and dbh (cm) and identified to specielsrieloco, or a
voucher specimen was collected for later identification by botanists in the FLOR Herbarium of
the Federal University of Santa Catarina (UFSC), FURB Herbarium of the Regional University
of Blumenau, HBR (Barbosa Rodrigues Herbarium) and BH€the Federal University of
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Minas Gerais. The species were classified according to the Angiosperm Phylogeny Website,
version 14(STEVENS, 2017)and Species 2000 & ITIS Catalogue of LfROSKOV et al.,
2019)

Figure2.1 Map of the original and remnant Brazilian Atlantic Forest in Brazil (left), indicating the forest

type in Santa Catarina state. The location of the plots by successional pathwayiofiia
cinnamomifolia 2. Miconia calucy 3. Tibouchina pulchrais provided in the detailed map. Source:
http://mapas.sosma.org.b(60OS Mata Atlantica, 2020); Application Area Map of the Law n°
11.428/ 2006 (BRASIL, 2006) ; Kl einés phytogeogr
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Table2.1. Structure, volume, richness and species diversity in 82 pl@8®mM? in secondary forests
of Dense Ombrophilous Forest in the Atlantic Forest, Brazil.

Parameter Minimum  Maximum  Average Stand. Dev.
Age (years) 2 50 - --

DBH max 6.4 52.0 21.7 +9.9
Density (stem.hd) 100 3550 1455 + 835
Basal area (m3.nHa 0.3 39.2 14.1 +9.7

Tree volume (m3.hg 0.7 265.5 99.7 +77.6
Stem volume (m3.hg 1.0 244.0 88.1 *+63.2
Species richness 2 26 11 +6
Shannon index 0.137 2.752 -- --

Simpson index (-D) 0.050 0.910 - --

Species with potential timber use were classified into timber quality classes. To classify
them, we used information from the literatl(6 ARVALHO, 2006, 2010; CORADIN;
SIMINSKI; REIS, 2011; REITZ; KLEN; REIS, 1978; SCHUCH; SIMINSKI; FANTINI,

2008) the owners of the study areas, and anewvof a sawmill with more than 50 years of
experience in timber harvesting and processing. Data on use and market price of timber from
secondary species are difficult to obtain directly through enquiries because the management of
these species is very tasted by current forest regulations. Since the vast majority of such
timber in the market is illegal, dealers are not willing to disclose such information. First species
were classified into commercial and rommmercial. Commercial species are thoserttav
marketable timber useful for any purpose other than charcoal. Commercial species were then
classified according to their timber quality into three categories:gaality timber (LQT),
high-quality timber (HQT), and besjuality timber (BQT). The claggation took into account
information on timber use and market price (Appendix Table A.1). Even though we have
compiled data on wood density fro@have et al. (2006kor Neotropical tree speceand
Oliveira et al.(2019)for species of the Subtropical Atlantic Forest, this information was not
used to group the species, because wood gedsés not necessarily determine either the
timber use or price in the regional market. LQT mostly includes/sofispecies, but cariso

include species that present low workability and natural durability and thaisada less
valuable products, such as pallets and crates. Their wood density ranges from 0.29 to 0.86 g.cm
3. HQT species produce wood with medium durability and easy workabilitywhad is used

as beams, box board, joist wood, moulding, poles, wood flooring, wooden board, wooden
ceiling, musical instruments, and furniture, thus achieving higher market value. Their wood

density ranges from 0.34 to 0.92 g#mBQT species have themsa uses as those of HQT, but
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their wood presents longer durability and easier workability, consequently reaching the highest
market prices. The wood density of this species ranges from 0.32 to 0 78 enost of our
analyses, we also used the datanoncommercial species as these species may potentially be

used for fuelwood.
2.3.2 DATA ANALYSES

For forest composition, we calcul ated sp
(1-D) diversity for each plo(MUELLER-DOMBOIS; ELLENBERG, 1974)For analysis,
species richness and diversity were considered separate for each group of species, both
commercial and neosommercial. The importance value (IV) calculated for eackispavas
used to determine the group of dominant species defined as that set of species for which the
accumulated IV was 50% when classified from highest to lo(iSEGAN, 1996) IV is the
sum of relative density, relative dominanand relative frequency. Species richness, diversity
index and IV metrics were estimated using\thgan(OKSANEN et al., 2015)BiodiversityR
(KINDT, 2020) and fitoR script (DALAGNOL et al., 2013)packages in RCore Tea(R-
CORETEAM; RCORE TEAM, 2019nd the Rstudio interfag®STUDIO TEAM, 2019)

For forest structure, we calculated tree density (steris.basal area (m2.1y tree
volume (m3.h&), and stenvolume (m3.h&) for each plot. We used volumetric models adjusted
for species of the Atlantic ForeEEORREIA; FANTINI; PIAZZA, 2017; OLIVEIRA et al.,
2018)to estimate total tree volume (TreeV) astgm volume (StemV) of each individual,
including palm trees and tree ferns. TreeV represents the volume (m3) of the tree from
aboveground up to all branches O 5 c¢cm in di
of the stem from aboveground to commatl height (i.e., up to the point of the first stem fork).
Because of its importancespecific model (QIVEIRA et al., 2018) was used fblyeronima

alchorneoides

We studied structural changes in the forest through succession by grouping the
individualsi nt o t hree dbh <cl asses: 5 < 15 c¢m, 15
include most of the shalived, fastgrowing species with a harvestable size. Trees < 30 cm in
dbh can be harvested in the sh¢itr trees 15 < 30 cm in dbh) to midrm (fortrees 5 < 15
cm in dbh).

Linear mixedeffects models were used to determine the effect of time on richness,
diversity indexes, density, basal area, and vol(iB@_KER, 2008; GELMAN; HILL, 2007;
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ZUUR et al., 2009) Successional pathway was included as a random effect as we are not
interested in knowing its effect on the different variables. First, wessegdree density, basal

area, tree volume, and stem volume against forest age to analyze vegetational changes with
succession. For these response variables, we transformed the values to meet normality using
square root transformation and tested the natynaith the Shapirewilk test. Second, we
regressed species richness, as well as Shannon and Simpson diversity, against forest age to
analyze the potential contribution of secondary forest species to commercial use. Finally, we
grouped trees by diametefasses (dbh class), species by commercial use (commercial,
commercial dominant and namommercial species) and timber quality (low, high and best),
and tested if age has an effect on variation in density, basal area, total volume and stem volume
when the bovementioned categorical variables are included as a fixed effect in the models.
For each response variable, we established the null model with random effect following this
structure to RCore Team (RCore Team, 2019): y ~ 1 + (1|Pathway). After estaptishnull

model, we established the model with fixed effect to test the significance among models using
ANOVA with Chi-square statistics. The model with fixed effect followed this structure: y ~
Age + (1|Pathwayn). For response variables analysed wiglyarécal variable (dbh class,
timber use and timber quality), we followed these structures: (i) y ~ Age + CVar + (1|Pathway)
and (ii) y ~ Age + CVar + (1|Pathway/CVar). To analyse the effect of age and categorical
variables (dbh class, timber use and #&mguality), we used successional pathway as random
effect and nested categorical variable as random slope. In this way, we analysed only the
variance among them without analysing the effect. When species grouping was used as a
random slope, we assumeditttiee difference among groups might reflect the variation in slope.

We fitted five models to estimate richness, diversity index, tree density, basal area and stem
volume with trees and species grouped. The models were fitted with and without interaction

among fixed effects.

In addition to selecting the best model for each response variable, we applied the
selection based on the deA#aike Information CriteriondAIC) where we selected the model
with the lowesgAIC. TheAlIC is the result of the differences among the AIC of the models
fitted for each variable (Appendix Table A.5). The conditional and marginal R? was calculated
for the model selected. These values explained the proportion of total variance through both
fixed and random effects (Appendix Table A.6). The models were fitted with maximum
likelihood to compare the null model and models with fixed effect with ANOVA. With the
selection of the best model for each variable, the result was plotted usingrédt function
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of thevisregpackagg BREHENY; BURCHETT, 2017)The predictors for each model were
plotted using thdootMer() function of thelme4 package based on the perform meloated
(semi) parametric bootstrap for mixexffect models using 1,000 simulatiof BATES et al.,
2015)

The analyses of linear mixegffect models were performed with tinee4(BATES et al.,
2019) bbmle(BOLKER, 2020) ImerTestKUZNETSOVA; BROCKHOFF; CHRISTENSEN,
2017) MuMIn (BARTON, 2020)andvisreg (BREHENY; BURCHETT, 2017packages in
RCore Tean(R-CORETEAM; RCORE TEAM, 2019nd the Rstudio interfad®STUDIO
TEAM, 2019)(AppendixTable A.5, A.6). In the plots, les were fitted to each variable using
the predictors of the chosen model (Appendix Table A.7), angbghlet2(WICKHAM, 2009),
viridis (GARNIER, 2018)andcowplot(WILKE, 2019)packages were used.
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2.4 RESULTS
2.4.1 CHANGES IN COMMERCIAL SPECIES COMPOSITION AND DIVERSITY

We measured a total of 2,387 individuals in the sampling area, belonging to 202 species
and 63 families (Appendix Table A.2). Among all species, 103 (51%) were commercial, while
99 (49%) were normommercial. The indicators of diversity showed that comrakspecies
increased with forest age, reaching the highest values around 30 years of regeneration (Fig. 2a,
b, c). Richness of commercial species ranged from 1 to 18 species per plot with an average of
9 species. The diversity indexes increased over tiora the age of 12 years for commercial
species, reaching the value of 2.731 f-or Sh
D) around 30 years of forest succession. Among the 12 species with highest importance value
(IV), 9 are commercial species.. pulchrg M. cinnamomifolia Myrsine coriacea H.
alchorneoidesM. cabucu Miconia rigidiusculg Pera glabrata Vernonanthura discoloand
Guapira oppositaTogether, these species accounted for 45% of the total importance value of
the forest. The othiéhree specieguterpe edulisCecropia glazioviandPsychotria longipes
are norcommercial timber speciek. edulisis a palm tree that produces rRamber products,
while C. glazioviiandP. longipesare not utilized as a wogatoducing species irhé region
(Appendix Table A.2, A.3).

Figure 2.2 Richness species, as well as Shannon and Simpson diversity, of commercial and non
commercial species in secondary forests 2 to 50 years old. Data itreleslepalm trees and tree ferns.
Each dot represents the total values for the respective timber quality in a single plot (dots overlapping
may occur). R2 is the variation explained by the full model (fixed+random), i.e., the conditional R2 for
linear mixad-effects models, and the other value (F value andlpe) is the summary of the model.
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2.4.2 CHANGES IN FOREST STRUCTURE

Tree forest densi ranged from 100 to 3,550 it through the chronosequence with
an average of 1,455 ind:hg+835 ind.hd) (Figue A.la). Tree density increased in the
beginning of succession, reached a maximum approximately at 25 years of age, and then
slightly decreased in older stands. The basal area increased throughout succession, ranging from
0.3 to 39.1 m2.hg with an aveage of 14.1 m2.h&a (£9.7 m2.hd) (Figure A.1b). Young
secondary forests showed low tree volumes, but this variable increased fast after 10 years of
succession, reaching a maximum value of 266a#{Figure A.1c). Stem volume followed the
sametrends as those of tree volume (Figure A.2d). The difference between tree and stem
volume in midsecondary forests can be as high as 28%, corresponding to the volume

potentially useful as fuelwood.

Small trees (dbh 5 < 15 cm) presented the highest dansytyung forests, but their
number decreased with succession (Figi8a). The miesized (dbh 15 < 30 cm) and largest
trees (dbh O 30 cm) appeared only after 5 ;
their contribution to the basal area incehfast (Figur&.3b). The proportion of stem volume
of the smaller trees remained stable throughout succession, while the volume of larger trees
increased as the forests aged (FigliBe). After 30 years of forest succession, the stem volume
of t rOem i didnet8r increased and reached 126 meTiae stem volume of small trees
showed no correlation with forest age (Fig@:8c), while the stem volume of larger trees
increased fast. An even higher contribution ofsizkd trees was observed uaplproximately
the age of 25 years when most of the commercial volume could be attributed to larger trees.
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Figure2.3 Contribution of differentsized trees (dbh) to forest structure and volume in secofatasts

2 to 50 years old. Data include trees, palm trees and tree ferns. Each dot represents the total values for
the respective dbh class in a single plot (overlapping may occur). R? is the variation explained by the
full model (fixed+random), i.e., theonditional R? for linear mixedffects models, and the other value

(F value and gvalue) is the summary of the model.
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Commercial species showed higher density, basal area, and stem volume when
compared to nomommercial species (Figui4a, b, ¢). Among the 103 commercial species,
9 are considered dominant, which represents 75% of all dominant species (45%tail g
(Appendix Table A.3.). Density of commercial dominant species decreased as succession
progressed, while commercial and rommercial species followed an opposite trend. The
stem volume of commercial species reached up to 140 m<baespondig to 74% of the
stem forest volume, while for dominant species, the stem volume was 155 @ipendix

Table A.3).

Figure 2.4 Contribution of commercial and namommercial species to forest structure antlime in
secondary forests 2 to 50 years old. We followed Finegan (1996) who identified dominant species as
those representing 50% of total IV. Each dot represents the total values for the respective category in a
single plot (overlapping may occur). R%he variation explained by the full model (fixed+random), i.e.,

the conditional R2 for linear mixeeffects models, and the other value (F value awdlype) is the
summary of the model.
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2.4.3 CHANGES IN VOLUME AND QUALITY OF TIMBER SPECIES

Overall, commercial species represented an important proportion of the forest tree
diversity at all forest ages. The proportion of species by timber quality highlights a large number
of species in the commercial category (low, high and best) with a piapbigher than 50%
(Figure2.5a). Even in young forests, up to 20 years of age, 53% of the richness is composed by
commercial species. The occurrence of species that produce commercial timber increases with
successional age, reaching 63% in forests betw8end 50 years. At this age, higind best
quality timber species represent 51% of species richness. Nevertheless, the proportion of

individuals of commercial species reduced over time (Figote).

Figure2.5 Proportion of number of species (a) and nhumber of individuals (b) by timber quality category
(low, high, best, and necommercial) and by age class in secondary forests from 2 to 50 years old.

a) 2<20y 20<30y 30<40y 40<50y
b) 2<20y 20<30y 30<40y 40<50y

Q000

Timber quality Non-commercial . Low . High . Best

Among commercial species, lequality timber specieshewed a decrease in tree
density along the chronosequence, mostly after 35 years. Species -oamighesquality
timber showed a more stable pattern over time (Figwa). The basal area increased with
forest age with similar trends for the higindbestquality timber species (Figu&6b). Stem
volume increased along the chronosequence, mainly resulting from the contribution-of high

and besfjuality timber species (Figu&6c).
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Figure 2.6 Contribution of trees (commercial species) from different categories of timber quality to
forest structure and timber volume in secondary forests 2 to 50 years old. Each dot represents the total
values for the respective egbory in a single plot (overlapping may occur). R2 is the variation explained

by the full model (fixed+random), i.e., the conditional R2 for linear mitelcts models, and the other

value (F value and-palue) is the summary of the model.
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For tree spdes classified by timber quality (low, high and best), we found 17 best
quality timber specie®ppendixTable A.2). Among them, 12 species presented trees with dbh
over 15 cm, includingAspidosperma parvifoliunCabralea canjeranaCupania vernalisH.
alchorneoidesM. cabucy M. cinnamomifoliaNectandra lanceolatdNectandra leucothyrsus
Nectandra megapotamicllectandra oppositifoligOcotea pulchellandVitex megapotamica
The trees in this category can reach over 40 cm in dianfgipe(dixTable A2). Other best
quality timber species were found in smaller size classes in secondary forests,Gedrets
fissilis, Jacaranda micranthaand Ocotea catharinensisThe largest group (53 species) is
represented by species with highality timber Apperdix Table A.2). Among them, 21 species
presented trees with a diameter over 15 cm. However, only six species presented trees with
di amet er CCryptocargampschatdigtella hebecladaNectandra membranacea
Piptadenia gonoacanth&isonia ambiguandSloanea guianensig\mong the 33 lowquality
timber species, 13 (39%) presented trees exceeding 15 cm in diameter, inélediphila
integrifolia, Annona neosericednnona sylvaticas. oppositaMaprounea guianensiMyrcia
eugeniogioides M. coriacea Myrsine umbellata Piptocarpha angustifolia Tapirira
guianensisT. pulchra Virola bicuhybaandZanthoxylum rhoifoliumHowever, only three of
these trees had high i mpoT.pudchrg @ oppasitaangP. a n d
angustifolia(AppendixTable A.2, A.3).

Commer ci al species that produced trees
total species richness in the secondary forests. These commercial species follow different
patterns of volume distributions betweena2@ 50 years of succession (FigRf@. Our results

showed that faggrowing species may be being replaced by species of advanced successional
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stages and do not have tr e-@grewingspeciesid purchradd 15
(low-quality), wh ch showed the | argest stem vol umes
secondary forests (< 30 years of age), but in more advanced forests it did not show trees above
15 cm dbh (Figure.7c). Dominant commercial species widistgrowing and shotlived

species, such d&s$. alchorneoidesM. cabucuandM. cinnamomifolia also produce timber in

the first 40 years of succession and can be replaced by advanced secondary and climax species
(Figure2.7a).

Figure2.7 Frequency and stem (commercial) volume of timber species with highest importance values
in the secondary forests from 20 to 50 years ol
the stem volume of a given spesia a single plot.
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2.5 DISCUSSION

In this study, we evaluated the effects of structure dynamics and diversity of secondary
forest on commercial wood productivity in the Brazilian Atlantic Forest. We found a rapid
increase in basal area and stem volume of commercial species alreadyirst @ years of
fallow age. Fallow time was determinant for the presence of commercial species g4jure
and productivity of highand bestjuality timber species (Figu&6). For commercial species,
trees presented the ideal size and volume for Bangein the migsecondary forest with the

| argest individual trees reaching a di amet e

2.5.1 COMMERCIAL TIMBER SPECIES AND VOLUME IN SECONDARY FOREST

Commercial species show rapid recovery of richness, basal area and stem volume in
naturally regenerating forests. Richness and diversity of commercial species were restored fast
in regenerating secondary forests, following shifting cultivation, reachgigdiversity values
still in youngsecondary forests. Wogatoducing species, mostly nqioneers, were present
at the beginning of the regeneration proce
(Figure24) , a successionmiltipalttflraritdtaitc fcaompaddh
by Egler (1954) The same pattern of succession was reported in other studies, in which
different species, both pioneers and 4pioneer, initiate regeneration concurrently
(CHAZDON et al., 2007; PENACLAROS, 2003; PIOTTO et al., 2009; VAN BREUGEL;
BONGERS; MARTNEZ-RARNOS, 2007) This pattern of richness and diversity of tree
species found in our study is also reported to be common in secondary tropical forests
(SIMINSKI et al., 2021; VILLA et al., 2018jiven the high abundance of commercial species
(Figure2.5a). Our results showed that the few dominant spe€igsungsecondary forest are
commercial. Some of these species are dhatl and tend to disappear as the succession
process advances. Such is the case Mitlcoriacea(pioneer) andr. pulchra(nonpioneer),

which are fasggrowing trees and dominant as small trees, but produce @ity timber.

Trees with a diameter O 30 cm were prese
more common in migecondary forest. While tree density decesass succession progresses,
individual trees increase in diameter as forests increase in height, basal area and volume (Brown
and Lugo, 1990). In our study, while the density of commercial dominant species decreased as

succession progressed, the numbertrees of commercial and n@ommercial species
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increased. To explain, species that dominate the yeaogndary forest are replaced by trees

of species that will dominate the rmsgcondary forest, gain volume, and eventually occupy the
canopy to produceigh-quality timber. Among the 12 most important species (50% of total
IV), herein called the dominant species (following Finegan, 1996), nine are commercial species.
Among them, we highlighH. alchorneoidesM. cabucuand M. cinnamomifolia all best

quality timber species, with a combined IV of 16% of the total sampled Apgze(idixTable

A.2) but reaching higher dominance values in different single plots.

Fallow time was a determining factor that changed basal area and volume in the studied
forests. Comrarcial species contributed to the rapid increase in basal area and volume with less
marked growth in the midecondary forest (Figui24b, c). This rapid structural increase in
the early stages has also been observed in other tropical forest $UIBRIGUATA,
OSTERTAG, 2001; PENACLAROS, 2003; POORTER et al., 2016; ROCHA; VIEIRA;
SIMON, 2016; ROZENDAAL et al., 2019; TEIXEIRA et al., 2020yee density increased
rapidly atthe begmi ng of the regeneration process, p
15 cm in diameter increased in density, basal area and stem volume grjufiéhis change
in forest structure favours commercial species and timber productivity. At 25 yéaedready
possible to have high timber productivity with a commercial volume of 245 t¥h#hat age,
we already see large treesC. vernalisH. alchorneoidesM. cabucy M. cinnamomifoliaN.
lanceolataandN. oppositifolia In naturally regenerated secondary forests, the timber volume
reached 444 ms3.Hawith the presence dklchornea triplinervia H. alchorneoidesOcotea
spp.andNectandraspp. (TABARELLI; MANTOVANI, 1999). In a 33yearold secondary
forest, no significant difference was noted for basal area or timber volin®e comparing
areas naturally regenerated and areas that were enriched with valuablerashozing species
(H. alchorneoidesM. cinnamomifolisandNectandraspp.)(FANTINI et al., 2019) However,
the authors noted that the timber stock of these species was two times higher in the enriched
forest area compared to their volume in the naturally regenerated area. Such results demonstrate
the potential of secondary forest management to produce marketable wood in short rotations or
cutting cycles. These dominant species form a high canopy ofdbedsey forest but mature
as early as 30 to 50 years of age, and will be excluded from the successional process as the
succession progress@ANTINI; SIMINSKI, 2016) Remaining unharvested, as it is mandated
by current regulations in the Atlantic Forest region, implies an opportunity cost to the

landowner.
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2.5.2 TIMBER QUALITY OF COMMERCIAL SPECIES IN SECONDARY FOREST

Commercial species are an important component of tree diversity in all ages of the
forest. The proportion of commercial species was higher than 50% along the chronosequence
(Figure 2.6a). Lowquality timber species performed better in the early stagescoession,
while high-quality timber species had a higher share of the forest structure, starting from 30
years of succession. As succession progresses, species that produce timber outcompeted the
other species, and highnd besguality timber species g@ther reach 51% of all commercial
species between 40 and 50 years. Successional changes benefited the richness of commercial
species throughout the succession, and, as a result, we observed an assortment of timber classe:

for different uses in differenthases of forest regeneration.

In addition to the commercial species found in all forest age classes, our results show
that seedlings or resprouts of wepbducing species are present at the very beginning of
succession. Timber species invade an abandameedat the very time of abandonment with the
presence of small or dominant individuROCHA; VIEIRA; SIMON, 2016; RODRIGUES;
MARTINS; DE BARROS, 2004)The proximity of open or degraded lands to mature and
advanced successional forests increase the success of commercial species colonizing young
secondary forests. As the successional forest becomes more complex, tree density and timber
volume of high and besquality timber species increases; best qualityp&nspecies can reach
up to 200 m3.habefore 40 years of succession (Figei#e).H. alchorneoidesM. cabucuand
M. cinnamomifoliaare the main species in this category, quickly dominating secondary forests
with trees over 20 cm in diameter in foreatsyoung as 20 years. These results indicate the
high potential of secondary forests to produce quality timber. However, the high stock of low
quality timber in forests between 20 and 30 years of succession is characteristic of unmanaged
secondary forestBoth volume and quality of timber could be improved by tending the

secondary forests from young ages.

2.5.3 MANAGING SECONDARY FORESTS FOR TIMBER PRODUCTION AND
ECOSYSTEM SERVICES

While the need to restore degraded lands/forests is unquestioned, scalingrappro
to achieve ambitious targets remains elusive because of several limiting factors, costs being an
important one(BRANCALION et al., 2016b; CROUZEILLES et al., 2017, 202Bgassive

restoration through natural regeneration, after agriculture, has proved to be successful in some
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ways, suggesting economic efficiency as a factor that could incentivise management initiatives
(CESAR et al., 2021; CROUZEILLES et al., 2020; SIMINSKI et al., 20Rbnetheless, even
bringing the cost of investments to near zero may not even be sufficient to stimulate landowners
to set aside parcels ohdir land for restoration, especially in the case of small farmers
(ALARCON et al., 2017)Managing the regeneration of forests to produce commercial timber
may be an alternative to make restoration attractive to alblaners. The forests we studied

did not benefit from any management efforts, even though they presented a good volume of
commercial timber to be exploited at ages as young as 30 years. Other studies have also shown
that combining natural regeneration wiirest tending has the potential to significantly
increase the volume and quality of timber in secondary fol@ANTINI et al., 2019;
GUARIGUATA, 1999a; HUTH; KAMMESHEIDT; KO, 2002; PIOTTO et al.,, 2020;
ROZENDAAL; SOLIZ-GAMBOA; ZUIDEMA, 2010; SWINFIELD et al., 2016)

The high diversity of species and the high proportion of-destving commercial
species found in our study make the options of silvicultural systems and regeneration methods
wide open, from clearcutting fadividual tree selection. Clearcutting is already practiced by
some farmers in the regid®IMINSKI; FANTINI, 2010). In the Plateau region of the State,
for example, some farmers manage secondary forests to fawudadtgrowing Mimosa
scabrellain cycles of 25 years, leading to almost homogeneous forests harvested for diverse
products along the development of the fof@REENBOCK et al., 2011)n the DOF region,
some swidden farmers allow desikalspecies to grow amidst crop plants, anticipating their
development, with the aim of having harvestadieed trees by the time a new clearing of the
land is reachedFANTINI et al., 2017) However, even though these regeneration methods
improve the quality of the forests, clearcutting at the end of a fallow period is overall perceived
as deforestation, negatiyelmpacting the societal perception of such land use. An alternative
is to use either single or group selection of trees assisted by silvicultural treatments (refinement
and liberation thinning, pruning) along the forest development. This strategy ystbkieave
the greatest impact on forest productivity and quality, as even the sparse experience in the
tropics has show(FINEGAN, 1992; GUARIGUATA, 1999a; MESQUITA, 2000; PIOTTO et
al., 2020; SWINFIELD et al., 2016)

Secondary forests in the region are dominated by a few commercial species, along with
several norcommercial pecies. Such combination of species is ideal for the application of

silvicultural systems aiming to balance timber production and environmental conservation. That
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is, while harvesting is concentrated on the dominant commercial trees, a range of othker speci
can be retained to maintain the forest structure and to produce ecosystem services, such as
supporting the local fauna and carbon sequestration, as mentio@éadigon et al. (2016) and

Naime et al. (2020)

The secondary forests we studied varied largely by their composition and structure, as
reported in many other studi@sSlIEBSCH; GOLDENBERG; MARQUES, 2007; LIEBSCH,;
MARQUES; GOLDENBERG, 2008; OLIVEIRA et al.,, 2019; SIMINSKI et al., 2011,
VIBRANS et al., 2013) forming a nosaic of patches across the landscape. Accordingly, a
regeneration method suitable for each forest patch should be applied, ranging from intensive
intervention to maximize timber production to light management that will promote ecosystem
complexity. Appli@ at varied scales, from individual trees to stand to landscape, well planned
silvicultural systems can produce the best compromise among pur{®ISEST TMANN;
COATES; MESSIER, 2009)Forest plantations with native species and agroforestry systems
should also be promoted to increase $otand use in the landscape matrix.

Beyond forest restoration, incentives like increasing economic value of regenerating
forests may stimulate landowners to perpetuate restored forests instead of converting more land
to nonforest uses. Howevestudies on regeneration methods and silvicultural treatments to
improve timber quality and productivity in secondary forests are still scarce in the tropical
world. Given the variability of secondary forests found in this and other studiesstzige
experimental studies should be performed in order to compare different silvicultural systems at

various spatiotemporal scales.
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2.6 CONCLUSION

In the Atlantic forests of Southern Brazil Secondary forests have a high diversity of timber
species andre charact&ed by timber volumes and trees suitable for harvest from 20 years of
fallow age. Commercial species represent 45% of the dominant species, with spedcies like
alchorneoides M. cinnamomifoliaand M. cabucubeing fastgrowing species. Besjuality
timber species have high density and dominance in these forests with tree size suitable for
roundwood production. Given that the secondary forests studied presented a high diversity of
species, it would be possible to harvest the dominant commercial treesdandreange of
other species. In this way, managed secondary forest can produce revenue for landowners, while

maintaining adequate forest cover to produce other ecosystem services.
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3 CAPITULO 3

3.1 The effect of the treeharvesting on secondary forest dynamics in

the Brazilian Atlantic Forest

ABSTRACT

Secondary forests can secure timber products and help to expand forest areas to promote
biodiversity conservation. This study aimed to understand the impact of a timbestlwariree
diversity, structure, and demographic rates in asoiccession secondary forest located at the
Southern Brazilian Atlantic Forest. We inventorigtiplots (40x40 m)n the year 2009 and 15

plots was inventoried in the years 2014 and 2624ilting in two measurements before (2009

2014) and two after harvest (2020821). Our results showed that the forest responds rapidly to

the intervention. For individuals larger than 5 cm in dbh, commercial species were prevalent in
the composition of spe@g(45%) and richness species increased over time before and after
harvest. A group of a few species were dominant (16 species) and commercial species were the
most representative among them (11 species), espddialghorneoideswhich reached 12%.

After harvest there was a rapid recovery in the density of individuals, a result of a high
recruitment rate. The same occurred for basal area and commercial volume. Commercial
species, however, recovered at lower rates in the first seven years after haotiest. B
recruitment and mortality rates were affected by the basal area remaining from harvesting. The
recruitment rate exceeded the mortality rate for the whole forest, both before and after harvest.
However, for commercial species, the mortality rate exakdtie recruitment ratdor
individuals above 5 cm of diametefter harvest. The remaining basal area was a major
determinant of the changes that occurred after harvest. Our results show that secondary forests
respond rapidly to a selective tleggingand commercial species benefit from the disturbance
generated. Richness, diversitgensity, and commercial volume recover rapidly after
disturbance and are influenced by basal area. Commercial species respond more slowly but
benefit from the treedrvest and can replenish the timber stock. The predominance -of fast

growing species favours the recovery of timber productivity.

Keywords: selective tree logging; timber products; forest structure; demographic rate



3.2 INTRODUCTION

Secondary forests have been viewed as ecologically impoverished formations, with low
or almost no potential to produce valuable quality timber with attractive gtioiy (BROWN
et al., 2020; MERZ et al., 2021) Much of this view is skewed by comparisons of these
naturally regenerating forests, regenerated after land use or intense degradation, with the
original mature forest§LENNOX et al., 2018; MERTZ et al., 2021; PAIN et al., 2021)
However, in recent decades, secondary forests have been recognized as an important component
of land cover in tropical areédBASHAM et al., 2016; LETCHER; CHAZDON, 2009; MATOS
et al., 2020) Prope management of secondary forest can reduce pressure on primary forests
through their productive potential for timber and +ionber product{SEARS et al., 2021)
Secondary forest are an integral part of the dynamic landsEsRRICH; SEPP; POKORNY,
2000; NGO BIENG et al., 202With high biodiversity and timber productivity, they also make
a signficant contribution to carbon sequestration and other ecosystem s¢Git&ZDON et
al., 2009, 2016; GILROY et al., 2014; MATOS et al., 2020)

The low priority of secondary forests on political agendas reldatnglobal climate,
forestry, and agriculture is reflected in their almost invisible presence in scientific research
(ARNOLD et al., 2011; PAIN et al., 2021; TSCHARNTKE et al., 20 2)wever, scientific
advances have brought secondary forest ecology and strategy to restore forest ecosystems to
the fore, especially in the tropics. It is important to understand the impact of tree harvesting on
timber productivity and the factors that influence it. Unlike mattorests where many
commercial species occur with low tree density, secondary forests are dominated by a few
species with a high density of individuglsASKA, 1997) Some of these species are fast
growing and produce quality timber and the focus of some research is just on dominant species
of fastgrowing that are responsible for timber productivity in +e@tondary forests
(ZAMBIAZ | et al., 2021) However, there is still little research that analyses the impact of
logging in secondary forests.

In the global south, secondary forests predominantly exist on small and m&dadn
farms, serving as vital resources for people's inaedds(FANTINI; SIMINSKI, 2016; PAIN
et al., 2021) These forests play a significant role in securing timber, expgridnest areas,
and contributing to both productivendeavoursand the conservation of biodiversity.
Management practices in tropical areas provide benefits to smallholders. However, financial

incentives for these forests to be conserved and remain lartttecape as productive forests
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are lacking (RIN et al.,, 2021). In addition, we need to understand how to manage the
complexity of the forest landscape, which is a mosaic of secondary forests of different ages,
types, and degrees of stability and insigbil

The management of this complex dynamic system that are the secondary forests, requires
a deeper look into the effects that the harvest of trees cause on floristic composition and forest
structure. The complexity of secondary forests in form and tygyedetermine the management
system applied and the different responses that the forest will have to the degree of disturbance
generatedFINEGAN, 1992; GUARIGUATA, B99b; PUETTMANN; COATES; MESSIER,
2009; PUTZ, 1994; SIST; FERREIRA, 2000hanges in species richness, density, basal area,
timber volume, recruitment and mortality are ways of qualifying and quantifying these effects.
To keep these forespgoductive, it is important to promote the maintenance and regeneration

of timberproducing species.

Forests with trees of different ages and sizes are typically regenerated naturally, without
any silvicultural intervention, giving rise to what is known sesondary forestsSelective
logging will have different effects on the forest depending on the successional stage and
intensity of logging. To understand how the forest responds to this disturbance, selective
logging of trees of species characteristicsetondary forests and producers of commercial
timber was carried out with different intensities in a secondary forest egun@bssional stage.

At 40 years of age, this forest showed dominance cffiesting species and trees of adequate
size to be hamsted and sectioned in sawmills. These characteristics of secondary forest are
favourable to management and make these areas promising suppliers of timber. However,
management techniques and silvicultural practices adopted in the early stages of suza@ssion
accelerate the growth of timbproducing trees and provide timber in less time and with shorter

cutting cycles.

Our study aims to analyse the effect of tree harvesting on tree divetsitgture and
demographic rates in a maliccession secondaiyrést. We asked (i) how do secondary forests
respond to tree harvesting in a short time? (ii) howetiluced ofbasal area and harvesting
intensity impact the dynamics of the forest after harvesting? (iii) How do commercial species
respond to tree harvesy compared to the whole forest? In this study, we analysed a secondary
forest during preand postharvestperiodsat different harvesting intensity as measured by the
basal area reduction. We expect that the forest responds rapidly to logging anid tegptinse
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isrelated tahepostloggingbasal area. We also expect that the forest will promotedosery
of the harvested timber volume in response to tree harvesting.
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3.3 METHODOLOGY
3.3.1 STUDY AREA AND DATA

The study was conducted between 2009 and 2021 in a secondary forest located in the
Southern Atlantic coast of Brazil (26°32'01"S e 49°02'30"W). Climate in the regions is humid
subtropical with hot summers (Cfa), with an average temperature of 20.7 °Cnianal a
precipitation of 1,800 mm (Alvares et al., 2013). Elevation of the study site ranges from 600 m
a.s.l. and slopes are mostly steep, up to 464VARES et al., 2013; MORELLATO;
HADDAD, 2000) Soils are predominantly Red Yellow Podzolic (mainly Ultisols).

The region vas originally covered by the Brazilian Atlantic Forest, (Dense
Ombrophilous Forest DOF), characteristically with an evergreen canopy and abundance of
epiphytes and palm tred&ASPER et al., 2014; SIMINSKI et al., 2011; VIBRANS et al.,
2013) Present day landscapes in the region are composed of a mosaic of secondary and mature
forests, monocultures @&ucalyptusandPinusspecies, agricultural fields, pastures and urban
areas(VIBRANS et al., 2012) Secondary forests in the region regenerated mostly after the
abandonment of crop fields cultivated ungdarddenfallow agriculture (AMBIAZI et al.,

2021). Dominant species includalchornea triplinervia Alsophila setosa Hieronyma
alchorneoidesAnnona neoserice&yathea phalerataEuterpe edulisCabralea canjerana
Miconia cinnamomifoliaamong other€OLIVEIRA et al., 2022; VIBRANS et al., 2013)

The study site was set in 200fen the forest hadl-yearold secondary forest. The
study site is a 2@a forest, but it is part of a large tract of forest land (> 5,000 ha) that is mainly
covered by sucasional forests. The forest here studied was enriched with seedlings of
Hieronyma alchorneoidedvliconia cinnamomifoliaand Nectandraspp. at the beginning of
succession and weeded during the following five years. Permanent plots were installed, each of
them with a total area of 60 x 60 m and a core area of 40 x 40 m used for data cqlfegtion
3.1). In each plot, we measured all living trees, palms, and tree ferns with diameter at the breast
height (dbh) O 5 c¢cm. E a c eightiing,icomimeraiadheight(m)s me
and dbh (cm) and identified to species level in loco, or a voucher specimen was collected for
later identification by botanists in the FLOR Herbarium of the Federal University of Santa
Catarina (UFSC), FURB Herbarium ofethRegional University of Blumenau and HBR
(Barbosa Rodrigues Herbarium). The species were classified according to the Angiosperm
Phylogeny Website, version {8TEVENS, 2017)and Species 2000 & IT IS Catalogue of Life
(ROSKOQV et al., 2019 nd Brazil Flora Group (2021).
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Figure 3.1 Map of the original forest and remnants of the Brazilian Atlantic Forest in Brazil (left),
indicating the forest types in Sarfatarina state. The location of the secondary forest inventoried is
provided in the detailed map. Sourdetp://mapas.sosma.org.l{i®OS Mata Atlantica, 2020); Area
underthgg ur i sdiction of the Law nA 11.428/ 2006 ( BF
2005).
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For this study12 plots were inventoried in the year 2009 andther three plots were
added in 2014with a total ofl5 plotsandwith a total sampling area @4,000 m2After the
second inventory (2014), the forest was harvested for timber produbtoplots were updated
in 2014 and reinvented in 202TIree selection aimed at combining the purposes of harvesting
commercial spaes (for revenue) and nesommercial species (for stand improvement). The
forest basahreareduction was randomly assigned to each plot to simulate different harvesting

intensities, in addition to three unharvested plots, assigned as control plots.
3.3.2 DATA ANALYSIS

We analysed the structure and the dynamics of the forest before and after harvesting.
The effect of harvesting was analysed on the basis of the remaining basal area of each plot after
logging (m2.h&) as well as the harvesting intensity (the % of the initial basal area of each plot
removed at harvest). We considered two periods of forest growth: {ijgpvest- from 2009
to 2014; and (ii) posharvest- from 2014 to 2021. For forest structure, wadcalated tree
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density (stems.hg and commercial volume (m3.Refor each plot. We used volumetric models
adjusted for species of the Atlantic FOrg&@ORREIA; FANTINI; PIAZZA, 2017; OLIVEIRA

et al.,2018)to estimate stem volume (StemV) of each individual, including palm trees and tree
ferns. StemV represents the commercial volume (m3) of the stem from the ground level to the
commercial height (i.e., up to the point of the first stem fork) ofrtlvidual. ForHieronyma
alchorneoidesa specific model (OVEIRA et al., 2018) was used because of the importance

of this species for forest structure and management. Both models were developed in the same

study site.

The dynamics of the forest was aygd by demographic raté@he recruitment rate (r)
was calculated by using tl&heil and May (19963quation:

p p EjO 7
whereny is the number of recruited individuald,is the number of stems present at the

last measurement (in this case, 2014-haevest and 2021 poebkarvest), and is the time

interval between two measurements (22094 and 20142021).

Mortality rate was calculated using the equatio®loéil Burslem andAlder 2008)

a p p O ajo T
where No is the number of stems at the beginning amds the number of dead

individuals. This mortality rate is derived from an exponential model of population decline and

assumes a constant probability during the time intérval

We calcul ated species ri chnesB),divelSityanno
(MULLER-DOMBOIS; ELLENBERG, 1974) of each plot for each inventory date, for the bulk
of the whole forest as well as for the subset of commercial species. The importance value (1V)
of each species, the sum of its relative density, relative dominance)atickieequency, was
also calculated. IV index was used to determine the group of dominant species, defined as the
set of species with highest IV whose accumulated value was 50% of the total WSS AN,
1996). Species richness, species diversity ahdanktrics were estimated using the vegan
(OKSANEN et al., 2015)BiodiversityR(KINDT; COE, 2005)andfitoR script(DALAGNOL
et al.,, 2013)packages in RCore Tea(RCORE TEAM, 2019)and the Rstudio interface
(RSTUDIO TEAM, 2019)
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We used linear mixed effect models for the analysis. The model for each response
variable followed the structures: (i) basal area (BA) as fixed effect; and (ii) harvesting intensity
(HarInt) and growth period (GrowP) as mixed effects. For each response variable, we first
adjusted a model with fixed effect only for each response variabileg generalised least
square§GELMAN; HILL, 2007). When necessary, we transformed values that didhoot s
normality using the Shapiro Wilk test, using square root transformation. Next, we fitted a model
containing the three variables;(X BA + HarlInt + GrowP) with four combinations for mixed
effects: (i) (1+Harint|GrowP); (i) (HarlAt|GrowP); (iii) (1|GowP/Harint); and (iv)
(1|GrowP). The models were fitted with and without interaction among fixed effectaodet
selecton we used the backward stepwise selection with the model that contained all variables
and removing the least significant variableedby one until the model with the significant
variables. After these steps, we selected, among the models with significant variables, the best
performancemodel for each response variable, the one with the lowest-Aladti&e
Information Criterion @AIC). ThegAIC is the result of the differences among the AIC of the
models fitted for each variable (Appendix Tablel)A.To explain the proportional of total
variance on both fixed and random effects we used the R? conditional for each model selected
(Appendix Table Al). After selecting the best model for each variable, the results were plotted
with R? andp-value.

The analyses of linear mixezffect models were performed with timee4 (BATES et
al., 2019) bbmle (BOLKER, 2020) ImerTest (KUZNETSOVA; BROCKHOFF;
CHRISTENSEN, 2017)and MuMIn (BARTON, 2020) packages in RCore TearfR-
CORETEAM; RCORE TEAM, 2019nd the RStuditterface(RSTUDIO TEAM, 2019)In
the resulting plots, lines were fitted to each variable using the predictors of the chosen model,
and theggplot2(WICKHAM, 2009) andcowplot(WILKE, 2019)packages were used.
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3.4 RESULTS
3.4.1 FOREST DYNAMICS BEFORE AND AFTER HARVEST
Richness and floristicomposition

Along the 12 years of forest inventories, we measured a total of 6,095abkes,and
tree ferns, distributed among 220 species (Appendix Tale Among all species, 99 (45%)
presented commercial value, while 121 (55%) wereacwmnmercial Before harvesting, from
2009 to 2014, the average species richness increased from 166 to 188 specie3.2ag By
2014, themeanrichness of commercial speciper year(88 species) represented 47% of the
total (Figure3.2a). In that year, trees o5scommercial species were harvested. The harvesting
of trees removed 10 species (trees with dbh
seven years after harvest, another 10 species were not found in the plots inventoried. However,
during theseven years of the pelsarvest period, richness (whole forest) increased, from 178
to 199 species. Among the Bhteredspecies, 11 were classified as commercial species. The
same pattern was observed for the commercial species richness: an increase from 86 to 91
species. During the pekarvest period, the number of new species of recruited trees varied
from 2 to 20 speeis across plots, 1 to 10 new species considering only the commercial species.
On the other hand, the floristic composition lost 20 species after the logging, 3 to 7 species per
plot. Along the 12 years of the inventories,é&8eredspecies were observedile 22 species

were no longer recorded
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Figure3.2 Species richness, tree density (sterf)haasal area (m2.iaand commercial volume (m3:ha

1) of a secondary forest in the Southern Atlantic Forest, Brazil, during a growth period before (5 years)
and after (7 years) a tree harvesting, with highlights for commercial species. The vertical lines represent
instantaneous decrease of the variablesed by a selectivegging
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The secondary forest showed a small group of dominant species. During the period of
12 years, the species with highest importance value (IV) remained constant, even after the tree
harvesting AppendixTable3.1). Among the 19 species with highest IV, 11 were commercial
species:Hieronyma alchorneoidesMiconia cinnamomifolia Annona neosericeaVirola
bicuhyba Nectandra membranace&abralea canjeranaAlchornea triplinervia Cupania
oblongifolia Matayba intemedig Casearia sylvestri® Guapira oppositalAppendix Table
3.1). Together, these species accounted for 30% of the total IV in the perieds@r29%
postharvest. After logging(s. oppositaappeared among those commercial species with the
highest IV reaching 1.8% of the total valuggpendixTable3.1). For speciesoncommercial
Euterpe edulisa palm tree that produces ntomber products, showed the highest IV in all
inventories, reaching 11% of the total I®ecropia glaziovii still an underused species in the
region, showed a high IV (4% of the total 1V), replacing species with lower 1V suChsearia
obliguaandC. sylvestris/ years after loggingAppendix Table3.1). In the period aftetree
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logging the abundance @. glazioviiincreased from 4 to 101 stems!hg. edulisbecame the
species with highest IV in the forest, followedHyalchorneoide$10%). The high dominance
of E. edulisis a result of its abundance, from 219 to 343 sterms.ha

Table3.1 Species with highest importance values (IV) between 2009 and 2021. The species listed within
each forest type accumulate 1V up to 50% (from a base of 10@p@mercial species.

Ecological  Species Importance Value (%)*
group
pre-harvest postharvest
2009 2014 Harvest 7y
point
Pioneer Annona neosericegC) 2.70 2.89 3.00 261
Cecropia glaziovii -- -- -- 4.13
Early Hieronyma alchorneoidelC) 12.15 11.02 11.41 9.75
secondary
Miconia cinnamomifoligC) 3.70 2.87 1.83 1.48
Bathysa australis 2.78 2.46 2.72 2.28
Nectandra membranac€&) 2.06 2.05 -- --
Alchornea triplinervia(C) 2.03 2.35 2.32 2.09
Casearia obliqua 1.85 1.79 1.64 --
Cupania oblongifolig C) 1.81 1.74 1.82 1.72
Matayba intermedidC) 1.74 -- -- --
Casearia sylvestriC) 1.53 1.81 1.83 --
Guapira oppositdC) -- -- 1.82 1.92
Late Euterpe edulis 5.24 6.49 7.24 10.70
secondary
Virola bicuhyba(C) 2.48 2.24 2.02 2.19
Cabralea canjerangC) 2.05 2.54 2.83 2.61
Climax Cyatheasp. 4.45 3.76 3.71 2.74
Psychotria nuda 2.41 2.75 2.85 2.92
Allophylus petiolatus 1.48 1.84 1.91 1.48
Psychotria suterela -- 1.90 1.90 1.65
Sum of IV 50.46 50.50 50.76 50.27
Number of species 16 16 16 15

1The species ranking is defined as those species whose summed importance values, when ranked from the highest
to lowest, contained 50% of the total for a given stand (Finegan, 1996).
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Tree density and forestructural

During the growth period before the harvesting, from 2009 to 2014, the average forest
density increased from 1642 to 1765 trees per hectare (B@lre In5 years before harvest
222 dead trees per hectare were recorded, while 395 weresrecruited The density of
commercial species in 2014 (796 tree$)hapresented 45% of tlemtireforest (Figure3.2b),

varying across plots from 37% to 57%.

In 2014, 328 trees.Hawere harvested, on average, representing 19% of the forest
density A total of trees were harvested from the forest, belonging to 52 commercial splecies.
alchorneoidesvas the species with the highest numbehafvestedrees (28 trees.fa on
average), followed byM. cinnamomifolia (14 trees.hid). The postharvest énsity of
commercial species increased slowly during the following seven years (148 stgmstike
density of norcommercial species increased at a higher rate (457 trégdrn¢his period, the
mortality of trees was 390 treestavhile 605 newrees.h& were recruited

During the 41 years of forest succession, commercial species increased 0.83(er.ha
year,superior tharthe rate observed for narommercial species (0.20 mzhger year). In the
five years before harvesting, tfarest grew 0.66 m2.Haper year. Among the 10 species with
the greatest increase in basal area, 9 were commercial species, hbtaldljorneoidesA.
triplinervia, A. neosericegC. canjeranaandC. fissilis During the prenarvest period, the palm
tree Euterpe edulisshowed the highest basal area growth rate (0.58 ®)2.fallowed by
Allophylus petiolulatug0.20 m2.h&). The harvestingh 2014removed an average of 9.2 m2.ha
1 of the forest basal area, equivalent to 28% of its original value é3¢20). The harvesting
intensities across plots varied from 18 to 56% of the existing basal area in 2014. Out of the total
basal area harvested (9.2 m2Zh&9% were of commercial specid¢isree of thenwereadded

up 48% of thdoggedbasal aread. alchorneoidesM. cinnamomifoliZandN. membranacea

During the posharvest period, the basal area increased 5.9 ¥fnéhaaverage, with
stocks at 2021 betwed&mm 19.8 to 41.5 m2.ha exceeding those observed in 2009 (from 18.9
to 36.7 m2.hd).Of thetotal basal area, 7.3 m%havas represented by commercial species,
equivalent to 79% of the basal area removed. The reduction of basal area of commercial species
ranged from 3.9 to 19.4 m2haThe bulk of commercial species increased their basal grea b
2.6 m?2 per hectare after harvest, which represented only 36% of the total removed during the

harvest. Although the recovery of basal area of commercial species was slovhafter
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harvesting, they represented 44% of the total regrowth in this period.gNim®88 commercial
species present in the forest at the harvest time, 52 species had trees harvested.

Commercial volume

During the period before harvesting, from 2009 to 2014, the commercial volume in the
forest increased from 195.8 to 226.4 m3 per hectiigure3.2d). In 41 years of fallow, the
forest increased the commercial volume by 4.8 mdgex year, of which 3.6 m3.Ager year
from commercial speciedDuring the five years of measurements before harvesting, the
increment of commercial specigisowed high values, reaching 5.6 m2.par year, on average.
The nine commercial species with highest dominance had a volume increase ranging from 2 to
14 m3.ha. H. alchorneoideshowed the highest commercial volume increment (14 fhg.ha
exceedinghie increment of all nenommercial species in the same period (12 nij,leand was
followed by A. triplinervia with 4.5 m3.h&. During the five years of growth before harvest,

commercial species had a total increment of commercial volume of 31'm3.ha

Of the total volume observed in 2014, an average of 69.7 fnwhee removed by the
harvesting, 83% of which from commercial species (57.7 mig.lduring the seven years of
the growth period after the harvesting, the overall commercial volume of tts ifoceeased
42.8 m3.hd, representing a recovery equivalent to 61% of the volume harvested. Commercial
species increase by 22.4 m3hm this period. Of the forest growth, commercial species
represent an increase of 32.1% in commercial volume. Iretti@dpof seven years, the average
was 3.1 ms.ha per year. Nortommercial species, on the other hand, showed an annual
increment rate2.9 m3.kaAmong the 52 commercial species harvested, three species presented
a high importance in the forest structure and stock of timber (48% of the basal area and
commercial volume):H. alchorneoides (1.9 m2.h&; 15.3 ms3.ha, respectively), M.
cinnamomifolia(1.1 m2.h&; 8.6 m3.ha) andN. membranaceé).5 m2.hd; 4.11 m3.ha).

3.4.2 HARVESTING AS DRIVER OF FOREST DYNAMICS

Richness and diversity

Species richness had a positive correlation with the forest basal area of both the bulk of
theentireforest and the set of commercial species (Fig8a, d). However, only commercial
species showed significant differences between growth per@dd.775, p=0.038; Figure

3.3d). Aftertheharvesting, richness of commercial species ranged from 22 to 37 per plot, with
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an average of 28 species. Apparently, high harvesting intensity promoted an increase of richness
of commercial species.

The basal areaas also determinant for changes in the diversity of the forest, both for
the forest as a whole and for the set of commercial species (Bi§brec, e, f). While for the
bulk of whole forest diversity and basal area showed a positive correlation (Bighrec),
there was a negative correlation when only commercial species were considered3Begure
f), both for Shannon and Simpson diversity. Harvesting intensity and growth periods had no
influence on the diversity of both groups of species.

Figure 3.3 Species richness (a, d), Shannon (b, €) and Simpson (c, f) diversity of whole forest (trees,
palm trees and tree ferns) and of commercial species as a functiorhaipest (empty dots) and peost
harvest (coloured dots) forest basal area. Each dot repges®e plot. Dotoloursscale represents the

% of the initial basal area of each plot reduced by harvest. Rz is the variation explained by the full model
(fixed + random) whilg-value refers to the basal area of the model.
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Tree density

Theinitial andremainingforest basal area was determinant to forest tree density in both
growth periods (Figur8.4a, b). The relationship between density and basal area was positive
for the forest and commercial species as well. For the bulk of the whole foresstimarve
intensity and basal area drove pbatvest changes, with significant differences between
growth periods (Figurgd.4a; Appendix Table &). The significant difference in the relationship

between density and basal area was determined by harvesting intensity and growth period, but
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no interaction between variables. This way, the basal area determined the forest density after
tree harvesting,or the whole forest. Some species showed changes in density pattern post
harvest. Among thenk. edulis the species with the highest abundance in the forest, showed
the greatest increase in the number of individuals during the periothgnesist: from 2@ to

343 stem.h& Other three species also increased their abundance after loGgigigziovii

(from 4 to 101 stem.hg, Schizolobium parahyb@om 2 to 15 stem.hg andTrema micrantha

(from 4 to 15 stem.hg. For commercial species, the basabadetermined the density of trees
showing significant differences between growth perig8s32.337; p<0.001; Figu®3b). The
correlation was positive after the harvesting, and the relationship was higher within plots with
highest harvesting intensitieBhe number of trees per hectare of commercial species such as
Hieronyma alchorneoideand Cabralea canjeranaemained among the highest after seven

years of posharvest growth, with 109 and 46 stemtheespectively

Commercial volume

Commercial volume was affected by basal area for the bulk of whole forest and
commercial species as well (Figuselc, d). The basal area had a positive correlation with
commercial volume for both groups of species. For the whole forest, the commengragvol
was influenced by two interactions: (i) basal area and intergity §.660;p<0.001); and (ii)
basal area and growth periogt£10.012;p=0.002). The effect of basal area on commercial
volume after harvest varied with the harvesting intensity (Fi§utes Appendix Table /).

For the commercial species, only the basal area influenced commercial volume, being
determined the basal area resulted from harvesting (Figd). After logging, forest
commercial volume increased, reaching up to 100 msim&y in the plot with the highest
growth on volume, the same trend observed for commercial species (37)n(Eigare3.4c,

d).
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Figure3.4 Density (a, b) and commercial volume (c, d) of wifolest (trees, palm trees and tree ferns)

(a, ¢) and commercial species (b, d) as a function efigreest (empty dots and dotted lines) and-post
harvest forest basal area. Each dot represents a single plaolBotsscale represents the % of the
basalarea of each plot reduced by harvest. R? is the variation explained by the full model (fixed +
random variables) whilp-value refers to differences between-@ed postarvest of the model.
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Recruitment and mortality

Our results show that the forestdal area drives the recruitment and mortality of trees.
The annual recruitment rate had a negative relationship with basal area, both for the whole
forest and for the set of commercial species (Fi§wa, b). This relationship was observed for
both growih periods, but it is more evident after harvesting. Harvesting reinforced that impact:
the recruitment was higher during the period after logging for both groups. The harvesting
intensity apparently impacted positively the recruitment rates, but onlpasal area was
significant (Appendix Table A&). Basal area had a significant effect on recruitment of
commercial specie®d=12.602, p<0.001). Harvesting intensity and growing pantidenced
recruitment rate, but no significant effect for comnedrspecies (Figur&.5b). Among the

commercial specie§. parabyhd10%),G. oppositg10%) andvernonanthura puberulé@%)
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showed the highest recruitment rates after logging. Twecoammercial specieg,. edulisand
C. glaziovii also showed high recruitment rates (42 and 23%, respectively).

Figure3.5 Recruitment (a, b) ahmortality (c, d) of whole forest (trees, palm trees and tree ferns) (a, c)
and commercial species (b, d) as a function oharwest (empty dots) and pdsirvest (coloured dots)
forest basal area. Each dot represents a single plotolntrsscale reresents the % of the basal area

of each plot reduced by harvest. R? is the variation explained by the full model (fixed + random) while
& value and gvalue refer to the basal area for recruitment and difference betweemgngostarvest

for mortality.
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The impact of forest basal area on the annual mortality rates was more evident than on
annual recruitment; the rates were significantly higher in the period after harvesting, for the
whole forest as well for the commercial species (Fi@e, d). There was also an apparent
impact of harvesting intensity on mortality, but the relationship was not statistically significant.
The commercial species with highest mortality wietealchorneoideg12%), C. canjerana
(8%) andC. sylvestris(6%). Amang norcommercial species;. edulisand Cyatheaspp.
showed the highest mortality rates (27% and 15%, respectively).
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The relationship between recruitment and mortality rates was positive, and it was
impacted by tree harvesting (Fig8éa, b). For the wile forest, during the period before
harvesting the recruitment rate was higher than mortality, but figures became more similar after
harvesting (Figur&.6a). For commercial species, the higher rates of recruitment compared to
mortality before harvestinig more evident (Figurg.6b). For this group of species, in the post
harvesting period, the harvesting intensity showed a clearer correlation with recruitment versus
mortality relationship; higher intensities seem to promote higher recruitment compared to
mortality (Figure3.6b). In this relationship, regarding the commercial species, the average
annual mortality rate exceeded the annual recruitment rate after logging, 0.7&yddd.74
year! respectively (Figur8.6b).

Figure3.6 Relationship between recruitment and mortality rates of whole forest (trees, palm trees and
tree ferns) (a) and of commercial species (b) of in thénareest (empty dots and dashed line) and-post
harvest (coloured dots asdlid line) growth period. Grey solid line shows equality between variables.
Dot colous scale represents the % of the basal area of each plot reduced by harvest.
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3.5 DISCUSSION

In this study, we used basal area as a variable to understand the impact of a selective tree
logging on forest dynamics of a m&kcondary forest in the Brazilian Atlantic Forest, with
focus on commercially valuable species. The results revealed thatekerapidly responds to
harvestinginduced disturbances for trees with a diameter at breast height (dbh) greater than 5
cm (Figure3.3 and 34). Our findings also indicate an acceleration of forest dynamics,
suggesting that selective harvesting can imerihe forest to produce commercially valuable

species.

Effect of harvest on richness and diversity

At the beginning of this study, after 41 years of regeneration, the forest accumulated
166 species, and 199 species twelve years later, by the time of our last inventory3Bajure
Considering that only woody individuals above 5 cm dbh were meashigdichness can be
considered high for such a young second growth forest. Commercial species also showed an
important increase of 13 species over the period. On the other hand, 22 species recorded in the
first inventory were not found in the last one,ledst in the inventoried plots, figures that
resulted possibly from a combination of natural turnover and damage from the harvesting
operations. Unlike other secondary forests where the presence of timber species is low
(PIOTTO, 2007) our forests showed a high occurrence of timber species. Such results show
the high potential of regional tropical secondary forests to restore and increaselregiona
biodiversity, confirming other studies presentedSmminski et al. (2021andOliveira et al.
(2022) as well studies repwmd for other tropical region§CHAZDON, 2014; DENT,;
DEWALT; DENSLOW, 2013; GUARIGWTA; OSTERTAG, 2001; NORDEN et al., 2009;
PENA-CLAROS, 2003; PEREIRA CABRAL GOMES et al., 2020; VILLA et al., 2018)

The selective harvesting of the studied forest also promoted an increase in species
diversity. As diversity is a combination of the nuentof species and the evenness of the
distribution of individuals across these spe¢H3ST, 2010)it is possible that the harvesting
of many dominant trees contributed to the higher diversity observed after the logging.
combination between tlggeateforest trealensity following the harvesting and the disturbance
in the environment, mainly the canopy opening, may also have played an important role in the
increase of the diversity. This subject is yet to be further investigated. However, it is well known
that theaccumulation of species is a common trend in tropical secondary f(DédWEIRA
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et al., 2022ROZENDAAL et al., 2019; VILLA et al., 2018)and an increasing number of
species over time is expected in a forest after a disturl{BrRigTO et al., 2022; LIKOSKI,
VIBRANS; DA SILVA, 2022; PARROTTA; FRANCIS; KNOWLES, 2002Frequent and
intense disturbances drive environmeiwtanges that will support species typical of both the
previous and the futurguccessional stageSER STEEGE2003).

Regarding dominance, our results show that the same species that were dominant before
harvesting remained prevalent after the interventiath a high representation of commercial
species. We observed a turnover among the dominant species duringhtbespet period, but
the total number of species remained the same (16 and 15 dominant specie3,1].abdte
secondary species were tmest benefited (11 species) by the changes in the forest structure
promoted by the harvesting, followed by the early secondary and pioneer species. Among these
speciesC. glazioviiandE. edulisstanded out. The climax species were mostly represented by
different species oMollinedia spp., subcanopy species classified ascmmmercial timber.

In other areas of the Atlantic Rainforest under selective logging, the harvesting altered the
canopy structure and increased the relative abundance of early sgcgpetaeqVILLELA
et al., 2006)PefnaClaros et al. (2008klated that pioneer species showed the high growth rate

in response to intensive silviculture intervention.

A group of a few species showed high dominance in the studied forestH.like
alchorneoidesand M. cinnamomifolia For one hand, this result is, to some extent, a
consequence of the silvicultural practices performed at the initial development of the forest
(FANTINI et al., 2019) However, domiance of a few species is characteristic of secondary
forests in the region, and these species represent common successiona(DBi&s
DEWALT; DENSLOW, 2013; JOLY; METZGER; TABARELLI, 2014; PEREIRA CABRAL
GOMES et al., 2020; ZAMBIAZI et al., 2021y he importance value (IV) ¢f. alchorneoides
and M. cinnamomifoliadecreased al@nthe preharvest period, despite the low mortality of
their trees. The increase in forest density, basal area and frequency of other species may explain
this result. In fact, the IV of other seven species increased in the period, including the shade
tolerant A. petiolatus C. canjerana E. edulis P. nudg andP. suterela(Table3.1). Among
these species, the impact of highly dominant understory sgecimsda andP. suterelaon
timber productivitythe other specigbat produce timbes yet to be studied but there is strong
indication that silvicultural intervention may be necessary to support the growth of

commercially desirable trees in a managed forest. Despite changes in domiHance,
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alchorneoidegsemained thespecies with the highest dominance and one of the species with
highest potential for timber production. The occurrence of this species is continental in Latin
America (MULER et al., 2014; SILVA et al., 2004; VENEKLAAS et al., 2008} timber
present high demand in the mareANTINI; SIMINSKI, 2016)and it performs well in mixed
plantations(CARNEVALE; MONTAGNINI, 2002; FONSECA G; ALICE G; MARIA REY

B, 2009; MONTAGNINI; MENDELSOHN, 1997)Among nontimber species, we confirmed

the high importance dE. edulisfor forest structure reported in other studies in the region, as
well as its potential for economical management either to produce palm heart or acai berries
(FANTINI; GURIES, 2007; GALETTI; FERNANDEZ, 1998; MULER et al., 2014)

Effect of harvest on forest structure

A tree harvesting leads to changes in forest structure and dynandics) arshort time,
secondary forests may still show evidence of logging on the structure, abundance and canopy
structure(VILLELA et al., 2006) However, in the studied foregl,IKOSKI et al., 2021)
showed that the forest canopy recovered quickly after harvesting. Still, it seems that the
disturbance promoted a modeverseenvironment, benefiting a larger number of species. In
our study, changes in the dynamics of the forest were evidenced by an increasing tree density,
basal area, commercial volume, and species richness. The rapid recovery of tree density could
have been falitated by a high pogtarvest rate of recruitment. Other studies have reported that
disturbances produced in logged forests lead to a sharp rise in the density of bditretbng
pioneer species and shadéerant species soon after the intervent{@AUI et al., 2019;
SCHWARTZ et al., 2014)The forest basal area was positively correlated with forest density
in the period before harvesting (FiguBda). However, this reteonship became weaker after
the logging, possibly because the basal area was the only criteria to guide the choice of trees to
be cut, disregarding the number of trees of each plot. Thehpogtst changes in tree density
were not related to the basatampresent in the forest before harvesting, and also not related to
the intensity of basal area reduction. This evidence reinforces the effect that the basal area
resulting from harvesting has on the forest density. Therefore, the changes in forestiglensity
largely determined by the forest basal area remaining after harvesting, a factor that determines
the light incidence in the understor@yKOSKI; VIBRANS; DA SILVA, 2022; SILVA et al.,

2017; WHITMORE, 1985)It is common for the density to increase after harvegBRJTTO

et al., 2022; DIONISIO et al., 2018; SILVA et al., 201f)is known that opening the canopy

favours the recruitment of fagtowing trees, but recriment of undesirable species that will
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compete directly with trees remaining from a harvest may occur. The combination of a variety
of cutting intensities is a favourable factor for maintaining and increasing productivity from a
variety of species in secdary forests. In this way, at landscape level we may have areas with
low harvesting intensity where short cycles of harvesting could be performed
(FREDERICKSHE; PUTZ, 2003) while in areas of high cutting intensity we would have the
regeneration of lightlemanding species and longer cy¢RYTZ et al., 2012)

During the preharvest period, basal area and commercial volume showed the same
tendency of recovery.@nmercial species made up the largest portion (74%) of the forest basal
area due to their larger size (Figura 2c), particularly amonegfagting species. In another
study (Chapter 2) that analysed a chronosequence in the Atlantic Forest high growtr rates
fastgrowing species were reported: an average increase of up to 15.8 m21fayearold
secondary forests, which is equivalent to 1.1 mex year. The same study reported rates of
up to 25.8 m2.h& for 45years old secondary forests. Theeft growth rate is expected to
accelerate once conditions become favourable for commercial species. Our results show that
the basal area played a crucial role in altering other components of the forest structure,
especially the increase of commercial voi Commercial species contributed significantly to
the increase in commercial volume in the period before harvesting and in the control plots.
Secondary forests present rapid increase of basal area in short (BRGIAN; LUGO, 1990;
GUARIGUATA; OSTERTAG, 2001; PENACLAROS, 2003)and can resemble mature forest
values(BROWN; LUGO, 1990; MUKUL; HERBOHN; FIRN, 2016which implies in the

commercial volume of the forest.

We found that basal area and commercial volume recovered fast after logging. For
instance, 64% of the removdzhsal area regrew in the short period of seven years after
harvesting, with a higher contribution of roammercial pioneer and early secondary-fast
growing species, replacing the role that commercial species had in tharpest period. A
significant prtion (57%) of the recovery was due to trees with diameters between 10 to 30 cm
(Chapter 4). Another part of the recovery was due to the recruitment and growth of smaller trees

(dbh between 5 and 10 cm), as well as trees larger than 30 cm.

The increase ibasal area and commercial volume may indicate that the forest has great
potential to recover the timber stock after logging. Such capacity may be directly related to the
interaction between the basal area resulting from logging and harvesting cuttimgjtynte
(BEDRIJ et al., 2022)Plots with largest basal areas may be in a better development site, or the
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species composition benefits the timber productivity, with potential for the forest to replenish
the timber stock, especially of commercial species. This means that the forest basal area before

harvesting determines the commercial volume recovered after the forest is managed.

Recruitment and mortality

Recruitment of tree regeneration secured the sustained timber production in naturally
managed tropical foresfARIONA; FREDERICKSEN; LICONA, 2003)Demographic rates
have changed after the tree harvesting: both recruitment and mortality increased. Before
harvesting, the recruitment rate was higher thrmtality rate for the trees inventoried (dbh
above 5 cm). Although both rates were positively correlated, the higher recruitment rate was
possibly a result of a continued recruitment of shade tolerant species, more competitive than
light-demanding specsein the lower light levels of the understqf®KUDA et al., 2003;
VILLELA et al., 2006) A recruitment higher than mortality was also observed after harvesting,
which seems consistent with the opening of the canopy of a harvested forest, which promotes
the growth of young trees, includj those belonging to subcanopy species. In another study
carried out in the same forest, species with timber production potential show high regenerants
density (PIAZZA et al., 2017) Our results indicated th&t. canjerana C. oblongifolig H.
alchorneoidesN. membranacea. cabucuandV. bicuhybaepresented 40 % of the total 857
trees/ha of timber species. The high density of regenerants favoursrthewent of trees after
a selective harvesting and the recovery of forest density. Possibly, in the plots harvested with
lowest intensity, the residual forest favoured the growth of remaining individuals in the
understory, which presented recruitment sademilar to those observed before the logging
(Figure3.5). Commercial species, however, presented mortality rates higher than recruitment
after harvesting, which may explain why these species show slower recovery in density, basal
area and commercial wohe. Mortality may have also been augmented by damage caused by
harvesting operations to remaining trBRITTO et al., 2022; LIKOSKI; VIBRANS; DA
SILVA, 2022) Mortality was not affected by the forest basal area, but otfierown factors
may have influenced the prand postharvest rates. The increase in mortality rate was

correlated to the increase in harvest intensity.

Attractivity of the secondary forest for management

Secondary forests have gained increasing attention in recent years as a potential source
of timber and other forest products. Overall, the attractivity of secondary forests for
management stems from their potential for both economic benefits and envitalseevices.
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Some factors may boost the attractiveness of secondary forest for management, such as low
establishment cost, shorter harvest rotations, and the presence of commercially viable species.
Appropriated regeneration systems and silviculturaltpr@e can provide a more favourable
growing environment for fast growing species compared to primary forests. This can lead to
higher productivity and fast growth, making secondary forests a desirable option for timber
production. Some species may benkeditn the silvicultural interventions, improving the forest

quality and productivity. In some forests, however, the lack of diversity and the presence of
invasive species may pose challenges to the forest owners to benefit from timber production.
Effective management strategies, such as promoting the growth of a diverse range of native
species and controlling invasive species, are then crucial to ensure and enhance the success anc

sustainability of the economic management of secondary forests.

Floristic compsition is a key factor for successful management of secondary forests.
Both in chapter 3 and 4 and in the Zambiazi et al. (2021)soidessional forests can shelter
approximately 50% of commercial species in areas of high diversity. A set -@frfagng
species produce quality timber at this stage of secondary forest. However, few species are
dominant at any time. So, differently from the management of mature forests, the focus of
exploitation should be on a large number of relatively small trees iskgrowing species. A
steady supply of timber should be achieved through repeated short rotation. However, our study
suggests that the response of the secondary forest to selective logging varies depending on the
extent of the reduction in the basal ar€ae challenge of managing a secondary forest is to
maintain a certain species composition and structure over a long term and to ensure regeneration
of the desired species. Effective management can target intermediate and late successional

stages where dieable species or dominant groups are predémO, 2002)

Forestsin regeneratioroffer a valuable opportunity for the replenishment of harvested
timber while also preserving and, in somees enhancing biodiversity, which makes them a
crucial resource for sustainable forestry practices and the maintenance of healthy and diverse
ecosystems. By effectively managing secondary forests, it is possible to achieve a balance
between utilising theiresources and preserving their ecological values, thereby ensuring their
long-term viability. Additionally, the presence of a thriving secondary forest can provide
numerous economic, social, and environmental benefits, making it a vital component of
sustinable development and land use planning. The effective economic return may be the

incentive factor for management initiatives in secondary forests. In the study region, multiple
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timber products generated by low to best quality timber production havarangeed market

and competitive price with timber from mature forests. Secondary timber is often considered a
more sustainable alternative to primary timber, as it can be harvested from forests that have
already regenerated, reducing pressure on primaggtiband their unique ecosystems. These
timbers are used in a variety of applications, including construction materials, furniture, paper,
and bioenergy. In recent years, there has been growing demand for environmentally responsible
products, leading toraincrease in the market for secondary timber. Consumers are becoming
more conscious of the environmental impact of the products they purchase and are seeking out
alternatives that have a lower carbon footprint and are sourced from sustainable managed
forests. As a result, the market for secondary timber is expected to continue growing in the

future.
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3.6 CONCLUSIONS

The selectivdoggingof trees altered the dynamics of theestigatedorestsite Change
of the growth environment in a short period of time promoted the development of the forest,
resulting in increase in the volume of species that produce quality timber. The timber
productivity was high before harvest, from a variety of speciesvititfew dominant wood
producing species, suchldsalchorneoidegits 10% dominance was responsible for the largest
timber stock). The species richness increased after harvesting, with commercial species
remaining among those of greatest dominance. Befwe intervention, commercial species
accounted for 72% of the basal area and 77% of the commercial volume, with no difference in
growth after harvesting compared to rmymmercial species. The basal area can be considered
a driver of the changes that oced after harvesting, affecting richness and diversity, density,
and commercial volume of the whole forest. The harvest intensity determined tapesit
forest density and commercial volunie.alchorneoidesandC. canjeranavere the tree species
mostly benefited by the canopy opening, while among-timaber specie€. edulisand C.
glaziovii stood up. In addition to the influence of basal area, cutting intensity was also
determinant for changes in commercial volumerdftevest. Areas with high dirig intensity
resulted in low forest increments in the period analysed after logging because of the small
number of residual trees. Recruitment and mortality were also impacted. Higher recruitment
occurredin areas with lower basal area. For commercia@dcEs, recruitment exceeded
mortality, with higher rates in areas of greater cutting intensity, favouring the presence of
commercial species. Further studies on the impact of basal area reduction are still needed to
clarify the contribution of the growthfandividual trees that were already present in the
understory, the increment small diameterof residual trees in areas of lower harvesting
intensity, and the fagjrowing species in areas of greater reduction of basal @teme
investigations will povide valuable insights into the lotgrm effects of basal area reduction

and help inform sustainable management practices.

In summary, the selective cutting of trees in this study altered the forest dynamics,
resulting in changes in speciesmposition, density, and commercial volume. Understanding
the effects of harvest intensity and basal area reduction is crucial for implementing sustainable
forest management strategies that promote timber production while preserving biodiversity and
ecosywtem functions. Continued research and careful monitoring are necessary to ensure the

long-term sustainability of timber extraction and the conservation of forest resources.
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4 CAPITULO 4

4.1 Impact of a selective harvesting on forest growth and trees
increment in a tropical secondaryforest

ABSTRACT

Tropical midsuccession secondary forests can hold a significant volume of timber from
dominant and faggrowing species. In this study, we investigated changes in the dynamics and
timber productivity of commerciateée species in a secondary forest subjected to a selective
logging, located in Santa Catarina state, Southern Brazil. We invenfiZigldts (40x40 m)n

the year 2009 and 15 plots was inventoried in the years 2014 andr2éalting in 2time
intervals: two measurements before (2009 and 2014) and two after the tree harvesting (2014
and 2021). Our results show that the relative growth rate (RGR) of the forest increased
significantly from the préharvest to the pogtarvest period. The commercisdt of species
showed the same pattevhincreasebut the average of the rates was smaller compared to the
whole forest. The average periodic annual increment (PAI) of total commercial volume was 5.5
m3.yeatt in the growth period before harvesting and m3.yeat after harvesting. RGR showed

a negative relationship with the basal area for commercial species, with higher growth rate in
areas with lower basal area remaining dftee logging The increment of commercial volume

was strongly impacted tharvesting: areas with lower basal area presemedlergrowth rates

in the period analysed. Trees classified as middle dbi3@1€m) had higher PAI, as well as

high and best quality timber. Individual trees grew up to 3.06 cryaar!, with average

growth rates of 0.30 cm.chyear! before and 0.33 cm.chyear! after harvesting. The highest
growth rates were observed after harvesting, especially for trees belonging to the early and late
secondary groups, and to best quality timber species. Anentydes of the nine dominant
forest speciesH. alchorneoidesM. cinnamomifoliaand V. bicuhybashowed thegreagst
increment after harvesting. Our results indicate that secondary forests can responds rapidly to
a selective tretogging and commercial species can benefit from the disturbance promoted to
the forestRemainingtrees growasterafter harvesting and can replenish the timber stock. The
dominance of fasgrowing species suggests that silvicultural practicemigksuccessinal

stages can increase timber productivity.

Keywords: timber productivity; selective trees logging; dominant species; forest structure
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4.2 INTRODUCTION

The sustainable management of tropical forests has among its premises the presence of
remaining young trees of commercial species after a harvesting, growing at rates that will
replenish the harvested stock in a relatively short (BiDRIJ et al., 2022; DE AVILA et al.,

2017; PUTZ et al., 2008; SIST et al.,, 2021; WAGNER et al.,, 20@6lso requires an
environment favourable for the recruitment oées of commercial species and for the
maintenance of the diversity of species. However, regarding the secondary forest the effects of
selective logging are still poorly understood, especially its impact on basal area and commercial
volume, and on diametgrowth ofremainingtrees. Secondary forest grows naturally on lands
which have been farmed or grazed and abandoned aft€ALBE et al., 1995; BROWN;

LUGO, 1990; CHAZDON, 2014)They now represent more than half of the tropical forest
coverage in the worldCHAZDON et al., 2009; FAO, 20200nly in the recent decades
secondary forests have started being recognized for their richness of tree species, dominance of
fastgrowing species and presenof commercial species of economic intef@&ROWN;

LUGO, 1990; FANTINI; SIMINSKI, 2016; OLIVEIRA et al., 2018, 2022; SCHUCH,;
SIMINSKI; FANTINI, 2008; ZAMBIAZI et al., 2021) characteristics that may make the
management of these forests attractive.

During the logging operationsgmainingtrees may beicectly damaged by the cutting
andskiddingof the trees selected for harvesting. The forest structure is also impacted by the
felling intensity, changing light incidence, growth rate, survival, mortality and recruitment
(DEARMOND et al., 2022; SILVA et al., 1995; STORCH; DORMANN; BAUHUS, 2018;
SULLIVAN; SULLIVAN; LINDGREN, 2008). The effect of cutting intensity may be positive
for relative growth rate (RGR) for forest, but negative for increment. Looking at the difference
between these variables is justified. While RGR is dependent only on the growth in diameter of
individual trees volume growth depends on diameter growth, density and the size class
distribution(JONKERS, 2011)The greater the intensity of harvesting, the lower the abundance
of individuals in the largest diameter classes and the ltheegrowth in basal area and volume,
especially of commercial species.

The known effects of harvesting on growth and increment are mostly related to mature
forests. However, the few studies related to secondary forests show that the effects of tree
harvesing on the dynamics of the forest resemble those observed in mature forests. In the
Brazilian Atlantic Forestthe current legal framework prohibits thenag@ment ofsecondary
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forests for timber productio hisprohibiton can be attributed, at leastpart, to the relatively
smallremainingextent of remnanfiorests in thissiome, accounting approximateli2% of its
original cover. Such law was also based on an allegedly lack of knowledge on the feasibility of
sustainable management of secondary for&sis few managed secondary forests in the region
are the results of scientific research seeking results that demonstrate their potential timber
production. Understanding how growth and increment respond to selective harvesting of trees
is crucial to shetlght on the sustainable use of regenerating forests, aiming to prevent further
deforestation and to promote land restoration, biodiversity conservation, carbon stock and
ecosystem services, as well as income generation for forest owners.

Our study aims to analyse the effectddferenttree harvestingntensitieson growth
and increment in a miduccessional secondary forest. We asked: (i) does harvesting favour the
growth of commercial tree species? (ii) how does logging impact tree¢tgiovelation to after
harvest forest basal area and tree diameter? and (iii) which groups of trees and species benefit
from a tree harvesting? To answer these questions, we analysed the dynamics of a managed
secondary forest before and after a seledtiaeresting at different intensities of basal area
removal. We expected that, after harvesting, the trees of commercial species would increase
their growth rates and, consequently, the increment and recovery of the harvested volume of
commercial timber.
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4.3 METHODOLOGY
4.3.1 STUDY AREA AND DATA COLLECTION

The study was conducted between 2009 and 2021 in a secondary forest in Santa Catarina
State, Southern Brazil (26°32'01"S e 49°02'30"W). The climate in the region is humid
subtropical with hot summers (Cfa), withvemage temperature of 20.7 °C and annual
precipitation of 1,800 mrfALVARES et al., 2013)The region was originally covered by the
Brazilian Atlantic Forest, specifically the Dense Ombrophilous Forest (DOF), which
characteristically presents an evergreen canopy, abundance of epiphytes and palm trees
(GASPER et al.,, 2014; SIMINSKI et al., 2021; VIBRANS et al., 20RBF is also
characterised by the dominance of species sudkici®rrea triplinervia Alsophila setosa
Hieronyma alchorneoideAnnona neoserice&yathea phkerata, Euterpe edulisCabralea
canjerana Miconia cinnamomifoliaand other§OLIVEIRA et al., 2022; VIBRANS et al.,
2013) This region is covered with altitudes up%00 and 600 m with medium elevations of
<1000 m(ALVARES et al., 2013; MORELLATO; HADDAD, 2000)The characteristic soils
of the region are Podzolic Rétkllow Alicus Tbh A Moderate, Gleissol Low Humic Dystrophic
Ta and Tbh, and Cambissol Distrofic Ta and Tb Gleic A Moge(BMBRAPA, 2004)
Landscapes in the region are formed by a mosaic of secondary and mature forests, monocultures
of EucalyptusandPinusspecies, agricultural fields, pastures and urban QdBRANS et al.,
2012) In the region, the secondary forest regenerated mostly after the abandonment of crop
fields cultivated under swiddefallow agriculture (AMBIAZI et al., 2021).

For this study we used data from inventories carried out over twelve yasssgondary
forest regenerating for 41 years until the beginning of this study. The landowners reported that
the forest was previously used gwiddenfallow agricultureand pasture. The inventories were
carried out at 4ime intervals, two measuremerisfore (2009 and 2014) and two after tree
harvesting (2014 and 2021 2009 12 plots werenventoried,and another three plots were
added in 2014, totaling 15 plotafter the second inventory (2014), the forest was harvested
for timber production, the plots were updated in 2014 and reinvented in R084ch plot
measured was 60x60m with a core area of 40 x 40 m, totalling 24,000 m? of sampling area
(Figure 4.1)andewe measured all living trees, palms, and tree ferns with diameter at the breast
height (dbh) O 5 cm. Each individual was me
and dbh (cm) and identified to species level in loco, or a voucher specimeolieated for

later identification by botanists in the FLOR Herbarium (Federal University of Santa Catarina
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- UFSC), Herbarium Roberto Miguel Klein (Regional University of Blumen&WRB) and

Barbosa Rodrigues Herbarium. The species were classified sgrdod the Angiosperm
Phylogeny Website, version {8 TEVENS, 2017)and Species 2000 & IT IS Catalogue of Life
(ROSKOQV et al., 201@nd Brazil Flora Group (2021).

Figure4.1 Map of the original andemainingBrazilian Atlantic Forest in Brazil (left), indicating the
forest type in Santa Catarina State. Location of the inventoried plots in the detailed map. Source:
http://mapas.ssma.org.br{SOS Mata Atlantica, 2020); Area under the enforcement of the Law n°
11.428/2006 (BRASIL, 2006); Original Forest types according to Klein (SAR, 2005).
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The plots were installed in 2009, and the selectiveltggng occurred in 2014, after

the second forest inventory. The selective harvesting consists in selected individual trees for

harvesting based on economic considerations of stem size and/or (RREPERICKSEN,

1998) Basal area reduction was the criterion used to harvest selected trees. The intention was

to simulate different harvesting intensities, resulting in basal area reduciorl8 to 56%.

Three plots were not harvested and were used as controls. The trees selected for harvesting

varied in diameter and species, seeking to improve the timber quality of the remaining trees in
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the forest for the next cutting cycle. However, tmeniediate demand for revenue by the forest
also guided the selection of trees for harvesting. Only trees with diameters above 20 cm were
harvested. For this study, we considered two periods of forest growth in reference to harvest:
(i) pre-harvest (from 209 to 2014); and (ii) pogtarvest (from 2014 to 2021).

4.3.3 CATEGORIZATION OF TREES AND SPECIES

For single trees of commercial species, we used diameter at breast height (DBH, cm) to
analyse the growth rate (cm.y@prelative to their initial diameter (atetbeginning of the pre
and postarvest periods). We measured 1,720 individual trees of commercial species
considering both growth periods (some trees were harvested, while new trees were recruited).
Among the 99 commercial species identified in the tpr85 presented trees that were
measured at least in two inventories. For such analyses, a small number of tree species that
produce timber with high economic value was selected. We also studied the structural changes
in the forest, by grouping theindiida | s i nto three dbh cl asses:
30 cm. Trees O 30 cm ddived, faskgowingdspecies withta o f
harvestable size; trees between 15 and 30 cm dbh are those potentially harvestable in a short
time; trees 5 < 16m in dbh will possibly be harvested in the Aedm). The species also were
classified as commercial or n@ommercial species. Commercial species are those having
marketable timber that is useful for any purpose other than charcoal. Commercial sfibcies w
potential timber use were further classified into timber quality classes following Zambiazi et al.
(2021): (i) best quality timber; (ii) high quality timber; and (iii) low quality timber. The
classification considered information on regional timberamkemarket price (Appendix Table
A.1 and Table A.2). Data on use and market price of timber from some secondary species are
difficult to obtain due to restricted managemgrratcticesand the illegal market of such species.
We also classified commercial species into ecological groups (pioneer, early secondary, late
secondary, and climax; Appendix Table A.2), following the criteria proposed by Budowski
(1965), and other sourcéBARBOSA et al., 2017; CARVALHO2003,2006,2008,2010;
FERREIRA et al., 2013; KAUBERG et al., 2011; MANTOVANI et al., 2005; MARTINS,
2005; SANTOS et al., 2004; SIMINSKI et al., 2021; VIBRANS et al., 2013)

A small group of commercial species with high economic and ecological value and
dominants in secondary forests was selectednt@lyse the tree growth rate in diameter in
relation to initial dbh. This species showed trees witheasttwo measures preand post

harvest:Alchornea triplinervia Cabralea canjeranaCedrela fissilis Cupania oblongifolia
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Hieronyma alchorneoides Miconia cinnamomifolia Miconia formosa Nectandra

membranaceandVirola bicuhyba
4.3.4 DATA ANALYSIS

We analysed the forest growth before and after harvesting. To analyse the effect of
harvesting we used the remaining basal area (if?dfeeach ploafter logging as well as the
harvesting intensity (the % of the initial basal area of each plot removed at harvest). We
calculated basal area (mZf)and commercial volume (m3 #Hafor each plot to both periods
of forest growth. We used volumetric moslatjusted for species of the Atlantic Forest (Correia
etal., 2017; Oliveira et al., 2018) to estimate stem volume (StemV) of each individual, including
palm trees and tree ferns. StemV represents the commercial volume (m3) of the stem from the
ground leel to the commercial height (i.e., up to the point of the first stem fork) of the
individual. ForHieronyma alchorneoidesa specific model (Oliveira et al., 2018) was used
because of the importance of this species for forest structure and management.

Theeffect of harvesting on forest growth per plot was measured as the relative growth
rate (RGR) in diameter (cm.chyear?) to analyse the growth per plot. This parameter was

calculated as:

YOY afQ®  af® jog opn
Where dbhis the diameter measurement in different times,taaddt, are the date§/ears)
whenthat the plots were measur&le dso computedhe periodic annual increment in basal

area (m2.yeat and commercial volume (m3.y&ar
The periodic annual increment (PAI) was calculated for both variables as:

Vo0 W ®w o0 on

Where X is stem volume. The effect of harvesting was analysed foertliee forest, for

commercial species, grouping the traesording to diameter class and timber quality.
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4.3.5 PLOT BASED ANALYSIS CONCERNING THEENTIREFOREST

We used linear mixed effect models (Imefollowing the methodology of the Zambiazi
et al. (2021), to analyse the effect of initial basal area (fHrdrehe relative growth rate (RGR)
of diameter, as well as to analyse the periodic annual increment (PAI) of basal area and
commercial volume for the whole forest and for the set of commercial species for that purpose,
the initial basal area (m2.hawas incuided in the models. Harvesting intensity (%) was also
included, as a random intercept, while the growth period was included as a random effect.
Values that did not show normality by the Shapiro Wilk test were transformed to the square
root of their origindvalue. For each response variable, we established a linear model using a
generalised least squares model (gls) without random intercept and random effect. The model
was structured with fixed effects and random effects according to RCore Team (202%): (i)
1 + (1+Intensity|GrowthPeriod); (i) y ~ 1 + (IntensityGrowthPeriod); (i) y ~ 1 +
(1|GrowthPeriod/Intensity); and (iv) y ~ 1 + (1|GrowthPeriod). The best model was then
selected to test the effect of initial basal area on forest growth. Aftéliskiag the models,
we selected the best one to test the effect of initial dbh on forest gbywths i ng a@&Al C
(Appendix Table A.3 and Table A.5). The significance of the deviations was analysed using
ANOVA with Chi-square statistics. When the growth pénmas not significant and decisive
for the effect of basal area on the dependent variable, we chose to analyse the data by
generalised linear models (glm). This was the case when individuals were categorised by dbh
class and timber quality.

4.3.6 SINGLE-TREES BASED ANALYSIS

The effect of initial dbh (cm) on dbh growth rate (cm y@@f singletrees was analysed
using generalised linear models (glm). Growth period was included in the models to compare
the forest growth before and after harvesting. We transfowaddbles that did not show
normality by the Shapiro Wilk test using the square root of their original values. For each
response variable, we established a null model without a dependent variable: GrowthRate ~ 1.
We established structures with fixed etfedo: (i) GrowthRate ~ InitialDBH; and (ii)
GrowthRate ~ InitialDBH + GrowthPeriod. After establishing the models, we selected the best
one to test the effect of I ni ti al dbh on f
significance of the deviains was analysed using ANOVA with Géguare statistics.

The analyses of linear mixexffect models and generalised linear models were
performed with thdme4 (BATES et al., 2019)ImerTest(KUZNETSOVA; BROCKHOFF;

91



CHRISTENSEN, 2017)MuMIn (BARTON, 2020)and visreg (BREHENY; BURCHETT,

2017) packages in RCore Tea(R-CORETEAM; RCORE TEAM, 2019and the Rstudio
interface(RSTUDIO TEAM, 2019) We also usetdbmle(BOLKER, 2020)packagen linear
mixed-effect malels. For the plotted data, lines were fitted to each variable using the predictors
of the chosen model, and tlggplot2 (WICKHAM, 2009), viridis (GARNIER, 2018)and
cowplot(WILKE, 2019)packages were used.
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4.4 RESULTS
441 FOREST GROWTH

Our results refer to two consecutive growth periods of the forest: the five years before a
selective tredogging was applied to the forest (phharvest period) and the seven years after
the cutting (posharvest period). We used the basal area of thaetfatehe beginning of each
growth period to evaluate the impact of the forest harvesting on its dynamics and productivity.
The basal area at the beginning of the study and the basatar@aingfrom the harvesting
are here called the initial basal acéa given period.

The dbh relative growth rate of the whole forest increased significantly from the pre
harvest period to the period after harvesting (Figu2a). The same pattern was observed for
commercial species, although the plot averages werédesnsampared to the whole forest
(Figure4.2d). After the harvesting, dbh growth of plots subjected to harvesting compared to
control plotsand the plots with loggin@~igure4.2a, d). The PAI in basal area and commercial
volume, however, decreased significantly in the period after harvesting (Bigbrec, d, e).

The average increment of commercial volume was 5.5 m3ye#rin the growth period before
harvesting and 4.4 ny®eart.hat after the harvestingdowever, after harvesting there was no
difference between the increment of harvested and unharvested plots.

The relative growth rate in diameter showed a negative relationship with the basal area
during the growth period before harvesting, and this relationship became more evident after
harvesting, although the difference between the two periods was not sighffriaguret.3a, b;
Appendix Table A.4). The same results were found for the set of commercial species (Figure
4.3b; Appendix Table A.4). The harvesting intensity (the % of basal area reduction), on the
other hand, did neignificantimpact, although thaighest posharvest growth was observed
in plots that were subjected to harvesting intensities above 35%. The lowest growth rates were

observed in plots without tree harvesting with values of 0.007 chiyear.
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Figure4.2 Per plot relative growth rate in diameter (a, d), periodic annual increment per hectare of basal
area (b, e) and commercial volume (c, f) of the whole forest (trees, palm trees and tree ferns) and of the
set of commercial gies in the two growth periods. For the plaatvest period, the dark and light grey
colour represent control and harvested plots, respectively.
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as a function of the basal area at the beginning of the growth period. Each dot represents a single plot.
Dot colour scale represents the % of the basal area of each plot that was reduced by the harvest. R2 is
the variation explained by the full model whijevalue refers to differences for the basal area of the
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The PAI of the commercial volume of the forest before harvesting was not correlated
with the forest basal area at the beginning of the measpenod (Figuret.4a). On the other
hand, the harvesting strongly impacted the increment of PAI of the commercial volume, which
became negatively correlated with the initial forest basal area. The difference of increment
between the two growth periodswas gni f i ¢ an p< 0(0@l] Figere 4h;3ApperidliR ;
Table A.4). The intensity of harvesting, however, was not significantly correlated with the
periodical increment of commercial volume, although there is an apparent trend of the intensity
of harvestng being positively correlated to the initial basal area. Regarding the set of
commercial species, the PAI of the volume presented a dynamic similar to the forest as a whole
(Figure4.4b). However, there was no statistical difference of increrbefdre and after the

harvesting.

Figure4.4 Periodic annual increment of commercial volume of the whole forest (trees, palm trees and
tree ferns) (a) and the set of commercial species (b) as a functiontarpest (empty dots and dotted

lines) and posharvest forest basal area. Each dot represents a single plot. Dot colour scale represents
the % of the initial basal area of each plot reduced by the harvesting. R2 is the variation explained by the
full modd (fixed + random variables) while-value refers to differences for PAI and the basal area of

the model.
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For the set of commercial species, we also analysed whether the relationship between
PAI of commercial volume anegmainingbasal area from the haasting varied across tree dbh
sizes (Figurel.5; Appendix Table A.6). The average DBH trees (dbh 15 < 30 cm) showed the
highest PAI and a positive relationship with the initial forest basal aredug =-3.166;p-
value = 0.003; Figurd.5a). The interaction between harvesting intensity and basal area was
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determinant to increment of middbibh classtrees (tvalue = 2.867;p-value = 0.007; -t
value=3.300p-value = 0.002). The PAI of smallest and biggest treesshisaed significant
positive interaction with harvesting intensity-vélue=2.389; p-value = 0.023; and-t
value=2.216;p-value = 0.033, respectively). Commercial species were also categorised by
timber quality (low, high and best). The PAI of commercialweé was higher for the high and
best quality timber species, which show a positive but not significant relationship with basal
area after harvesting (Figudesb; Appendix Table A.6). Low quality timber species showed
lower increment but showed a signifitaelationship with initial basal area&lue=3.339;
p-value = 0.002).

Figure4.5 Periodic annual increment of commercial volume of commercial species for dbh class (a) and
timber quality (b) as a funath of the forest basal areamaining from a selectivdogging Each dot
represents a single plot. Dot scale represents the % of the initial basal area of each plot reduced by
harvest. R2 is the variation explained by the full model whilalue refers to differences for PAI and

the initial basal area of the model.

|2 b)

R*=0.73 R*=0.38
p-value = 0.034 p-value = 0.003

PAI of commercial volume (m?.year-'.ha-")

20 30 20 30
Initial basal area (m®.ha-") Initial basal area (m?.ha-")
dbhclass -O- 5<15 -& 15<30 -@- >=30 Timber quality -©O- Low —& High —#- Best
% basal area . - % basal area . -

reduced reduced

0 10 20 30 40 50 0 10 20 30 40 50

4.4.2 TREE INCREMENT

The DBH of measured trees ranged from 5 to 68 cm. Most trees (89%) grew less than 1
cm per year. However, some trees increased at rates up to 3.06 cm per yeat.{J.able
average diameter growth rate of the set of commercial species was significghéy in the

period after harvesting of the forest (0.33 cm per year) compared to the period before harvesting
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(0.30 cm per year) (Figu#e6). Among the ten fastest periodical growth of individual trees of
commercial species, six were recorded ingéeod after harvesting.

Table4.1 Thirteen treespecieswith the greatesgrowth rate for both growth periedpre- and post
harvest) in the studied foresly ecological group and marladdility.

Species Ecological group Growth rate (cm.year?)

Commercial species

Schizolobium parahyba Pioneer 3.06
Alchornea triplinervia Early secondary 2.75
Hieronyma alchorneoides Early secondary 2.46
Hieronyma alchorneoides Early secondary 2.45
Annonaneosericea Pioneer 2.35
Cabralea canjerana Late secondan 231
Cupania oblongifolia Early secondary 2.26
Hieronyma alchorneoides Early secondary 2.21
Cryptocaryasp. Climax 1.69
Cryptocaryasp. Climax 1.51

Non-commercial

Ficusluschnathiana Late secondan 5.63
Cecropia glaziovii Pioneer 2.98
Cyatheasp. Climax 2.11

For all ecological groups, harvesting had no significant effect on tree growth rate of
commercial species (Figu#7). On the other hand, significant differences were observed
among groups (Appendix Table A.8). Most trees that presented the highestinorasse in
DBH despite the growth periods evaluated were individuals from pioneer and early secondary
species (Tabld.1). Before harvesting, trees of pioneer and early secondary groups presented
the fastest growth rates (Figut&). After harvesting,rees of early and late secondary species
grew faster, especially trees from. triplinervia, H. alchorneoides C. canjerana P.
gonoacanthandV. bicuhybawith values ranging from 2.75 to 2.07 cm.year
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Figure4.6 Annual growth rate of individual trees of commercial species as a function of tree diameter
(cm) at the beginning of piearvest period (empty circles and dashed line) and at the beginning-of post
harvest period (dark circdeand dark line).
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Similar to the results regarding ecological groups, we found no significant difference of
increments before and after harvesting for the trees grouped by timber quality &&)ure
However, there was a s2V8gprvalue £ 0.@0h) tamodg gfofips ofe n ¢
timber quality in relation to initial dbh. The growth rate of the best quality timber species was
higher before logging while the trees in the highd lowquality timber category grew more
after the forest logging. Amongeé trees that grew more within the best quality timber group

we highlightH. alchorneoidesndC. canjerana

Figure4.7 Growth rate in diameter of individual trees, by ecological groups, as a functiomudtdia
(cm) at the beginning of piiearvest period (empty circles and dashed lines) and at the beginning of
postharvest period (dark circles and dark lines).
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Figure 4.8 Growth rate of individual trees bymiber quality as a function of diameter (cm) at the
beginning of préharvest period (empty circles and dashed lines) and at the beginning-bbpaest
period (dark circles and dark line).
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Trees of nine commercially interesting timber species were selected to better analyse
the diameter growth rate in both growth perioéliehornea triplinervia Cabralea canjerana
Cedrela fissilis Cupania oblongifolia, Hieronyma alchorneoidédiconia cinramomifolig
Miconiaformosa Nectandra membranaceadVirola bicuhyba A total of 704 were measured
before and 587 after the forest harvesting, most of tHeaichorneoide$538 trees). During
the twelve years of forest measurement, the trees of thesesgrew 0.32 cm per year, on
average, while the forest growth was 0.29 cm per year. The highest growth was observed during
the postharvest period: 0.36 cm.y€aron average, especially fdd. alchorneoides M.
cinnamomifoliaand V. bicuhyba specieshat showed growth rate significantly higher after
harvesting (Appendix Table A.9). Best average performances werd/frbrouhyba0.53 cm
per year)M. cinnamomifolia(0.47) andM. cabucu(0.42). Except foM. cabucy all species
showed a positive relatship between growth rate and the initial dbh in both periods (Figure
49).
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Figure 4.9 Growth rate in dbh of individual trees of selected commercial species as a function of
diameter at théeginning of preharvest period (empty circles and dashed line) and at the beginning of
postharvest period (dark circles and dark line).
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4.5 DISCUSSION

In this study, we investigated the impact of tree harvesting on growth and increment of
commercial species in a naturally regenerated secondary forest in the Brazilian Atlantic Forest.
Results showed that commercial species had a higher rate of grovidimieter after harvest,
but the recovery of basal area and commercial volume was slower in the period analysed.
Harvesting altered the growth patterns of trees, causing increased growth, particularly in trees
with diameters between 15 and 30 cm and bel@nhginearly and late secondary species.
Species such ad. alchorneoidesM. cinnamomifoliaandV. bicuhybashowed significantly
higher growth rates after harvest and individual trees displayed growth potential in managed

forest.
4.5.1 GROWTH AND INCREMENT AFTERDISTURBANCE

In this study,we analysed the impact of tree harvesting on growth and production of
commercial species in a secondary forest. We expected that the disturbance caused by tree
harvesting would have a positive effect on the growth patterns omeocial species. The
results showed that the relative growth rate in diameter had different responses to tree
harvesting with regards to basal area and commercial volume. While the RGR in diameter was
higher after harvest, the increment in basal area aludne was lower both for the whole forest
and for the set of commercial species. In areas with selectiveggpeg, the RGR in diameter
was significantly higher compared to grarvest values (Figu#e2a). For commercial species,
growth was high compad to preharvest values, but without significant difference (Figure
4.2d). In control areas, RGR was much lower compared to harvesting areas. Normally, with the
advance of succession more mature trees become common and the forest tends to stability. As
the forest matures and advances in succession, it tends to stabilise and growth slows down
(GUARIGUATA; OSTERTAG, 2001)Disturbances in forest structure, however, can lead to
accelerated growth of the remaining trees, and major disturbances may be necessary for some
commercial species to bengffREDERICKSEN; PUTZ, 2003)

4.5.2 BASAL AREA REDUCTIONIMPACTS ONGROWTH AND INCREMENT

The RGR in dbh of commercial species increased after harvestipgobdable
consequence dfasal areaeduction. On average, trees grew more in andese the basal area
was smallest after harvesting. In areas where the intensity of harvesting was highest, the change
in forest structure created a favourable environment for the growth of the remaining trees and
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for the recruitment of new individuals. Withe opening of the canopy, the relative growth rate

of commercial species in the understory was improved due to increased light and reduced
competition between individuals. These factors positively impacted the growth rate of
commercial species. Resdaiio managed forests has shown that the diameter growth rate of
trees increases with cutting intensity after a har@MEGAN; CAMACHO, 1999; PENA
CLAROS et al., 2008; SWINFIELD et ak016)and that high cutting intensities result in less
damage to remaining tre€¢sIKOSKI; VIBRANS; DA SILVA, 2022), leading to increased
growth of undamaged trees.

Although there was a high relative growth rate in diameter of individual trees in the
harvested plots, thpostharvestannual increment of both volume and forest basal area was
lower. The growth pattern changed after harvesting, as expected. Althougbniheercial
volume of the forest increased by 21%, the seven years period was insufficient to restore the
total commercial volume harvested. However, despite the limited increment in theysaven
period, the high growth in diameter of the remaining teeggests that the forest may recover
the harvested volume. The goal of sustainable forest management is to ensure that the forest
can recover the harvested volume through sufficient increment of commercial species volume
after harvestingJONKERS, 2011)Before harvest, the forest had large trees that contributed
greatly to the increment of both the whole forest and the commercial species. However, after
harvest, small diameter trees were prevalent and contributed to the entreiriorest basal
area and volume, despite the increasing number (Chapter 3) and fast increment. Secondary
forests under management recover the timber volume of commercial species slowly, which
directly affects the volume incremgi@OURLET-FLEURY et al., 2013)

4.5.3 WHAT GROUP HAVEBEENBENEFITED?

The cutting intensity &d different effects on tree and species groups, as expected. When
we looked at medium size trees (15 and 30 cm diameters), the increment was higher compared
to the smallest and the largest trees. This result may suggesinthatingtrees benefited from
tree harvesting. As some commercial species grow more than others, growth in diameter
favours faster recovery in volume and basal area, and middle trees may contribute to fast
recovery in volume after harvest. Regarding the timberntgu&w, high and best), high and
best species showed higher increment of commercial volume compared ltoviheality
timber species. In some cases, species with low commercial value -comomercial value

may have their growth stimulated by removallarfge diameter trees and by a high cutting
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intensity (VILLEGAS et al., 2009) especially fasgrowing commercial species. Possibly, this
lower growth may be due to the group of species of low timber quality have a lower density of
individuals in the forest, a characteristic of thepecies with short longevity in the middle

secondary stage.
4.5.4 TREES OF COMMERCIAL SPECIES CAN BENEFIT FROM THE HARVEST

The high growth of individual trees demonstrated the potential of silvicultural
treatmentsto increase timber productivity of managed fetsedncreasing growth rates of
commercial species trees can make secondary forest more attractive for selective logging. In
the studied forest, trees of commercial species increased their growth rate after harvesting in
comparison to the rates observedhe period before harvesting: the average growth of the
residual trees increased by 79% in relation to thenpreest period. The trees of commercial
species that grew above 0.5 cm.yearcreased theimeangrowth rate from 0.82 cm.year
during the period before thiegging to 1.47 cm.year after harvesting. This set of trees
represented 22 and 23 % of the total density of the forest in both growth periods, respectively.
Such results line up with other dias showing that timbgsroducing species can benefit from
disturbances caused by selective logging syst@@HWARTZ; FALKOWSKI; PENA
CLAROS, 2017)Light and space are factors that drive the rapid changes in the growth pattern
of residual trees and the recruitment of new ones following @saimgforest structure caused
by a harvestingKUULUVAINEN, 2009; LINDENMAYER; MARGULES; BOTKIN, 2000;
PARROTTA; FRANCIS; KNOWLES, 2002)New spatial arrangement among a tree and its
neighbours influences the growth environmgh8HTON; KELTY, 2018) It is known that
trees grow faster when they are not competing with others for forest res(BRIEIGEL et
al., 2012; PRETZSCH, 2009; ROZENDAAL et al., 2028)well as the conditions for growth
of smaller trees and the development of regenerationsiMatl trees can grow better in more
favourable light conditions created by the canopy openihgs in the shade of their
neighbours. The increase in the growth rate of a proportion of trees affects the growth of its
surroundings, either by altering the growth rate, recruiting st@ernt species or increasing
the mortality rate of smaller indivigls. In clearings opened up by harvesting, many-light
demanding commercial species oc(BEHWARTZ; FALKOWSKI; PENACLAROS, 2017;
SWAINE; HALL, 1983}hat would benefit, with their trees having rapid growth in diameter
and heigh{FINEGAN; CAMACHO; ZAMORA, 1999) However, undgired species may also
be favoured by a high basal area reduc{ibEARMOND et al., 2022; URLI et al., 2017)
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Regarding the recruitment of new trees into open spaces created by the harvesting, both
commercial and neosommercial trees can inhibit the growth of residual trees, especially after
intense reduction of basal area. Trees of-@astving species benéfmore from canopy
openings(WIENER, 2010) At the same time as the commercial trees grew, there was an
increase in thelensity of norcommercial species with dbh above 5 cm (Chapter 3). Species
such aCecropia glazioviandSchizolobium parahybapidly occupied the open spaces, while
individuals from Euterpe edulisregenerated in the higher intensity of light in theegbr
understory. Our results show tHat parahybas the commercial species that presented the
highest dbh growth rate, whifé. glazioviiandE. edulis,two norcommercial timber species,
and areamong the three fastest growing species seven years aftest In an area adjacent
to that of this study, two years after a harvestigglazioviiandS. parahybawere the main
recruited species with dbh <5 cm, whideterpe edulisvas t he most recr uit
cm(BRITTO et al., 2022)

The harvesting affected differently the ecological groups of commercial species. Trees
of early to late secondary species, as well as bovd highquality timber species seemed to
have benefited from a bettgrowing environment. Best quality timber species grew more
during the preharvest period, but many of their trees were harvested, decreasing the individuals
of the species in the forest. Remaining trees of early and late secondary species may have
benefitel from the large sunlight incidence, compared to trees of climax sp€besecrease
in basal areand theloss of remaining trees of climax specraay suggest that harvesting
removed senescent trees from the fofe#OSKI; VIBRANS; DA SILVA, 2022). Their
results point out that low intensities can cause more damageamingtrees, which leads to
reduced growth and even mortality of trees of climax species. Competition may also have been
determinant for the low growth rate of climax species. Competition among the remaining trees
influence the structure of the forest, as wslttge timber productivity of commercial species of
interest in secondary forests. Generally, commercial species benefit from a tree harvesting, with
remaining tree growth and increased recruitment. Such species may create patches of
dominance within the fest in areas with greater canopy openings. In our study,dbeseant
species produce quality timber with good market acceptance and are classified as low, high and
best quality timber. In unlogged midnd advanced secondary forests of region of aulyst
commercial best quality timber species are dominant, produce high timber volume and with the
advance of the successional process, tend to be replaced by other species (Zambiazi et al.,
2021).
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Diameter growth gives an idea of the horizontal occupaifahe forest. In managed
natural forests, each species may change its growth over time, according to changes in light
incidence, spatiality, competition, as well as recruitment and mortality rates. Among the species
that we analysed individual tree gréwi. alchorneoidesM. cinnamomifolieandV. bicuhyba
showed changes in growth pattern after harvest and increased, Avhitelinervia, C.
canjeranaC. fissilis C. oblongifolig M. cabuciy andN. membranacemaintained the growth
pattern similar tohat observed in the piearvest period. These nine species with individual
trees growth analysis are among the most dominant in our study, both before and after tree
harvest (Chapter 3).

455 GROWTH AND INCREMENT OF TREESN SECONDARY FORESTS

The selective harvesting applied to the studied forest focused on immediate economic
aspect, largely disregarding a particular regeneration method. The landowner aimed trees of
wood-producing species, dominant in the forest, with dbh above 20 centini¢brestheless,
the intervention was useful to understand the impact of a basal area reduction of the forest and
some clues on further pelsarvest management options, especially regarding cutting intensity.
While remainingtrees of commercial species shoveeligher growth rate, cutting intensity is
determinant for growth.

Our results suggest that remnant trees grow faster under lower competition in their
surrounding. Silvicultural practices such as thinning would increase growth raissaafing
trees andpromote the recruitment of commercial species regenerating in the understory.
Increased growth rates accelerate the recovery of the timber stock, but there wridideé
between the harvesting intensity and the time required to replenish the thsteste Inany
case, however, selective harvesting seems to represent a better regeneration method as
comparedo clearcutting, largely used in the region, as it provides a combination of periodical
timber production from a dominant species and conservati a large diversity of species of
unmature commercial and naommercial. The maintenance of a forest covered landscape is
also a clear advantage, helping to provide a series of environmental services. In such a
threatened biome as the Brazilianaktic Forest the sustainable production of timber may

become a catalistic strategy to retain the still wide coverage of secondary forests.
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4.6 CONCLUSION

Selective tredogging altered the structurelynamics,and productivity of the studied
forest. The basal area of the forest showed good correlation with the studied variables and could
be used as a guide for interventions aimed at increasing the quality and productivity of the
forest. The relative growth rate diameter decreased in plots with highest basal areas after
harvesting, while the increment in commercial volume increased. Trees between 15 and 30
centimeters in diameter and classified in the categories of high and best timber quality were
those thatesponded best to canopy opening caused by harvesting. Seven yehes\adtting,
trees of commercial species had the highest growth (0.33 chyeaf) compared to pre
harvest values (0.30 cm.cnyeart). These species represented 45 % of the tatiahess.
Individual increment of most trees was less than 1.0 cm per year, but some trees of some species
grew at rates up to 3.1 cm per year, suggesting that adequate forest management can improve
forest productivity. However, in this study we did nddtotiguish the effect of spessi, tree dbh
and the position of a tree in the forest on the individual increment, so further aisathgsided
to undestand the contribution of each of these factors to tree increment. Theysargrost
harvest growth pesd provided valuable insights intthe impact of harvesting on pest
intervention forest dynamicdNonetheless conductinglongerterm inventories wuld be
beneficial in assessirge replenishment of timber stock in the managed forastan extended

period
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5 CAPITULOS5

5.1 DISCUSSAO GERAL

Florestas secundarias estdo se tornando a principal cobertura tropical diante da grande
degradacéo e perda de florestas primakasietantoainda séo vistas como ecossistemas de
baixo potencial produtivoFlorestas secundarieapresentam um consideravel volume de
madeira de espécies comerciais, que poderiam contribuir significativamente para produzir
renda e valorizar areas cobertas com flasastsses ecossistema@gém de contribuir para a
seguranca da subsisténcia de pequenos proprietarios, o manejo das florestas secundarias par:
servicos de provisdo pode promover a conservacao de grandes areas de florestas degradadas

de areas abandonadas pelo uso agricolatagess

Ainda séo escassos 0s estudos que mostram o potencial das florestas secundarias para «
producdo de madeira de espécies comerdriiscipalmente ha escassez de estudo sobre
manejo dessas florestas para multiplos usos e para mebhagaelidadee aumentar a
produtividade de madeirastratégiaue pode tornase central para a conservacao da cobertura
florestal O baixo custale restabelecimento das florestas secundarias por meio da regeneragao
passivaBRANCALION et al., 2016b; SIMINSKI et al., 2021; STRASSBURG et al., 2@#L6)
um atrativo para pequenos e médios proprietamioais. Mas, ofoco emestratégias para
promover o crescimento de espécies comerciais pode aumentaicaiiyaiinente o valor

econdmico das florestas secund&RIOTTO, 2007)

O principal objetivo desta tedei compreender o potencial produtivo de madeira em
florestas secundarias e a dinamica da diversidade, estrutura, crescimento e produtividade de
madeira destas florestas quando manejadas para a producdo de madeira por meio da colheita
seletiva de arvores. Oofencial de producdo de madeem florestas com at80 anos de
sucessao florestal foi avaliado no Capitulo 2. A diversidade de espécies é uma caracteristica
que tornaessas florestasdequadas para o manejo (Figura,cthjndestaque para@esenca
de r@generantes de espécies madeireiras desde o inicio do processo de sucessao. Além disso, ¢
volume de madeira dessas espécies é superior ao das espécies ndo comerciais. Aos 30 anos o
sucessao, as florestas secundarias da regete estudf@ possuem elevadvalor de volume
comercial de madeira e arvores com tamanho adequado a colheita. Essas arvores geralmente
sdo de espécies de rapido crescimento e sdao dominantes nas flaepttencen

majoritariamente aos grupos de espgpi@neiras de vida longa de espéciesecundarias
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iniciais. Nas regides da Floresta Ombrofila Derésenuito comum a ocorréncia de uma espécie

com forte domin&ncia na composicdo e estrutura de florestas secundarias, caracterizando
fortemente uma rota sucessional.&eadeste estudalestacamos trés trajetorias sucessionais:

1. Miconia cinnamomifolia2. Miconiaformosa 3. Tibouchina pulchraTodas esas espécies
apresentaram boa produtividade de madelPorém em florestas com dominéncia da
Tibouchina pulchraespécie que temidacurtg a espéciesta presente myocesso sucessional

pormais que30 anos (Capitulo 2, Figura 7).

Figura5.1. Partcipagcdo da riqueza em espécies comerciais ecoéwrciais e contribuicdo com area
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Os @pitulos 3 e 4desta teseoncentraram resultados sobre o impacto da colheita
seletiva de arvores na dindmica de uma floresta secundaria em estagio médio de sucessao.
Verificamos que @&olheitaseletiva de madeinmodificou a estrutura da floreste porsua
vez,respondeu rapigaente ao distarbio geraddblo periodo desete anogjue se seguiram a
colhieta ocorreu um consideravel aumento da riqueza de espécies, densidade de arvores, area
basal e volume comercial para toda a floresta, embora espécies comerciais tenham apresentadc
recuperacdo relativamente mais lenta para area basal e volume comercial (Capitulo 3). O
recrutamento de arvores com mais de 5 centimetros de didmetro evidenciou a resiliéncia da
floresta ao impacto gerado pela colheita de aryoeesanescentes apresenta@eleracio da
taxa de crescimento (Capitulo 4), indicando potencial para recuperacéo do estoque de madeira

para novo ciclo de colheita.
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A composicdo de espécies nos primeiros anos de regeneracao da floresta € determinante
para odesenvolvimento da floresta. A presenca de espécies comerciais produtoras de madeira
e as mudancas na dominancia das espécies sao fatores que, de certa forma, permitem prever ¢
comportamento dindmico do ecossistema ao longo do processo de sucessacseAdanali
dindmica do conjunto de florestas da cronossequéncia utilizada neste estudo evidenciou as
mudancas ocorridas na composicao floristica e na estrutura dos ecossistemas durante o process
sucessional. Entretanto, ha que se destacar a presenca desesp@eieiais ja no inicio do
processo sucessional, um aspecto extremamente relevante para as possibilidades de manejc
econdmico dessas florestas, mas ainda muito pouco abordado em estudos de florestas
secundarias tropicais. A presenca de espécies corsamidlorestas muito jovens implica que
€ possivel realizar intervencdes silviculturais jA nos primeiros anos do processo de sucessao,
promovendo o crescimento de arvores de espécies de maior valor comercial e com maior

produtividade de madeira.

A regenergdo de arvores de interesse comeruiaianejo florestal para a producéo de
madeira ja foi destacada comlementocentral para a aplicacao de sistersdgculturas e
métodos de regeneracdo adequado em florestas tempdRIJBI TMANN; COATES;
MESSIER, 2009; SMITH1997) Paraflorestas secundariagio é diferenteA caracteristica
mais marcante de florestas secundarias da regido € que essas sdo dominadas por espécies ¢
rapido crescimento. Além da forte dominancia, essas espécies compdem mais de 50% da
riqueza deespécies, principalmentdos grupos dasecundarias tardias e climax. Outra
caracteristica importante revelada neste estudo, e que confirma relatos de outros autores sobre
otemaBRITTO et al., 2019; FANTINI et al., 2019; FANTINI; SIMINSK2016) € que muitas
das espécies dominantes apresentam boa qualidade de madeira e bom tamanho para producé

de toras para serraria.

by

Algumas espécies de rapido crescimento, intolerantes a sombra e de vida curta
apresentam elevada produtividade de madegs primeiros 280 anos de regeneragado da
floresta e se caracterizam como grandes impulsionadores da produtividade de madeira. Ao
mesmo tempo, espécies tolerantes a sombra e de vida média e longa crescebosgusa,ie
se valem de eventuais disturhioemo queda, mortalidade ou corte de arvores do dossel, para

terem o seu crescimento acelerado.

Portanto, a colheita seletiva de arvores pode alterar favoravelmente a dinamica da

floresta, principalmente acelerando o crescimento de arvores de espéosesiaismEsse
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impacto positivo foi constatado na analise dos dados da floresta estudada. Em um periodo de
cinco anos antes da colheita, a produtividade de madeira foi alta e uma variedade de espécies
contribuiu para esse incremento. Poucas espécies ddesrmamoH. alchorneoidegoram
responsaveis pelo grande estoque de madeira na floresta durante o periodo. Por ser uma espéci
com madeira de alta qualidadd, alchorneoides2 uma espécie com elevada procura no
mercado madeireiro em regifes de sua ocoi@éhla floresta estudada, ela foi responsavel por

10% da dominancia e pelo maior estoque de madeira da floresta. Outras espécies comerciais
com esse potencial madeireiro podem ser encontradas no estagio médio de sucesséao, tambén
com boa produtividade deadeira, com destaque pdviiconia cinnamomifoliae Miconia

formosa

A abertura do dossel causada pela colheita de arvores maduras e 0 consequente aumentc
da incidéncia luminosa pode promover o crescimento de arvores com diametros menores ja
estabelecidas an subbosque, ao mesmo tempo que pode promover o recrutamento de
individuos das classes regenerantes. Este estudo evidencialAtpabasal remanescente é
determinante para a dinamica da floresta apés uma colheita de arvores. Como era esperado,
além dasespécies de interesse comercial, outras espécies nao madeireiras também podem ser
beneficiadas com a colheita, com&acropia glazioviie o Euterpe edulisE. edulis é uma
espécie altamente desejavel no manejo das florestas secundarias, para a pequigditoce
de polpa (acai); um forte complemento a producao de madeira. Entretanto, a maior intensidade
da dindmica da floresta provocada pela abertura do dossel também beneficia outras espécies
sem interesse comercial, inclusive do-balsque, e cuja @tdensidade pode implicar grande
competicdo com o0s regenerantes de espécies comerciais. Nesse caso, praticas silviculturais
podem ser opcao para evitar a reducao do recrutamento e do crescimento das espécies de

interesse.
5.1.1 O IMPACTO DA COLHEITA

Os resultados deste estudo mostraramdifeeentes areas basais da floreaf@s uma
colheitg implicam diferentes respostas para o recrutamento e a mortalidade de arvores. Taxas
elevadas de recrutamento foram observadas em &reas onde a area basabrfotame o
recrutamento de arvores de espécies comerciais, que foi maior que a mortalidade. Para o
objetivo do manejo sustentavel que visa a manutencdo da floresta com a permanéncia de
espécies comerciais, necessarias a recuperacdo do estoque de nsskeiraswdtado €

animador e reforca o potencial da floresta secundaria para manejo policiclico.
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O crescimento da floresta € fortemente condicionado pela &rea basal da floresta. Na
floresta estudada, em areas onde a reducéo foi maior, a floresta cres;eassnai como as
espécies comerciais. A abertura de espaco diminuiu a competicdo e arvores remanescentes
crescem mais, principalmente aquelas de tamanho médio (entre 10 e 30 cm de dap). Por outro
lado, ndo houve muitas alteracdes em areas de baixa retbugéea basal, onde o incremento
em volume € proporcionado pelas arvores de maior didmetro que permaneceram na floresta. O
aumento do incremento de arvores individuais ficou evidente apos a colheita, o que sugere que
a reducdo de competidores vizinhos pogio de praticas silviculturais, como o corte de
liberacdo(ASHTON; KELTY, 2018) € uma boa alternativa paraomento da produtividade
da floresta. Porém, nosso estudo néo distinguiu o grau de isolamento das arvores remanescente:

da colheita e a comprovacéao desse fato ainda esta por ser realizada.

Mesmo com apenas sete anos de acompanhamento da floresta dpéissedepérvores,
foi possivel compreendermos alguns aspectos do impacto da colheita sobre a dindmica da
floresta, principalmente mudancas na riqueza, estrutura, taxa demografica, crescimento da
floresta e incremento das arvores. Entretanto, avaliagcdeageiongos periodos permitirdo
compor um cenario mais completo da recuperacéo do estoque de madeira e da permanéncia das
espécies comerciais na floresta, além do tempo de recuperacéo para as diferentes areas basai
remanescentes. Entre os estudos qudaapodem ser realizados estd o detalhamento do
crescimento de arvores individuais apds a colheita, com especial aten¢cdo ao grau de competicdo
com os vizinhos. Também serdo Uteis estudos sobre o potencial das praticas silviculturais
relacionadas a essa vikanca, como os cortes e liberacdo e mesmo de refinamento. O estudo
das classes de regenerantes com vistas ao melhoramento da floresta secundaria para a produca
de madeira também sao ainda muito incipientes para a Mata Atlantica. O recrutamento de novos
individuos e a mudanca para a classe de adultos determina como as espécies presentes no sult
bosque mantém a densidade de arvores adultas, tanto antes quanto apés a colheita de arvores
Aléem da demografia dos regenerantes, 0 seu crescimento em didmetna € athportante
tema de estudo.

Ainda outro tema escassamente estudado € o rendimento em serraria das arvores tipicas
produzidas nas florestas secundarias, conhecimento fundamental para estimativas de valor
esperado do uso da terra dessa atividade (Fig@jaNa floresta manejada para este estudo,
foram colhidas 1.036 arvores de 54 espécies comerciais, totalizando 673 m? de madeira, que

produziram 2.006 toras medindo entre 2 e 5 metros de comprimento. O rendimento de madeira
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em pecas serradas foi medialgartir do desdobro de 157 seccdes de tora emfgarrque
geraram 1.983 pecas serradas em diferentes dimensdes, totalizando 19 m3 de madeira serrada
Todos os dados ainda estéo por serem analisados e irdo fornecer importantes informacdes sobre

o potertial econémico da colheita de arvores para a producdo de madeira.

Figura5.2. Classificacao de espécies de floresta secundéria e diferentes usos de madeira.
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5.1.2 ESTRATEGIS DE CONSERVACAO E USO DE_LROESTAS SECUNDARIAS

Como parte das estratégias de conservacao e promocao do desenvolvimento econémico
sustentavel, o uso multiplo da terra € uma abordagem promissora. Uma das maneiras de aplicar
essa abordagem é através da recuperacdo e manejo dde@ireamdas. Na Mata Atlantica,
onde a paisagem é caracterizada por pequenas e médias areas degradadas ou em regenerac.
apos uso agricola, o manejo de florestas secundarias pode ser uma opcéao viavel para a producac
de madeira e de outras atividades econamcomplementares. Na Amazonia, onde as areas
degradadas séo vastasuarecuperagcdo pode ser uma estratégia importante para evitar novos
desmatamentos e promover a producdo sustentavel de madeira. Grandes areas de pastager
abandonadas podem ser transfadas em florestas produtivas por meio da regeneragéo
assistida e da formacéao de sistemas agroflorestais, inclusive combinando o cultivo de plantas e
a criacdo de animais com o manejo florestal. Aumentar a produtividade de madeira em areas

degradadas podeazer beneficios significativos tanto para o meio ambiente quanto para a
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economia local. A producdo de madeira certificada, por exemplo, pode gerar receita adicional
para os proprietarios de terra e contribuir para a conservacao da floresta. Além mizsejo
adequado da floresta pode ajudar a melhorar a qualidade do solo, aumentar a biodiversidade e

reduzir a emissao de gases de efeito estufa.

Com o objetivo de promover a conservagédo dos ecossistemas florestais e ao mesmo
tempo garantir o uso resporshdos recursos madeireiros, a seguir, ha uma proposta manejo
florestal sustentavel para florestas secunddtiananejo florestal sustentavel é essencial para
alcancar objetivos ambientais, sociais e econdmicos de forma eficaz, com garantia de melhoria
da producéo de bens e servicos madeireiros. Planos de manejo em florestas secundarias deven
levar em consideracdo os diferentes aspectos de cada regido, com condicfes particulares
ambientais e socioeconémicdsicialmente, € crucial realizar uma avaliagéetalhada do
potencial produtivo dessas florestas ao longo dos estadgios médios e avancados de sucesséao
Esse estuddeveconsiderar a diversidade de espécies presentes desde o inicio do processo de
sucessao, incluindo aquelas de valor comercial. Com bessa ravaliacdo, sera possivel
estabelecer diretrizes claras para o manejo adequado da floresta, considerando o tempo de vida
das espécies dominantes e comerciais presentes nos primeB0saB0s de sucessdo.
planejamento é fundamental para determiresteatégia a ser adotada ao longo dos anos, com

beneficios na tomada de deciséo e informac¢des sobre o estado das florestas.

Umas das principais abordagens a serem adotadas € a colheita seletiva de arvores
maduras, levando em consideracdo o impacto nanitadda floresta em estagio médio de
sucessdo. Essa pratica devera ser cuidadosamente planejada, analisando as mudancas n
estrutura da floresta, o recrutamento de novas arvores e o crescimento das espécies comerciais
Com a colheita de arvoresera possel equilibrar a extragdo de madeira com a regeneracao
natural da florestaAlguns métodos de regeneracgodem ser adotad no manejo florestal
para producdo de madei@mo corte rasoo corte seletivpo método de cobertura tropical
(shelterwod), e método dearvoresmatrizes portasementessged tree cutting Cada método
€ adequado para situacdes especificas de manejo florestal e possui vantagens e desvantagen:
No caso da Mata Atlantica, a pratica de corte raso € legalmente pramideeas de floresta

com mais de 10 anos de regeneracao natural.

Além disso, 0 manejo do stdmsque desempenha um papel crucial na regeneracao e no
enriquecimento da floresta. A abertura do dossel resultante da colheita seletiva pode criar

condicdes favoraveis para o crescimento de arvores Rbosgjuie e o recrutamerde novos
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individuos. Os planos de manejo podem adotar medidas para evitar a competicdo excessiva
entre asespécies comerciais e outras espécies presentes, promovendo a diversidade e o
equilibrio no ecossistem& desbaste florestal pode ser adotado panéndir a competicéo

entre arvores e promover o crescimentindeviduos desejaveide forma mais ativa.

Um aspecto essencido manejoé o monitoramento continuo do crescimento das
arvores remanescentes apos a colheita seldistados de longo prazpermitirdo melhor
compreendea recuperacao do estoque de madeira e a permanéncia das espécies comerciais na
floresta.Também permitirdo fundamentaridentificacdo de praticas silviculturais adequadas
para promover o crescimento e o incremento do volumei@ahda madeiraOutro ponto
importante € determinar o tempo de recuperacdo necessario para difareatedasais
remanescentesevando em conta a sustentabilidade do manejo florestal e a conservacédo da
biodiversidade. Com base no tempo de recupengay@odiferenteareas basais remanescentes
sera possivel estabelecer o periodo entre ciclos de corte em um sistema policiclico, além de
diretrizes claras para garantir a regeneracdo adequada da floresta e a continuidade dos servigos

ecossistémicos.

A participacdo ativa dos proprietarios rurais € fundamental para o sucesso desse manejo
florestal sustentavel, buscando envdl€principalmente através da scapacitacadécnica,
mascom valorizacdo dos conhecimentos tradicionais associados ao uso desstestiom
incentivo a conservacao das florestas secundarias de forma permanente na paisagem. Essa
participacdo fortaleceré os lagos entre as comunidades e a floresta, t@saliddas na busca

pela sustentabilidade e em solucdes baseadas na natureza.

A conservacao da biodiversidade esta integrada as praticas de manejo florestal, visando
a protecao de espécies ameacadas, a preservacao de habitats importantes e a manutencao d
processos ecoldgicos essenciais. Esse enfoque garantira a sustentaluilidedecimento de
madeira e a preservacao da diversidade bioldgica. A continuacdo do manejo dependera de um
sistema de monitoramento e avaliagdo continuos para acompanhar os resultados da colheita
seletiva de arvorepararealizar ajustes necess&i®@m epecial aeliminacdo de espécies
invasoras e inibidoras de crescimento de espécies comerciais e a conducdo de arvores de
espécies de interesse. Com base nessas avalitgbgmé possivel adaptar as estratégias

para atender as mudancas nas condi¢cOes afaisi@ socioecondmicas.

Parcerias entre 0rgdos governamentais, organiza¢des ndo governamentais, setor privado
e comunidades locais padefortalecer e favorecer a implementagcdo do manejo florestal
114



sustentavel. Essas cooperagfes sdo fundamentais para gacamhprimento das diretrizes

estabelecidas e promover o0 uso responsavel dos recursos florestais.

Programas de manejo florestamddan destacar a importancia da educacdo ambiental
para conscientizar e promover a compreensdo dos beneficios do manejo florestal sustentavel,
por meio do envolvimento da populacdo em geral. Essa abordagem visa transmitir
conhecimento sobre a conservacdo dasestas secundarias e a valorizacdo dos recursos
naturais.Planos de manejo em florestas secundarias devem coacpiducdo de madeira
com a conservacao dos ecossistemas, gerando beneficios econdmicos, sociais e ambientais
longo prazo. Com a implemiagdo dessas préaticas de manejo florestal sustentavel, poderemos
garantir a preservacéao das florestas secundarias e promover o desenvolvimento sustentavel de

nossas comunidades.

Em concluséo, as florestas secundarias apresentam um consideravel potehdiabpr
de madeira de espécies comerciais, 0 que pode contribuir significativamente para a geracao de
renda e valorizacdo dessas areas cobertas de florestas. Embora ainda sejam escassos os estud
sobre manejo dessas florestas para multiplos usos e otauwtagprodutividade de madeira de
qualidade, os resultados obtidos até 0 momento sao promissores.

Com uma consideravel diversidade de espécies desde o inicio do processo de sucessao,
florestas secundarias apresentam espécies de rapido crescimento eloend®imadeira.
Aos 30 anos de sucessdao, essas florestas j& possuem um alto valor de volume comercial de
madeira e arvores com tamanho adequado para a colheita. A colheita seletiva de arvores nessas
florestas pode modificar sua estrutura, mas também pualéddionar o crescimento de arvores
de espécies comerciais, promovendo a recuperacdo do estoque de madeira para futuras
colheitas.

A composicdo de espécies e as mudancas na dominancia ao longo do processo
sucessional podem ser indicativos de como a flarestdesenvolvera. Espécies comerciais
produtoras de madeira estdo presentes desde o inicio do processo sucessional, o que permite
intervencdes silviculturais precoces para promover o crescimento dessas espécies. Além disso,
as florestas secundarias sdontltadas por espécies de rapido crescimantgtas das quais
tém boa qualidade de madeira e tamanho adequado para producao de toras para serraria.

A colheita seletiva de arvores altera a dindmica da flomste bem planejada e

executadapode beneficiao crescimento de arvores menores ja estabelecidas +imsqbe e
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promover o recrutamento de novas arvalesteresseA area basal resultante da colheita e a
abertura do dossel séo fatores determinantes nessa dinamica, e pode influenciar o crescimento
e o incremento do volume comercial das arvores remanescentes. O crescimento da floresta esté
diretamente relacionado a area basal, sendo que areas com maiores reducao apresentam maig
crescimento, principalmente de espécies comerciais. A competicdo entd@veares
remanescentes pode ser reduzida por meio de praticas silviculturais, o que pode aumentar a
produtividade da floresta. No entanto, sdo necessarios estudos de longo prazo para compreendel
melhor a recuperacdo do estoque de madeira e a permargEneispécies comerciais apos a
colheita Ainda sdo necessarias pesquisas sobre o crescimento individual das arvores apos a
colheita, a taxa demogréfica e o crescimento dos regenerantes, além do rendimento em serraria
das espécies tipicas das florestas gshmusms. Esses estudos contribuirdo para o

aperfeicoamento do manejo das florestas secundarias para a producédo de madeira de qualidade

Florestas secundarias apresentam um potencial produtivo de madeira significativo e
podem desempenhar um papel importaateferta de madeira, especialmente em regides onde
a disponibilidade de florestas primarias é limitada ou onde a exploracdo madeireira sustentavel
€ uma prioridade. No contexto das mudancas do clima, as florestas secundariasupddem
contribuir para anitigacao e adaptacéo as emissdes de gases do efeito estufa, uma vez que tém
o potencial de sequestrar grandes quantidades de carbono atmosférico. Além disso, a
restauracdo e o manejo adequado dessas florestas podem ajudar a aumentar sua resiliénciz
frente aos impactos das mudancas do cliasée estudo evidenciou queflasestas secundarias
apresentam ungrande potencialpara a producédae madeira de boa qualidade, para a

conservacao da biodiversidadegoer conseguintg)a mitigacdo das mudancas clifas.
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APENDICES

Chapter 2
Appendix for

Timber stock recovery in a chronosequence of secondary forests in Southern
Brazil: adding value to restored landscapes

1. APPENDIX FIGURES AND TABLES
1.1. FIGURES

Fig.A.1. Tree density, basal area and volume of secondary forests from 2 to 50 years old. Data
includes trees, palm trees and tree ferns w
individual plots (overlapping nyaoccur). R? is the variation explained by the full model
(fixed+random), i.e., the conditionB?f for linear mixedeffects models.
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1.2. SUPPLEMENTARY TABLES

TableA.1. Timber products and market price by commercial timber species of the secondary
forest indenseombrophilousforest of the Brazilian Atlantic Forest. The classification was
based on information provided literature, owners of the study area aondiiee d a timber

mill.

Species Work quality  Timber Timber products uUss$
guality
Alchornea glandulosa Soft wood Low crate; pallet 90
Alchornea triplinervia Soft wood High beams; box board; jois 90
wood
Andira fraxinifolia Hard wood High beams; box board; furniture 330
wood flooring
Annona neosericea Soft wood Low crate; pallet 140
Aspidosperma Hard wood Best beams; furniture; wooc 360
parvifolium flooring
Cabralea canjerana Hard wood Best pools; wooden board; woo 416
flooring
Calyptranthes lucida Hard wood High beams; joist wooc 330
Casearia decandra Hard wood High beams; joist wood; woode 330
board
Casearia sylvestris Hard wood High beams; joist wood; woode 330
board
Cedrela fissilis Intermediary Best furniture; wooden board 360
wooden ceiling
Citharexylum Soft wood High box board; crate; joist wooc 330
myrianthum wooden ceiling
Cryptocarya moschata Hard wood High beams 310
Cupania oblongifolia Hard wood High beams; joist wood; woode 330
board
Guapira opposita Soft wood Low crate; pallet 90
Hyeronima Hard wood Best beams; box board; furniture 330
alchorneoides wood flooring
Inga sessilis Soft wood Low box board; crate 140
Jacaranda puberula Soft wood High box board; musica 350
instrument; wooden ceiling
Jacaranda micrantha Hard wood Best furniture; wood flooring 390
Lonchocarpus campestr| Soft wood High crate; joist wood; pallet 100
wooden ceiling
Magnolia ovata Soft wood High box board; crate; woode 140
board
Matayba intermedia Hard wood High beams; joist wood; woode 330
board
Miconia cabucu Hard wood Best beams; joist wood; woode 330
board
Miconia cinnamomifolia| Hard wood Best beams; box board; furniture 330
wood flooring
Myrcia tomentosa Hard wood High beams; joist wooc 330
Nectandra membranace| Soft wood High box board; joist wood 330
wooden board; woode
ceiling
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Nectandra oppositifolia

Ocotea catharinensis
Ocotea pulchella

Pausandra morisiana
Piptadenia gonoacantha

Piptocarpha axillaris
Posoqueria latifolia

Protium kleinii

Psychotria
carthagenensis
Schizolobium parahyba

Sloanea guianensis
Tapirira guianensis
Trichilia lepidota

Vernonanthura puberula
Vernonanthura discolor
Virola bicuhyba
Xylopia brasiliensis

Zanthoxylum rhoifolium

Intermediary

Hard wood
Intermediary

Hard wood
Hard wood

Soft wood
Hard wood

Hard wood
Intermediary

Soft wood

Hard wood

Soft wood
Intermediary

Soft wood
Soft wood
Soft wood
Hard wood

Soft wood

Best

Best
Best

High
High

Low
High
High
High
Low
High
Low
High

Low
Low
Low
High

Low

beams; furniture; woode

board; wood ceiling
furniture; wood flooring

beams; joist wood; woode
board

beams; construction; jois
wood

beams; box board; furniture
woodflooring

crate; pallet

box board; joist wood; wool
flooring

beams; construction; jois
wood

beams; joist wooc

crate; pallet

beams; joist wooc
crate; pallet
beamsjoist wood; wooden
board; wooden ceiling
crate; pallet

crate; pallet

crate; pallet

beams; bodoard; joist
wood

crate; pallet

350

360
350

330

330

90
330

330

330

90
330
90
330

140
330

90
330

90

136



Table A.2. Number of individuals, dbh and height and timber quality by species in secondary
forests indenseombrophiloudorestof theBrazilian Atlantic Forest

Family Species Timber Nind dbh Height
quality Max Max
Anacardiaceae  Tapirira guianensisAubl. Low 2 20.3 8
Annonaceae Annonaneosericedd. Rainer Low 7 19.2 12
AnnonasericeaDunal Low 5 10.5 12
Annonasp. Low 1 5.7 5
Annonasylvatica(A. St-Hill.) Mart. Low 5 21.5 12
DuguetialanceolataA. St-Hill. Low 3 10.0 16
GuatteriaaustralisA. St-Hill. Low 3 10.7 7
XylopiabrasiliensisSpreng. High 9 16.1 12
Apocynaceae AspidospermaustraleMuell. Arg. Best 1 6.4 8
AspidospermaarvifoliumA. DC. Best 4 46.0 19
TabernaemontaneatharinensisA. DC. Non-comm 1 9.0 10
Aquifoliaceae llex brevicuspisReissek Non-comm 4 8.4 8
llex dumosaReissek Non-comm 2 6.4 5
llex microdontaReissek Non-comm 2 11.6 8
llex theezandart. Non-comm 7 8.3 13
Araliaceae ScheffleraangustissimgMarchal) Frodin ~ Non-comm 1 5.0 7
Arecaceae BactrissetosaMart. Non-comm 2 5.8 4
EuterpeedulisMart. Non-comm 62 19.0 15
GeonomaamiovaBarb. Non-comm 5 7.5 5
GeonomaschottianaMart. Non-comm 4 8.0 2.2
SyagrugomanzoffiangCham.) Glassman Non-comm 2 9.4 5
Asteraceae Bacchariscalvesceng\.. P. Candole Non-comm 12 13.2 6
BaccharisdracunculifoliaDC. Non-comm 11 13.2 6
BacchariselaeagnoideSteud. Non-comm 10 11.0 6
Baccharissp. Non-comm 15 14.6 6.2
PiptocarphaangustifoliaDusén ex Malme Low 19 34.0 11
Piptocarphaaxillaris (Less.) Baker High 3 14.3 12
Vernonanthuradiscolor(Spreng.) H. Rob. Low 32 20.2 12
Vernonanthurguberula(Less.) H. Rob.  Low 4 10.3 10
Bignoniaceae JacarandamicranthaCham. Best 23 121 13.8
JacarandapuberulaCham. High 13 10.5 7.5
Tabebuiasp. Candl. High 2 11.5 8
Tabebuiaumbellata(Sond.) Sandw. High 1 7.2 7
Burseraceae Protiumkleinii Cuatrec. High 2 10.8 14
Calophyllaceae  CalophyllumbrasilienseCamb. Best 3 13.0 13
Cannabaceae Tremamicrantha(L.) Blume Low 2 8.9 7.8
Celastraceae MonteverdiarobustaReiss. High 2 6.2 55
Chlorantaceae HedyosmunbrasiliensisMart. Low 6 15.0 7
Chrysobalanacea Hirtella hebecladaVioric. ex DC. High 4 35.2 15
Clethraceae Clethrascabra(Meiss.) Sleum High 20 18.0 9
Clusiaceae Clusiacriuva Camb. Non-comm 6 17.9 12
Clusiaparviflora (Saldanha) Engler Non-comm 5 12.0 115
Garcinia gardneriana(Planch. & Triana) Low 8 14.4 13
Zappi
Combretaceae TerminaliaaustralisCamb. Non-comm 2 8.1 6.5
Cunoniaceae LamanoniaternataVell. High 1 5.6 6.5
Cyatheaceae CyatheacorcovadensigRaddi) Domin Non-comm 7 10.0 9
CyatheadelgadiiSternb. Non-comm 20 15.7 11
Cyatheasp. Non-comm 4 7.0 5
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Ebenaceae
Elaeocarpaceae
Erythroxylaceae
Euphorbiaceae

Fabaceae

Flacourtiaceae
Lamiaceae
Lauraceae

Loganiaceae
Magnoliaceae
Malpighiaceae

Diospyrosinconstanslacq.
SloaneaguianensigAubl.) Benth.
ErythroxylummyrsinitesMart.
Actinostemonconcolor (Spreng.) Mdell.
Arg.

AlchorneaglandulosaPoepp. & Endl.
Alchorneairicurana Cesar.
Alchorneasidifolia Maell. Arg.

Alchornea triplinervia (Spreng.) Muell.
Arg.

ManihotgrahamiHook.
MaprouneaguianensisAubl.
Pausandramorisiana(Casar.) Radlk.
Sapiumglandulosumn(L.) Morong
TetrorchidiumrubriveniumPoepp.
Abaremalangsdorfii(Benth.) Barneby & J.
W. Grimes

Andira anthelminticaBenth.

Andira fraxinifolia Benth.
CopaiferatrapezifoliaHayne
Dalbergiafrutescen®ritton

Fabaceae sp.

Inga marginatawilld.

Inga sessiligVell.) Mart.

Ingasp.

IngauruguensidHook. et Arn.
IngavirescendBenth.
Lonchocarpusampestrisviart. ex Benth.
Mimosabimucronata(DC.) O. Ktze.
Ormosiaarborea(Vell.) Harms
Piptadenia gonoacantha (Mart.) J. F.
Macbr.

PiptadeniapaniculataBenth.
Schizolobiunparahyba(Vell.) Blake
Zollerniailicifolia (Brongn.) Vogel
Banaraparviflora (A. Gray) Benth.
Aegiphilaintegrifolia (Jacq.) Moldenke
CryptocaryamoschataMez. & Mart.
Endlicheria paniculata (Spreng) J. F.
Macbr.

NectandrdanceolataNees et Mart. ex Nee
Nectandraeucothyrsudveisn.
Nectandramegapotamic&lez.
NectandramembranaceéSw.) Griseb.
NectandraoppositifoliaRol. ex Rottb.
Nectandrarigida (Kunth) Nees
Nectandrasp.

OcoteacatharinensidMez.
Ocoteapulchella(Nees & Mart.) Mez
Ocoteasp.

Ocoteateleiandra(Meisn.) Mez.
OcoteaurbanianaMez.
Strychnodrasiliensis(Spreng.) Mart.
Magnoliaovata(A. St-Hill.) Spreng.
Byrsonimaligustrifolia A. Juss.

Non-comm
High
High
High

Low
High
High
High

Non-comm
Low
High
High
Non-comm
Non-comm

High
High
High
Non-comm
Non-comm
Non-comm
Low
Non-comm
Non-comm
Non-comm
High
Non-comm
Non-comm
High

High
Low
Non-comm
Non-comm
Low
High
Low

Best
Best
Best
High
Best
High
High
Best
Best
High
High
Low
Non-comm
High
Non-comm
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6.6
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8.5

8.5
7.8
7.8
51
13.2
35.5
32.0
15.4
7.4
8.5
10.2
34.0
6.5
36.0

5.5
15.4
15.6
111
155
42.0
11.4

27.0
31.5
43.0
52.0
35.7
15.8

8.0

7.7
20.3
26.7
21.0

5.4

5.2
245
21.1

10
7.5
10

14.2
15
11

14
16
13
17
17
13
10
10
12
20
12

4.5
15
14
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Melastomataceae HuberiasemiserrateDC.

Meliaceae

Monimiaceae

Moraceae

Morfo specie
Myristicaceae
Myrtaceae

Nyctaginaceae

Miconiacinerasceniq.

Miconia cinnamomifolia(DC.) Naudin
Miconia cubatanensisioehne
MiconiaflammeaCesar.
MiconiaformosaCogn
Miconialatecrenata(DC.) Naud.
Miconialigustroides(DC.) Naud.
MiconiarigidiusculaCogn.
Miconiasp. 1

Miconiasp. 2

MiconiavaltheriRuiz & Pavon
Tibouchinagranulosa(Desr.) Cogn.
TibouchinapulchraCogn.
Tibouchinasellowiana(Cham.) Cogn.
TibouchinatrichopodaBaill.
Cabraleacanjerana(Vell.) Mart.
Cedrelafissilis Vell.
Guareamacrophyllavahl

Trichilia elegangA. Juss.

Trichilia lepidotaMart.
Mollinedia sp.

Mollinediatriflora (Spreng.) Tul.

BrosimumlactescengS. Moore) C. C. Berc

FicusluschnathiangMig.) Mig.
FicusorganensigMig.) Miq.

Soroceaonplandii(Baill.) W. C. Burger et

al.
Morfo specie 1

Virola bicuhyba(Schott ex Spreng.) Warb
Campomanesia  guaviroba (DC))

Kaiaerskou
CampomanesigeitzianalLegr.
Campomanesiap. Legr.

Campomanesiaxanthocarpa (Mart.) O.

Berg
EugeniaplaytsemaD. Berg.

Myrcia eugeniopsioidegKaus. & Legr.)

Legr.

Myrcia excoriata(Mart.) E. Lucas & C. E.

Wilson

Myrcia gracilis Berg.

Myrcia lucida Mart. ex DC.
Myrcia palustris(DC.) D. Legrand
Myrcia rostrata (Sw.) DC.

Myrcia spectabilisDC.

Myrcia splendengSw.) DC.
Myrcia strigipesO. Berg

Myrcia tomentosgAubl.) DC.
Myrciaria plinioidesC. D. Legrand
Myrtaceae sp. 1

Myrtaceae sp. 2
PsidiumcattleianumSabine
Guapirahirsuta (Choisy) Lundell
Guapiraopposita(Vell.) Reitz

Non-comm
Low
Best
Non-comm
Non-comm
Best
Non-comm
Non-comm
High
Non-comm
Non-comm
Non-comm
Non-comm
Low
Non-comm
Non-comm
Best
Best
Low
High
High
Non-comm
Non-comm
Non-comm
Non-comm
Non-comm
Low

Non-comm
Low
Non-comm

Non-comm
Non-comm
Non-comm

Non-comm
Low

Non-comm

Non-comm
Non-comm
Non-comm
Non-comm
Non-comm
Non-comm
Non-comm
High
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Non-comm
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High
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Low
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6.4
35.2
14.3
12.7
37.0
11.7
10.9

9.6
10.2

6.4
17.8
23.7
11.2
32.5
10.0

6.9
21.3
12.4

24.0
16.2
29.8

12.4
29.4

8.7

6.3
10.0
5.0
9.2
6.5
11.7
20.0
12.7
6.0
9.0
11.0
10.0
14.0
32.5
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7.5
20
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18
20
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11
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Ochnaceae
Olacaceae
Oleaceae
Peraceae
Phyllanthaceae
Phytolaccaceae
Piperaceae
Polygonaceae
Primulaceae

Proteaceae
Quiinaceae
Rosaceae
Rubiaceae

Rutaceae
Salicaceae

Sapindaceae

Sapotaceae
Solanaceae

Styracaceae
Symplocaceae

Theaceae
Tiliaceae
Unidentified
Urticaceae

PisoniaambiguaHeimerl.
Ourateaparviflora (A. DC.) Baill.
Heisteriasilvianii Schwacke
Chionanthudiliformis (Vell.)

Pera labrata(Schott) Poepp. ex Baill.

Hyeronimaalchorneoide®llem.
Phytolaccadioical.

Piper gaudichaudianuniKuntze
Coccolobawarmingii Meisn.
Myrsinecoriacea(Sw.) R. Br.
Myrsineparvifolia A. DC.
MyrsineumbellataMart. ex DC.
RoupalabrasiliensisKlotzsch
Quiinaglaziovii Engl.
Prunussellowii Koehne

Alibertia concolor(Cham.) K. Schum.

AmaiouaguianensisAubl.

Bathysaaustralis(A. St-Hill.) K. Schum.

Chomeliapedunculos@enth.
Posoqueridatifolia (Rudge) Schult.
Psychotriacarthagenensidacq.
PsychotrialeiocarpaCham.
PsychotrialongipesMiell. Arg.

Psychotrianuda(Cham. & Schltdl.) Wawra
Psychotriaofficinalis (Aubl.) Raeusch. e»

Sandwith

Psychotriasp. 1

Psychotriasp. 2
PsychotriastenocalyxMuell. Arg.
PsychotriasuterellaMuell. Arg.

RudgegasminoidegCham.) Muell. Arg.

Esenbeckigirandiflora Mart.
Zanthoxylunrhoifolium Lam.
Caseariadecandralacq.
CaseariasylvestrisSw.

Allophylusedulis(A. St-Hill., Camb. & A.

Juss.) Radlk. ex Warm.
AllophyluspetiolulatusRadlk.
CupaniaoblongifoliaMart.
CupaniavernalisCamb.
Dodonaeaviscosa(l.) Jacq.
MataybaelaeagnoidefRadlk
MataybaguianensisAubl.
MataybaintermediaRadlk.
PouteriavenosgMart.) Baehni
SolanummauritianumScop.
SolanumsanctaecatharinaeDunal
StyraxleprosusHook. & Arn.
Symplocosaxiflora Benth.
SymplocosenuifoliaBrand

Gordoniafruticosa(Schrad.) H. Keng.

LueheadivaricataMart.
Unidentified
Cecropiaglaziovii Snethl.

High
Non-comm
Non-comm
Non-comm
High
Best
Non-comm
Non-comm
Non-comm
Low
Low
Low
High
Non-comm
High
Non-comm
Non-comm
Non-comm
Non-comm
High
High
Non-comm
Non-comm
Non-comm
Non-comm

Non-comm
Non-comm
Non-comm
Non-comm
Non-comm
High
Low
High
High
Non-comm

Non-comm
High
Best
Non-comm
High
High
High
High
Non-comm
Non-comm
Low
Non-comm
Non-comm
High
High
Non-comm
Non-comm
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12.0
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7.5

7.3
155
14.4
12.4
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23.4
11.0
15.8

59

9.5
14.4
21.1

8.3
11.4
25.6
215
17.7
12.3
131

5.0

6.5

8.5
125

6.2
28.4
25.0

17
11
13
4.5
13
24
10

4.5
15
10
14

7.8

13
14
14
14
10
10
6.5
17

11

6.5
10
12
15
12
18
12
16

7.7
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Verbenaceae CitharexylummyrianthumCham. High 3 24.0 14
VitexmegapotamicéSpreng.) Moldenke  Best 1 15.0 15
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Table A.3. Importance values (IV) of the forty most dominant species in secondary forest
stands of Brazilian Atlantic Forest. C = commercial, NC =oommercial, DA = Density, DR

= Relative density, DoA = Dominance, DoR = Relative dominance, FA = Frequency, FR =
Rdative frequency, IV = Importance Value.

Species Comm use DA DR DoA DoR FA FR \

Tibouchina pulchra C 3622 249 38 271 36.6 3.7 1854
Miconia cinnamomifolia C 1384 9.5 1.2 8.6 537 54 7.83
Myrsine coriacea C 86.0 5.9 0.5 34 427 4.3 4.53
Hyeronma alchorneoides C 51.8 3.6 0.7 50 427 4.3 4.28
Miconia cabucu C 61.0 4.2 0.6 42 329 33 3.88
Euterpe edulis NC 378 26 03 19 256 26 2.34
Miconia rigidiuscula C 342 24 0.2 15 220 22 2.01
Cecropia glaziovii NC 15.9 1.1 0.3 21 232 23 1.83
Pera glabrata C 311 21 0.2 1.2 195 20 1.77
Psychotria longipes NC 15.9 1.1 0.2 15 146 15 1.36
Vernonanthura discolor C 195 1.3 0.2 1.1 159 16 1.33
Guapira opposita C 159 1.1 0.2 1.2 122 1.2 1.18
Piptocarphaangustifolia C 116 0.8 0.2 1.2 134 1.3 1.10
Casearia sylvestris C 171 1.2 0.1 08 134 13 1.09
Cupania vernalis C 15.2 1.1 0.1 09 122 1.2 1.04
Sloanea guianensis C 116 0.8 0.1 1.0 98 1.0 0.93
Huberia semiserrata NC 17.7 1.2 0.2 1.3 24 0.2 0.92
Nectandra oppositifolia C 7.9 0.5 0.2 1.3 7.3 0.7 0.86
Clethra scabra C 122 0.8 0.1 05 122 1.2 0.84
Jacaranda micrantha C 140 1.0 0.1 04 110 11 0.82
Nectandra membranacee C 4.9 0.3 0.2 1.3 7.3 0.7 0.80
Casearia decandra C 9.2 0.6 0.0 03 146 15 0.78
Nectandra megapotamic: C 4.9 0.3 0.2 1.2 7.3 07 0.76
Ocotea pulchella C 8.5 0.6 0.1 0.9 7.3 0.7 0.75
Nectandra lanceolata C 6.1 0.4 0.1 1.0 85 0.9 0.75
Virola bicuhyba C 79 05 01 08 85 09 0.73
unidentified NC 67 05 01 06 110 11 0.72
Zanthoxylum rhoifolium C 9.8 0.7 0.1 0.8 6.1 0.6 0.70
Cyathea delgadii NC 122 08 01 06 6.1 0.6 0.69
Alchornea triplinervia C 6.1 0.4 0.1 0.7 98 1.0 0.69
Matayba guianensis C 7.3 0.5 0.1 0.7 85 09 0.68
Guareamacrophylla C 9.2 0.6 0.0 0.3 110 11 0.67
Baccharissp. NC 92 06 00 03 110 11 0.67
Myrcia eugeniopsioides C 92 06 01 0.7 6.1 0.6 0.64
Matayba intermedia C 7.3 0.5 0.1 0.5 7.3 0.7 0.58
Mimosa bimucronata NC 6.7 0.5 0.1 0.7 6.1 0.6 0.58
Cryptocarya moschata C 1.8 0.1 0.2 1.2 3.7 04 0.56
Cabralea canjerana C 4.3 0.3 0.1 0.6 7.3 0.7 0.55
Baccharis calvescens NC 7.3 0.5 0.0 0.2 85 09 0.53
Baccharis dracunculifolia NC 6.7 0.5 0.0 0.2 85 09 0.51
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Table A.4. Stem volume, basal area and number of individuals of commercial and non
commercial species by plot in three drivers of successional pathways in Brazilian Atlantic
Forest.Each plot has 200 m? of sampled area.

Successi Number of Basal area Stem volume
Code Age plants (m2.ha?) (m3.ha?)
Plot onal (years) Non- Non- Non-
pathway Comm Comm Comm
comm comm comm
21 DOF 1 50 9 10 16.5 4.7 138.2 26.6
22 DOF 1 45 10 9 18.3 3.2 136.7 15.7
23 DOF 1 40 6 8 6.4 2.8 41.2 14.0
25 DOF 1 45 15 9 22.1 3.2 159.8 15.7
26 DOF 1 50 6 3 15.3 1.9 129.8 10.8
27 DOF 1 34 16 5 16.7 1.8 117.3 8.8
28 DOF 1 30 25 21 14.0 11.4 83.5 67.9
31 DOF 1 34 11 14 6.7 7.7 45.0 46.3
32 DOF 1 20 14 13 14.4 4.3 95.5 21.3
33 DOF 1 15 28 7 6.2 1.2 29.3 4.8
36 DOF 1 3 2 14 0.3 3.3 1.2 14.9
37 DOF 1 5 0 7 0.0 1.2 0.0 51
38 DOF 1 9 9 0 2.5 0.0 14.5 0.0
39 DOF 1 18 17 3 5.3 0.5 48.8 2.1
40 DOF 1 33 13 15 9.6 8.4 60.0 48.1
41 DOF 1 18 15 7 6.1 4.1 33.6 22.5
42 DOF 1 25 17 6 7.8 1.6 59.5 7.9
43 DOF 1 13 13 4 2.9 6.4 25.4 45.3
44 DOF 1 15 30 3 21.8 0.4 157.3 1.8
45 DOF 1 3 1 11 0.2 2.0 2.5 8.3
46 DOF 1 20 12 5 4.7 9.2 29.5 69.0
48 DOF 1 17 33 2 11.7 0.5 80.9 2.5
49 DOF 1 17 28 1 6.5 0.1 40.5 0.5
50 DOF 1 6 11 12 2.8 3.3 14.5 15.9
52 DOF 1 13 17 1 8.2 1.7 54.7 11.6
53 DOF 1 35 10 7 17.0 4.6 140.3 27.8
54 DOF 1 13 32 1 8.4 0.1 61.1 0.5
55 DOF 1 20 12 3 10.2 1.6 74.3 8.7
56 DOF 1 15 21 1 8.4 1.5 51.4 9.6
57 DOF 1 35 10 7 6.4 4.2 39.5 22.8
60 DOF 1 10 17 3 3.5 0.4 15.7 1.7
62 DOF 1 12 23 1 3.7 0.2 17.5 0.8
63 DOF 1 8 4 0 0.5 0.0 2.0 0.0
64 DOF 1 5 9 0 1.7 0.0 8.7 0.0
65 DOF 1 15 22 1 8.4 0.8 71.7 4.2
67 DOF 1 6 1 3 0.2 0.5 0.6 1.9
69 DOF 1 40 21 9 15.4 45 93.6 25.8
70 DOF 1 8 13 4 2.0 1.1 15.8 5.2
71 DOF 1 15 23 7 4.8 1.8 50.8 8.2
72 DOF 1 20 26 7 7.5 1.5 43.8 6.2
73 DOF 1 5 2 1 0.2 0.2 0.8 1.0
74 DOF 1 5 0 4 0.0 1.2 0.0 55
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76 DOF 1 3 0 2 0.0 0.3 0.0 1.0
79 DOF 1 33 15 11 9.1 3.9 71.3 21.1
80 DOF 1 13 32 0 10.9 0.0 98.1 0.0
81 DOF 1 9 6 10 0.7 2.1 6.1 9.0
82 DOF 1 25 27 4 9.9 2.0 79.4 11.9
1 DOF 2 25 35 6 27.1 1.9 188.2 9.8
2 DOF 2 13 49 3 21.7 1.1 119.0 55
3 DOF 2 8 50 0 14.4 0.0 70.1 0.0
4 DOF 2 7 41 1 16.9 0.5 91.5 2.7
5 DOF 2 11 30 10 13.3 3.9 70.4 21.5
6 DOF 2 6 28 9 11.1 1.7 56.3 7.2
7 DOF 2 12 22 29 11.9 14.8 71.2 84.1
8 DOF 2 27 25 7 24.8 9.0 163.8 67.9
9 DOF 2 5 18 4 3.3 1.0 15.8 5.0
10 DOF 2 10 5 4 0.7 1.6 2.9 8.6
11 DOF 2 12 44 11 22.7 3.5 140.3 18.0
12 DOF 2 20 42 6 18.7 2.5 101.8 134
13 DOF 2 12 66 3 19.6 0.6 98.8 2.4
14 DOF 2 23 53 6 36.3 2.9 229.2 1438
16 DOF 2 15 27 5 19.1 1.3 129.1 5.7
18 DOF 2 30 47 7 30.8 2.7 198.6 13.7
19 DOF 2 13 42 7 25.1 2.3 180.9 11.3
20 DOF 2 16 36 5 18.6 1.1 108.9 4.7
114 DOF 2 38 34 28 21.7 10.7 1429 54.8
115 DOF 2 38 20 34 21.7 8.7 151.1 40.2
121 DOF 2 38 8 6 6.2 3.9 375 22.0
122 DOF 2 38 10 21 10.7 13.0 75.3 77.9
100 DOF 3 14 60 11 25.7 1.8 138.2 7.3
101 DOF3 4 10 2 1.6 0.6 7.5 2.9
102 DOF 3 3 11 0 1.7 0.0 7.0 0.0
103 DOF 3 27 35 2 22.7 0.7 1504 3.4
104 DOF 3 8 44 1 17.0 2.3 87.3 16.0
105 DOF 3 10 44 0 14.8 0.0 73.8 0.0
106 DOF 3 16 52 5 23.4 0.8 126.3 3.2
107 DOF 3 20 36 3 21.9 0.8 137.7 3.4
108 DOF 3 8 27 1 8.0 0.2 375 0.7
110 DOF3 4 29 5 4.8 0.6 19.8 2.4
111 DOF 3 19 42 18 18.4 3.9 101.1 17.1
112 DOF 3 15 36 4 21.8 1.8 131.0 9.3
113 DOF 3 2 4 0 0.5 0.0 2.1 0.0
Total 1846 540
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Table A.5.Akaike anddelta-Akaike Information Criterion (AICgAIC) values,og-likelihood
(logLik) and degrees of freedom (df) of the models fittddhe models fitted to richness,
diversity, density, basal area, and stem volume for secondary forests in the Brazilian Atlantic
Forest.

Variable AIC Al C logLik df
Species richness

A*ComU + (1|Pathway) 820.8 0.0 -404.4 6
A*ComU + (1|Pathway /ComU) 822.6 1.7 -404.3 7
A + ComU + (1|Pathway) 823.8 3.0 -406.9 5
A + ComU + (1|Pathway /ComU) 825.8 5.0 -406.9 6
A + 1 + (1|Pathway) 902.9 82.0 -448.4 3
Shannon index

A*ComU + (1|Pathway /ComU) 288.7 0.0 -138.4 6
A*ComU + (1|Pathway) 290.7 2.0 -138.4 7
A + ComU + (1|Pathway) 293.4 4.7 -141.7 5
A + 1 + (1|Pathway/ComU) 295.4 6.7 -141.7 6
A + ComU + (1|Pathway) 366.8 78.1 -180.4 3
Simpson index

A*ComU + (1|Pathway) 46.5 0.0 -17.3 6
A*ComU + (1|Pathway/ComU) 48.5 2.0 -17.3 7
A + ComU + (1|Pathway) 51.4 4.9 -20.7 5
A + ComU + (1|Pathway/ComU) 53.4 6.9 -20.7 6
A + 1 + (1|Pathway) 68.1 21.6 -31.1 3
Density (stem hat)

A + (1|Pathway) 613.5 0.0 -302.8 4
1 + (1|Pathway) 617.9 4.4 -305.9 3
Basal area (m? h&)

A + (1|Pathway) 544.6 0.0 -268.3 3
1 + (1|Pathway) 593.4 48.8 -293.7 4
Tree volume (m3 hat)

A + (1|Pathway) 872.7 0.0 -432.3 3
1 + (1|Pathway) 944.5 71.8 -469.3 4
Stem volume (m?3 ha)

A + (1|Pathway) 852.6 0.0 -422.3 3
1 + (1|Pathway) 907.9 55.2 -450.9 4
Density for dbh class

A + DC + (1|Pathway/DC) 3625.4 0.0 -1805.7 7
A*DC + (1|Pathway/DC) 3627.5 2.1 -1804.7 9
A + DC + (1|Pathway) 3664.7 39.4 -1826.4 6
A* DC + (1|Pathway) 3666.4 41.1 -1825.2 8
A + 1 + (1|Pathway) 3921.2 295.8 -1957.6 3
Basal area for dbh class

A* DC + (1|Pathway/DC) 1351.0 0.0 -666.5 9
A + DC + (1|Pathway/DC) 1363.4 12.4 6747 7
A* DC + (1|Pathway) 1366.9 15.9 -675.4 8
A + DC +(1|Pathway) 1379.8 28.8 -638.9 6
A + 1 + (1|Pathway) 1491.4 140.4 -742.7 3
Stem volume for dbh class

A* DC + (1|Pathway/ DC) 2305.8 0.0 -1143.9 9
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A* DC + (1|Pathway) 2313.3 7.5 -1148.7 8
A + DC + (1|Pathway/ DC) 2322.9 17.1 -1154.5 7
A + DC +(1|Pathway) 2330.5 24.7 -1159.3 6
A + 1 + (1|Pathway) 2416.3 110.5 -1205.1 3
Density for commercial use

A*ComU + (1|Pathway/ComU) 3685.1 0.0 -1833.6 9
A + ComU + (1|Pathway/ComU) 3693.4 8.3 -1839.7 7
A*ComU + (1|Pathway) 3705.0 19.9 -1844.5 8
A + ComU + (1|Pathway) 3716.2 34.1 -1853.6 6
A + 1 + (1|Pathway) 3747.4 62.3 -1870.7 3
Basal area for commercial use

A*ComU + (1|Pathway/ComU) 1412.5 0.0 -697.2 9
A + ComU + (1|Pathway/ComU) 1422.7 10.2 -704.4 7
A*ComU + (1|Pathway) 1443.6 31.1 713.8 8
A + ComU + (1|Pathway) 1457.0 445 -722.5 6
A + 1 + (1|Pathway) 1521.6 109.1 -757.8 3
Stem volume for commercial use

A*ComU + (1|Pathway/ComU) 2359.9 0.0 -1170.9 9
A + ComU + (1|Pathway/ComU) 2374.5 14.6 -1180.2 7
A*ComU + (1|Pathway) 2376.6 16.7 -1180.3 8
A + ComU + (1|Pathway) 2392.9 33.0 -1190.5 6
A + 1 + (1|Pathway) 2465.8 105.9 -1229.9 3
Density for timber quality

A*TQ + (1|Pathway/TQ) 3622.1 0.0 -1802.0 9
A+ TQ + (1|Pathway/ TQ) 3623.4 1.3 -1804.7 7
A* TQ + (1|Pathway) 3664.7 42.7 -1824.4 8
A+ TQ + (1|Pathway) 3672.9 50.9 -1830.5 6
A +1 + (1|Pathway) 3695.2 73.2 -1844.6 3
Basal area for timber quality

A*TQ + (1|Pathway/TQ) 1379.8 0.0 -680.9 9
A+ TQ + (1|Pathway/ TQ) 1385.9 6.1 -685.9 7
A* TQ + (1|Pathway) 1422.4 42.5 -703.2 8
A+ TQ + (1|Pathway) 1435.1 55.3 -711.6 6
A +1 + (1|Pathway) 1474.3 94.5 -734.2 3
Stem volume for timber quality

A*TQ + (1|Pathway/TQ) 2330.9 0.0 -1156.5 9
A+ TQ + (1|Pathway/ TQ) 2337.4 6.5 -1161.7 7
A* TQ + (1|Pathway) 2359.0 28.1 -1171.5 8
A + TQ + (1|Pathway) 2371.4 40.4 -1179.7 6
A + 1 + (1|Pathway) 2411.0 80.1 -1202.5 3

Note: A = Age (years); ComU = Commercial use; DC = Diameter class; TQ = Timber quality.
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Table A.6.Description of the linear mixeeffects models with the best fit to richness, diversity,
density, basal area and volume variables. The model fitted forvaai@ble is the result of the
selection of the best model with fixed and random effects. For all the models of richness,
diversity, density, basal area, and volume the fixed effect was age and random effect was
successional pathway. We present the tdatisic, the number of observations),(
marginal/conditionaR?, full model Chisquared statisticssZ), number of model parameters
(Par.) angp-value.

Response variable n R2? myc G| Par p-value Fixed effect Interactions
Richness and diversity

Species richness 164 0.40/0.45 4.981 6 0.026 Age|ComU  Age:ComU
Shannon i nd 164 0.39/0.44 6.672 6 0.010 Age|ComU  Age:ComU
Simpson index (D) 164 0.16/0.18 6.919 6 0.009 Age|ComU  Age:ComU
Total values

Density (ind.h&) 82 0.06/0.36 6.38 4 0.012 Age -

Basal area (m2.ha 82 0.35/0.62 50.81 4 1.02el2 Age -

Tree volume (m3.hg 82 0.52/0.68 73.85 4 <2.2el6 Age --

Stem volume (m3.h§ 82 0.52/0.68 57.24 4 3.86el4 Age --

dbh class

Density(ind.hat) 246  0.69/0.78 41.354 7 1.27el0 Age|DC -

Basal area (m2.ha 246  0.43/0.58 17.913 9 2.31e5 Age|DC Age:DC
Stem volume (m3.h§ 246  0.38/0.49 9.506 9 0.002 Age|DC Age:DC
Commercial species

Density (ind.h&) 246  0.25/0.43 21.884 9 2.90e6 Age|ComU Age:ComU
Basal area (m2.ha 246 0.35/0.53 33.073 9 8.88e9 Age|ComU  Age:ComU
Stem volume (m3.h§ 246 0.37/0.49 18.696 9 1.533e5 Age|ComU Age:ComU
Timber quality

Density (ind.h&) 246  0.24/0.50 44.680 9 2.32ell Age|TQ Age:TQ
Basal area (m2.ha 246  0.28/0.51 44.547 9 2.48ell Age|TQ Age:TQ
Stem volume (m3.h§ 246  0.25/0.43 30.074 9 4.16e8 Age|TQ Age:TQ

Note: Age = years; ComU = Commercial use; DC = Diameter class; TQ = Timber quality.
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Table A.7. Parameters of models to predict values richness, diversity, density, basal area, tree
volume and stem volume of secondary forests in the Brazilian Atlantic Forest. The model fitted
for each response variable is the result of the selection of the bedtwitbdexed and random
effects. For all the models of richness, diversity, density, basal area, and volume the fixed effect
was age and random effect was successional pathway. For all variables, the curve fitting
procedure was used to select the fiegiredictors model.

Response Fixed effect Random effect
variable Estimate  Std. tvalue  p-value Groups Variance  Std.
error Dev.

Species Intercept 3.537 0.737 4796 <0.001 Pathway 0.703 0.839

richness for Age 0.179 0.254 7.034 <0.001 Residual 7.873 2.806

commercial  TQ-NC -1.736 0.783  -2.218 0.028

use Age:TQNC -0.080 0.036 -2.249 0.026

Shannon Intercept 0.574 0.149 3.862 0.004 Pathway 0.030 0.174

index for Age 0.041 0.001 8.237 <0.001 Residual 0.360 0.554

commercial TQ-NC -0.078 0.154 -0.560 0.614

use Age:TQNC -0.183 0.007 -2.610 0.010

Simpson Intercept 0.382 0.060 6.382 <0.001 Pathway 0.002 0.049

index for Age 0.013 0.002 5.265 <0.001 Residual 0.071 0.266

commercial TQ-NC 0.124 0.074 1.667 0.097

use Age:TQNC -0.009 0.003 -2.659 0.009

Density for Intercept 35.211 4.097 8.595 <0.001 Pathway 40.09 6.332

total Age 0.220 0.085 2.584 0.012 Residual 86.04 9.276

Basal area for Intercept 7.738 3.202 2.417 0.078 Pathway 26.39 5.137

total Age 0.471 0.056 8.461 <0.001 Residual 36.60 6.049

Tree volume Intercept 30.104 20.381 1.477 0.213 Pathway 1005.0 31.7

for total Age 4.578 0.413 11.076 <0.001 Residual 2025.0 45.0

Stem volume Intercept 38.030 17.777 2.139 0.098 Pathway 758.7 27.54
Age 3.357 0.366 9.172  <0.001 Residual 1588.2 39.85

Density for Intercept 1364.575 146.535 9.688 <0.001 DC: 43490 208.5

dbh class Pathway
Age 4.194 1.893 239.337 0.028 Pathway 11914 109.2
DC 15<30 -1223.8 181.508 6.387 <0.001 Residual 127314 356.8
DC 030 -1419.7 181.508 6.387 <0.001

Basal area for Intercept 7.172 1.388 5.167 <0.001 DC: 2.086 1.444

dbh class Pathway

(cm) Age 0.061 0.032 1.912 0.057 Pathway 2.237 1.496
DC 15<30 -5.251 1.537 -3.417 0.005 Residual 12.247 3.500
DC 030 -8.528 1.537 -5.549  <0.001

Age:DC 15<30 0.187 0.045 4.121  <0.001
Age: DCO 0.100 0.045 2.213 0.028

Stem volume Intercept 38.023 8.112 4.687 <0.001 DC: 62.90 7.931
for dbh class Pathway
(cm) Age 0.277 0.224 1.236 0.218 Pathway 62.86 7.928
DC 15<30 -25.911 9.469 -2.737 0.015 Residual 602.89 24.554
DC 030 -50.194 9.469 -5.301 <0.001
Age:DC 15<30 1411 0.317 4.457 <0.001
Age: DC 1.112 0.317 3.512 <0.001
Density for Intercept 287.218 153.563 12.139 0.086 ComuU: 38004 194.9
commercial Pathway
use (ComU) Age 8.061 3.684 241.056 0.030 Pathway 13513 116.2
ComU 726.132 195.316 9.663 0.004 Residual 161407 401.8
Dominants
CoU-NC -139.382 195.316 9.663 0.492
Age:ComU -14.501 5.205 241.299 0.006
Dominants
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Age:ComU 2.823 5.205 241.299 0.588
NC
Basal area for Intercept -0.345 1.637 -0.211 0.837 ComU: 4,900 2.214
commercial Pathway
use(ComU)  Age 0.268 0.036 7.400 <0.001 Pathway 1.278 1.130
ComU 7.840 3.694 0.005 Residual 15.576 3.947
Dominants
CoU-NC 0.915 2.122 0.431 0.677
Age:ComU -0.185 2.122 -3.614  <0.001
Dominants
Age:ComU -0.149 0.051 -2.911 0.004
NC
Stem volume Intercept -8.885 9.381 -0.947 0.359 ComuU: 138.6 11.773
for Pathway
commercial  Age 2.014 0.250 8.055 <0.001 Pathway 36.7 6.058
use (ComU) ComU 52.890 12.308 4.297 0.001 Residual 745.0 27.295
Dominants
CoU-NC 11.597 12.308 0.942 0.366
Age:ComU -1.358 0.353 -3.846  <0.001
Dominants
Age:ComU -1.330 0.353 -3.765  <0.001
NC
Density for Intercept 879.736 159.395 5,519 <0.001 TQ: 61049.0 247.08
timber quality Pathway
(TQ) Age -5.501 3.220 -1.708 0.089 Pathway 521.7 22.84
TQ-high -702.532 224.646  -3.127 0.015 Residual 122857.4 350.51
TQ-best -633.754 224.646  -2.821 0.024
Age: TQhigh 9.287 4.554 2.040 0.043
Age: TQbest 9.023 4.554 1.981 0.049
Basal area for Intercept 7.079 1.634 11883 <0.001 TQ: 5.947 2.439
timber quality Pathway
(TQ) Age 0.031 0.034 239.914 0.358 Pathway 0.452 0.672
TQ-high -7.327 2.245 8.021 0.011 Residual 13.547 3.681
TQ-best -6.746 2.245 8.021 0.017
Age: TQhigh 0.111 0.048 239.942 0.021
Age: TQbest 0.147 0.048 239.942 0.002
Stem volume Intercept 37.690 9.617 3.919 0.002 TQ: 197.522 14.054
for timber Pathway
quality (TQ)  Age 0.274 0.235 1.168 0.244 Pathway 1.734 1.317
TQ-high -43.331 135558  -3.196 0.011 Residual 656.340 25.619
TQ-best -34.533 13558  -2.547 0.031
Age: TQhigh 0.817 0.332 2.458 0.015
Age: TQ-best 1.035 0.332 3.115 0.002
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Chapter 3
Appendix for

The effect of the tree harvesting on secondary forest dynamics in the
Brazilian Atlantic Forest

1. SUPPLEMENTARY TABLES

Table A.1. Akaike (AIC) values, lodikelihood (logLik) and degrees of freedom (df) of the
models fitted using Imem to analysiEhness, Shannon and Simpson diversdgnsity,
commercial volume, recruitment and mortalitywhole forestand commercial species for
secondary forests with harvesting in the Brazilian Atlantic Forest.

Variable AIC logLik df R2m/c

Richnessvhole forest

Richness~ Basal area initial + (Intensiy 212.4 -101377 4 0.200.49
1|Growth period)

Richnesscommercial species

Richness~ Basal area initial Hntensity + 175.7  -81.591 5 0.24/0.78
(Intensity-1|Growth period)

Shannon diversitywhole forest

Shan ~Basalarea initial +(Intensity-1|Growth 6.2 1.696 4 0.10+0.18
period)

Shannon diversity commercial species

Shan ~ Basal area initial &rowth period + 15.6 1.730 7 0.14+0.12
(1|Growth periodntensity)

Simpson diversitywhole forest
Simp ~Basal area initial -114.3  60.152 30 0.23
Simpson diversity commercial species

Simp ~ Basal area initial + Growth period -106.2 62.661 7 0.150.00
(1|Growthperiod/Intensity)

Densitywhole forest

Density~ Basal area initial #ntensity +Growth 415.22  -200.61 1 0.56/0.58
period + (1|Growth periddntensity)

Density commercial species

Density~ Basal area initial ©rowth period + 391.26 -190.63 1 0.50/0.88
(Intensity-1|Growth period)

Commercial volumewhole forest

CVol ~ Basal area initislntensity*Growth  261.2 -119.169 8 0.03/0.99
period + (Intensityl|Growth period)
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Commercial volumefor commercial species

CVol ~ Basal area initial + (Intensiti{Growth
period)

269.0

-129698

0.75/0.75

Recruitment whole forest
Rec ~ Basal area initial + (1|Growth period)

-49.5

29.666

0.23/0.49

Recruitment commercial species

Rec ~ Basal area initial + (Intensi$|Growth
period)

-46.6

28.204

0.42/0.66

Mortality whole forest

Mort ~ Basal area initial + Growth period
(1|Growth period)

-21.8

17.333

0.46/0.51

Mortalitycommercial species

Mort ~ Basal area initial + Growth period
(Intensity-1|Growth period)

-39.9

26.398

0.85/0.85
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Table A.2. Number of individuals per family, ecological group and timber quality by species
in secondary forest in dense ombrophilous forest of the Brazilian Atlantic Haoedbgical
groups: PI: Pioneer; ES: Early secondary; LS: Late secondary; CLaxIlim

Family Species Ecological  Timber  Number of

group quality  individuals
Annonaceae Annona cacans ES Low 1
Annona emarginata ES Energy 19
Annona neosericea Pl Low 121
Annona rugulosa ES Energy 4
Annonasp. ES Low 4
Xylopiabrasiliensis LS High 2
Apocynaceae Aspidosperma australe LS Best 4
Aspidosperma ramiflorum LS High 2
Aspidosperma tomentosum ES High 3
Tabernaemontana catharinensis Pl Energy 4
Arecaceae Euterpe edulis LS Energy 1241
Syagrugomanzoffiana ES Energy 1
Asteraceae Asteraceassp. Pl Energy 5
Piptocarpha axillaris Pl Low 24
Vernonanthura discolor Pl High 2
Vernonanthura puberula ES Low 34
Bignoniaceae Handroanthus albus ES High 2
Jacaranda micrantha ES Best 1
Jacaranda puberula ES High 1
Burseraceae Protium kleinii LS High 1
Canellaceae Cinnamodendron dinisii CL Low 2
Cannabaceae Trema micrantha ES Low 31
Caricaceae Jacaratia spinosa Pl Energy 2
Celastraceae Monteverdia tetragona LS High 10
Chrysobalanaceae Hirtella hebeclada LS High 2
Histeria silviani LS High 1
Clusiaceae Clusia criuva P Energy 48
Garcinia gardneriana LS Low 10
Cordiaceae Cordia silvestris ES Low 15
Cunoniaceae Lamanonia ternata ES Energy 1
Cyatheaceae Cyathea delgadii CL Energy 40
Cyatheasp. 1 CL Energy 353
Cyatheasp. 2 CL Energy 1
Cyatheasp. 3 CL Energy 1
Cyatheasp. 4 CL Energy 1
Cyatheasp. 5 CL Energy 1
Elaeocarpaceae  Sloanea guianensis CL High 38
Solanaceae CL Energy 1
Euphorbiaceae Alchornea glandulosa Pl Low 12
Alchornea sidifolia ES High 2
Alchorneasp. ES High 3
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Fabaceae

Laminaceae
Lauraceae

Alchornea triplinervia
Pausandra morisiana
Sapium glandulosum
Tetrorchidium rubrivenium
Andira fraxinifolia
Bauhinia forficata
Centrolobium robustum
Copaifera trapezifolia
Dahlstedtia muehlbergiana
Dahlstedtia pinnata
Dalbergia brasiliensis
Fabaceaesp.

Fabaceaesp. 1
Fabaceaesp. 2

Faramea monte

Inga edulis

Inga marginata

Ingasp. 2

Inga vera

Machaerium hirtum
Machaeriumsp.

Mouriri chamissoana
Myrocarpus frondosus
Ormosia arborea
Piptadenia gonoacantha
Piptadenia paniculata
Platymiscium floribundum
Pterocarpus rohrii
Schizolobium parahyba
Sebastiana klotzschiana
Senna multijuga
Zollernia ilicifolia
Aegiphila integrifolia
Aniba firmula
Cryptocarya mandioccana
Cryptocaryasp. 1
Endlicheria paniculata
Lauraceaesp. 2

Leandra dasytricha
Leandra regnelli
Leandrasp.
Lonchocarpus campestris
Nectandra leucantha
Nectandra membranacea
Nectandra oppositifolia
Nectandrasp. 1

ES
CL
Pl

ES
LS
Pl

LS
CL
ES
ES
ES
NC
NC
NC
NC
ES
ES
ES
ES
ES
ES
ES
ES
LS
ES

ES
LS

LS
Pl
PI
PI

LS
Pl
LS

CL
CL

CL

ES
ES
ES
ES
ES
CL
ES

ES
LS

High
High
High
Energy
High
Low
High
High
Low
Low
High
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
High
High
Energy
High
High
High
Low
Low
Low
Low
Energy
Low
High
High
High
Low
Low
Low
Low
Low
Low
Low
High
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High

78

12
30
13
31
13

(o2 ol

41

N R, R R RN

3

O W NOKF PFP WPEFPFO

[ [ IN w
R WR oOwRE

P WEFE P WO

45

76
15

153



Nectandrasp. 2 LS High 30

Ocotea catharinensis CL Best 3
Ocotea mandioccana ES High 7
Ocotea puberula CL Best 4
Ocotea pulchella LS Best 1
Ocotea teleiandra CL High 1
Persea venosa CL Low 1
Lecythidaceae Cariniana estrellensis LS Low 14
Magnoliaceae Magnolia ovata LS High 43
Malpighiaceae Byrsonima ligustrifolia ES Energy 1
Malvaceae Pseudobombax grandiflorum ES Low 1
Melastomataceae Melastomataceae sp. NC Energy 1
Miconia cinnamomifolia ES Best 85
Miconia darisica ES Best 3
Miconiaformosa ES Best 46
Miconiasp. ES Energy 1
Miconia tristis ES Energy 1
Miconia valtheri CL Energy 1
Meliaceae Cabralea canjerana LS Best 150
Cedrela fissilis ES Best 27
Guarea macrophylla LS Low 47
Trichilia lepidota ES High 60
Trichilia pallens CL Energy 4
Monimiaceae Mollinedia schottiana CL Energy 35
Mollinedia sp. CL Energy 1
Mollinediasp. 1 CL Energy 44
Mollinediasp. 2 CL Energy 8
Mollinediasp. 3 CL Energy 11
Mollinedia triflora LS Energy 54
Moraceae Ficus adhatodifolia Pl Energy 2
Ficus cestrifolia Pl Energy 1
Ficus luschnathiana LS Energy 6
Ficussp. LS Energy 4
Maclura tinctoria Pl Energy 1
Sorocea bonplandii ES Low 8
Myristicaceae Virola bicuhyba LS Low 112
Myrtaceae Campomanesia xanthocarpa LS Energy 7
Capsicodendrorsp LS Energy 1
Eugenia beaurepairiana Pl Energy 4
Eugeniaburkartiana CL Energy 5
Eugenia catharinensis ES Low 1
Eugenia cerasiflora CL Energy 3
Eugenia involucrata LS High 1
Eugenia melanogyna LS Energy 1
Eugeniasp. CL Energy 1
Eugenia verticillata CL Energy 1
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Nyctaginaceae
Ochnaceae
Olacaceae
Peraceae
Phyllanthaceae

Phytolaccaceae
Piperaceae

Polygonaceae

Primulaceae

Proteaceae
Rosaceae

Myrcia ferruginosa
Myrcia glabra
Myrcia hatschbachii
Myrcia lucida

Myrcia neoriedeliana
Myrcia pubipetala
Myrcia sp.

Myrcia spectabilis
Myrcia splendens
Myrcia strigipes
Myrcia tijucensis
Myrcia tomentosa
Myrtaceaesp. 1
Myrtaceaesp. 10
Myrtaceaesp. 11
Myrtaceaesp. 2
Myrtaceaesp. 3
Myrtaceaesp. 4
Myrtaceaesp. 5
Myrtaceaesp. 6
Myrtaceaesp. 7
Myrtaceaesp. 9
Plinia rivularis

Guapira opposita

Pisonia ambigua
Ouratea parviflora

Quiina glaziovii

Heisteria silvianii

Pera glabrata

Hieronyma alchorneoides
Seguieria langsdorffii
Piper aduncum

Piper arborium

Piper cernuum

Pipersp. 1

Pipersp. 2

Coccoloba warmingii
Ruprechtia laxiflora
Myrsinecoriacea

Myrsine hermogenesii
Myrsine umbellata
Myrtaceae sp.

Roupala montanaar. brasiliensis

Eriobotrya japonica
Prunus myrtifolia
Rosaceaasp.

CL
Pl

LS
LS
CL
LS
LS
LS
ES
LS
LS
ES
CL
CL
CL
CL
CL
CL
CL
CL
CL
CL
LS
ES
ES
CL
LS
LS
ES
ES

CL
ES
LS
ES
NC
NC
CL
ES

Pl
ES

ES
ES
ES
ES
ES

NC

Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
High

Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Low

High

Energy
Energy
Energy
High

Best

Energy
Energy
Energy
Energy
Energy
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Low
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High
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Rubiaceae

Rutaceae

Sabiaceae
Salicaceae

Sapindaceae

Sapotaceae

Solanaceae

unidentified
Urticaceae

Verbenaceae

Alseis floribunda
Amaioua intermedia
Bathysa australis
Cordiera concolor
Posoqueria latifolia
Psychotria carthagenensis
Psychotria nemorosa
Psychotria nuda
Psychotriasp.
Psychotria suterella
Psychotria viridis
Rubiaceaesp.

Rudgea jasminoides
Citrus sp.
Citrusreticulata
Zanthoxylum rhoifolium
Zanthoxylunsp. 1
Zanthoxylunsp. 2
Meliosma sellowii
Casearia decandra
Casearia obliqua
Caseariasp.

Casearia sylvestris
Allophylus petiolulatus
Cupania oblongifolia
Cupaniasp.

Cupania vernalis
Matayba intermedia
Chrysophyllum inornatum
Chrysophyllum viride
Pouteria venosa
Sessea regnellii
Solanum pseudoguina
Solanunsp.

NI

Boehmeria caudata
Cecropia glaziovii
Coussapoa microcarpa
Citharexylum myrianthum
Citronela paniculata

LS
ES

ES

CL
ES

LS
CL

CL
CL
CL
LS
CL
CL
ES
ES
ES
Pl

Pl

CL
ES
ES
ES
ES

CL
ES

LS
ES

ES

LS

CL
LS

LS
ES
ES
NC
Pl
Pl
ES
Pl
Pl

Energy
Low
Energy
Energy
High
High
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Energy
Low
Energy
Energy
Energy
High
Energy
Energy
High
Energy
High
Energy
Best
High
Energy
Energy
High
Energy
Energy
Energy
Energy
Energy
Energy
Low
High
High

189

37
24

309

187

121

79
125
67
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45
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Table A.3. Parameters of models to predict valuesness, Shannoand Simpson diversity,
density,commercial volumgrecruitment and mortality to whole forest asminmercial species

of secondary forests with harvest in the Brazilian Atlantic Forest. The moddl fittesach
response variable is the result of the selection of the best model using linear mixed effect models
with fixed and random effects. For all variables, the curve fitting procedure was used to select
the besfit predictors model.

Response Fixed effect Random effect
variable Estimate  Std. tvalue p-value Groups/ Variance  Std. Dev.
error Name
Richness all Intercept 31.3790 1.1196 4.034 <0.001 GP/Intensity 0.05225 0.2286
species Basal area 0.6855 0.2645 2.594 0.015 Residual 52.39093 7.2382
initial
Richness Intercept 14.1023 4.6809  3.013 0.006 GP/Intensity 0.0628 0.2516
commercial  Basal area 0.3612 0.142 2.544 0.017 Residual 14.143 3.7608
species initial
Growth 4.5028 2.0607 2.185 0.038
period
Shannon- all  Intercept 2.9455 0.1418 20.779 <0.001 GP/Intensity 0.00 0.000
species Basal area 0.0095 0.00532 1.793 0.0839 Residual 0.0356 0.189
initial
Shannon - Intercept 3.1741 0.1643 19.314 <0.001 IntensityGP 0.000 0.000
commercial  Basal area -0.0109 0.0067 -1.619 0.118 Growth 0.001 0.033
species initial period
Growth -0.5860 0.2742 -2.137 0.042 Residual 0.0258 0.160
period
BA*GP 0.0208 0.0100  2.073 0.048
Simpson- all  Intercept 0.8878 1.907 50514 0.000 GP/Intensity -- -
species Basal area 0.0014 0.061 2.0584 0.049 Residual -- -
initial
Simpson - Intercept 0.9503 0.0158 60.159 <0.001 IntensityGP 0.000 0.000
commercial Basal area -0.001 0.0006 -1.978 0.069 Growth <0.001 0.003
species initial period
Growth -0.056 0.0263 -2.110 0.045 Residual <0.001 0.015
period
BAI*GP 0.002 0.0009 2.085 0.047
Density - all Intercept 106.856 270.004 0.396 0.696 IntensityGP 0.000 0.000
species Basal area 47.141 7.963 5.920 <0.001 Growth 2501 50.01
initial period
Intensity 16.176 3.794 4264 <0.001 Residual 43439 208.42
Growth 308.323 135.971 2.268 0.032
period
Density - Intercept -298.006 170.057 -1.752 0.091 GP/Intensity 106.1 10.3
commercial Basal area 29.270 5.147 5.687 <0.001 Residual 18489.9 136.0
species initial
Growth 257.470 74772  3.443 0.0
period
Commercial  Intercept -0.0101 38.26 -2.648 0014 GPl/Intensity 112.2 10.59
volume - all Basal area 0.116 1.272 9.140 <0.001 Residual 252.0 15.87
species initial
Growth 0.013 43.87 2917 0.008
period
Intensity 4.288 10.63  0.403 1.000
BAI*GP -4.652 1470 -3.164 0.004
BAI*Inten -0.158 0.0036 -4.320 <0.001
sity
Commercial  Intercept 15.579 15.473  1.007 0.323 Growth <0.001 <0.001
volume i period
commercial (intercept)
: Basal area 5.462 0.581 9.407 <0.001 Intensity <0.001 <0.001
specles initial
Residual 424.10 20.59
Intercept 0.9181 0.062 14.730 <0.001 GP/Intensity 0.0017 0.041
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Recruitment- Basal area -0.005 0.002 -2.744 0.011 Residual 0.0034 0.058
all species initial
Recruitment-  Intercept 0.8994 0.085 10.56 <0.001 GP/Intensity <0.001 0.002
commercial Basal area  -0.0095 0.003 -3.55 0.0@ Residual <0.001 0.061
species initial
Mortality - all  Intercept 0.8353 0.084 9.938 <0.001 GP 0.0009 0.030
species (Intercept)

Basal area -0.0014 0.003 -0.423 0.676 Residual 0.0084 0.092

initial

Growth -0.1643 0.063 -2.616 0.015

period
Mortality - Intercept 0.8776 0.175 5.029 <0.001 GP/Intensity 0.000 0.000
commercial Basal area 0.0034 0.0663 -0.645 0.526 Growth 0.005 0.072
species initial period

Intensity 0.0008 0.0037 0.218 0.829 Residual 0.004 0.066

Growth 0.3487 0.235 -1.485 0.152

period

BAI*Inten  -0.00008 0.00015 -0.532 0.600

sity

BAI*GP 0.00184 0.0068 0.269 0.790
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Chapter 4

Appendix for

The effect of the tree harvesting on secondary forest dynamics in the
Brazilian Atlantic Forest

1. SUPPLEMENTARY TABLES

TableA.1. Timber products and market price by commercial timber species of the secondary
forest indenseombrophilousforest of the Brazilian Atlantic Forest. The classification was
based on information provided literature, owners of the study area aondiiee d a timber

mill.

Species Work quality Timber products US$
Best quality timber

Aspidosperma parvifolium Hard wood beams; furniture; wood flooring 360

Cabralea canjerana Hard wood pools; wooden board; wood floorin 416

Cedrela fissilis Intermediary  furniture; wooden board; wooden ceilir 360

Cupania oblongifolia Hard wood beams; joist wood; wooden boa 330

Hieroryma alchorneoides Hard wood beams; box board; furniture; woc 330
flooring

Jacaranda micrantha Hard wood furniture; wood flooring 390

Miconiaformosa Hard wood beams; joist wood; wooden boa 330

Miconia cinnamomifolia Hard wood beams; box board; furniture; woc 330
flooring

Nectandra oppositifolia Intermediary beams; furniture; wooden board; wor 350
ceiling

Ocotea catharinensis Hard wood furniture; wood flooring 360

Ocotea pulchella Intermediary beams; joist wood; wooden boa 350

High quality timber

Alchornea triplinervia Soft wood beams; box board; joist woc 90

Andirafraxinifolia Hard wood beams; box board; furniture; woc 330
flooring

Calyptranthes lucida Hard wood beams; joist wooc 330

Casearia decandra Hard wood beams; joist wood; wooden boa 330

Casearia sylvestris Hard wood beams; joist wood; wooddyoard 330

Citharexylum myrianthum Soft wood box board; crate; joist wood; wood¢ 330
ceiling

Cryptocarya moschata Hard wood beams 310

Lonchocarpus campestris Soft wood crate; joist wood; pallet; wooden ceilir 100

Magnolia ovata Soft wood boxboard; crate; wooden boai 140

Matayba intermedia Hard wood beams; joist wood; wooden boa 330

159



Myrcia tomentosa Hard wood beams; joist wooc 330
Nectandra membranacea Soft wood box board; joist wood; wooden boar 330
wooden ceiling
Pausandramorisiana Hard wood beams; construction; joist woc 330
Piptadenia gonoacantha Hard wood beams; box board; furniture; woc 330
flooring
Posoqueria latifolia Hard wood box board; joist wood; wood floorinn 330
Protium kleinii Hard wood beamsgonstruction; joist wooc 330
Psychotria carthagenensis  Intermediary beams; joist wooc 330
Sloanea guianensis Hard wood beams; joist wooc 330
Trichilia lepidota Intermediary beams; joist wood; wooden boar 330
wooden ceiling
Xylopiabrasiliensis Hard wood beams; box board; joist woc 330
Low quality timber
Alchornea glandulosa Soft wood crate; pallet 90
Annona neosericea Soft wood crate; pallet 140
Guapira opposita Soft wood crate; pallet 90
Piptocarpha axillaris Soft wood crate; pallet 90
Schizolobium parahyba Soft wood crate; pallet 90
Virola bicuhyba Soft wood crate; pallet 90
Zanthoxylum rhoifolium Soft wood crate; pallet 90
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Table A.2.Number of individuals per period of inventory, ecologmadup,and timber quality
by species in secondary forest in dense ombrophilous forest of the Brazilian Atlantic Forest.
Ecological groups: PI: Pioneer; ES: Early secondary; LS: Late secondary; CL: Climax.

Specie Ecological Timber Trees numbers
group quality pre-harvest postharvest

Aegiphila integrifolia Pl Low 2 -
Alchornea glandulosa Pl Low 4 7
Alchornea sidifolia ES High 1
Alchorneasp. ES High 3 2
Alchornea triplinervia ES High 38 45
Amaioua intermedia ES Low
Andira fraxinifolia LS High
Aniba firmula LS High
Annona cacans ES Low
Annona neosericea Pl Low 75 75
Annonasp. ES Low
Aspidosperma australe LS Best
Aspidosperma ramiflorum LS High --
Aspidosperma tomentosum ES High 1 2
Bauhinia forficata PI Low 20 15
Cabralea canjerana LS Best 83 94
Cariniana estrellensis LS Low 7 7
Casearia decandra ES High 16 13
Casearia sylvestris ES High 41 39
Cedrela fissilis ES Best 15 17
Centrolobium robustum LS High 10 10
Cinnamodendron dinisii CL Low 2 2
Citharexylum myrianthum Pl High 7 8
Citronela paniculata PI High 5 7
Copaifera trapezifolia CL High 1 1
Cordia silvestris ES Low 3 4
Coussapoa microcarpa ES Low 1 --
Cryptocarya mandioccana CL High --
Cryptocaryasp. CL High 3 3
Cupaniaoblongifolia ES High 47 45
Cupania vernalis ES Best
Dahlstedtia muehlbergiana ES Low
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Dahlstedtia pinnata
Dalbergia brasiliensis
Endlicheria paniculata
Eugenia catharinensis
Garcinia gardneriana
Guapira opposita

Guarea macrophylla
Handroanthus albus
Hieronyma alchorneoides
Jacaranda micrantha
Lonchocarpus campestris
Magnolia ovata

Matayba intermedia
Miconia cinnamomifolia
Miconiaformosa
Monteverdia tetragona
Myrcia tomentosa
Myrocarpus frondosus
Nectandraeucantha
Nectandra membranacea
Nectandra oppositifolia
Nectandrasp.

Ocotea catharinensis
Ocotea mandioccana
Ocotea puberula

Ocotea pulchella

Ocotea teleiandra
Pausandra morisiana
Pera glabrata

Persea venosa
Piptadenia gonoacantha
Piptadenia paniculata
Piptocarpha axillaris
Pisonia ambigua
Platymiscium floribundum
Posoqueria latifolia

Pouteria venosa

ES
ES
CL
ES
LS
ES
LS
ES
ES
ES
ES
LS
ES
ES
ES
LS
ES
ES
CL
ES
ES
LS
CL
ES
CL
LS
CL
CL
ES
CL
ES
ES
Pl

ES
LS
ES
LS

Low
High
Low
Low
Low
Low
Low
High
Best
Best
High
High
High
Best
Best
High
High
High
Low
High
Best
High
Best
High
Best
Best
High
High
High
Low
High
High
Low
High
High
High
High

279

35
18
32
71
30

22
29

32

59
16

246

21
27
26
36
22
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Protium kleinii
Pseudobombax grandiflorum
Psychotria carthagenensis
Roupala montanaar. brasiliensis
Sapium glandulosum
Schizolobium parahyba
Sebastiana klotzschiana
Sloanea guianensis
Sorocea bonplandii

Trema micrantha

Trichilia lepidota
Vernonanthura discolor
Virola bicuhyba

Xylopia brasiliensis
Zanthoxylum rhoifolium

LS
ES
LS
ES
Pl

Pl

Pl

CL
ES
ES
ES
Pl

LS
LS
ES

High
Low
High
High
High
Low
Low
High
Low
Low
High
High
Low
High
Low

17

\‘

37

66
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Table A.3. Akaike (AIC) values, lodikelihood (logLik) and degrees of freedom (df) of the
models fitted using Imem to analyse relative growth rate (RGR) in diameter and periodic annual
increment (PAI) in commercial volume to all species and commercial speciesctordary
forests with harvesting in the Brazilian Atlantic Forest.

Variable AIC logLik df R2m/c
RGR all species

RGR ~ Basal area initial + (IntensifyGrowth -232.52 120.261 4 0.44/0.49
period)

RGR commercial species

RGR ~ Basal aremitial + (Intensity1|Growth -237.354 122.677 4 0.34/0.34
period)

PAI commercial volume all species

PAlcv ~ Basal area initial + Growth period 92.008 -40.004 6 0.57/0.85
(Intensity-1|Growth period)

PAI commercial volume all species

PAlcv ~ Basal area initial + (1|Growth period 88.389 -40.194 4 0.29/0.35
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Table A.4.Parameters of models to predict values relative growth rate (RGR) in diameter and
periodic increment annual (PAI) in commercial volume of secondary foresthavitast in the
Brazilian Atlantic Forest. The model fitted for each response variable is the result of the
selection of the best model using linear mixed effect models with fixed and random effects. For
all variables, the curve fitting procedure was useseiect the bedit predictors model.

Response Fixed effect Random effect
variable Estimate  Std. tvalue p-value Groups/ Variance  Std. Dev.
error Name
RGR all Intercept 0.01697 0.0017 10.106 0.002 GPlIntensity 3.717el0 1.928e5
species Basal area  -0.00024 0.0001 -3.966 0.010 Residual 2.526e10 1.589e3
initial
RGR Intercept 1.359e2 1.202e3 11.313 <0.001 GP/Intensity 0.000 0.000
commercial Basal area -1.664e4 4.577e5 -3.635 0.001 Residual 2.127e6 0.001
species initial
PAI Intercept -1.518 1.907 -0.796 0.436 GP/Intensity 0.003 0.051
commercial  Basal area 0.282 0.061 4.596 <0.001 Residual 0.831 0.912
volume - all initial
species Growth 9.359 2.457 3.810 0.001
period
BAI*GP -0.295 0.081 -3.618 0.001
PAI Intercept 2.275 0.872 2.609 0.021 GP/Intensity 0.085 0.292
commercial Basal area 0.104 0.032 3.244 0.004 Residual 0.943 0.971
volume - initial
commercial
species
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Table A.5. Akaike (AIC) values, lodikelihood (logLik) and degrees of freedom (df) of the
models fitted using glm to analyse periodic annual increment (PAI) in commercial volume to
dbh class (8.5; 1530; <30cm), and timber quality (low, high and best) for seconibaegts

with harvesting in the Brazilian Atlantic Forest.

Variable AIC logLik df Null Residual R?
deviance deviance

PAI commercial volume- dbh
class

PAlcv ~ Basal area initia 80.972 -27.486 13  33.266 8.939 0.73
*Intensity*dbh class

PAlI commercial volume -
timber quality

PAlcv ~ Initial basal area - 85.969 -37.985 5 23.027 14.253 0.38
timber quality
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Table A.6. Parameters of models to predict values periodic increment annual (PAI) in
commercial volume of secondary forestgh harvest in the Brazilian Atlantic Forest. The
model fitted using glm for each response variable is the result of the selection of the best model
using linear mixed effect models with fixed and random effects. For all variables, the curve
fitting procedure was used to select the bispredictors model.

Response Fixed effect
variable Estimate Std. tvalue p-value
error

PAI commercial Intercept 2.8453 1.2841 2.216 0.034

volume - dbh |Initial basal area (IBA) -0.0344  0.0426  -0.807 0.425

class Intensity -0.0826 0.0300 -2.755 0.009
dbh class 15<30 -5.7492 18160 -3.166 0.003
dbh class 5<15 -3.4198 18160 -1.883 0.069
IBA*Intensity 0.0027 0.0013 2.144 0.040
IBA*dbh class 15<30 0.1986 0.0602 3.300 0.002
IBA*dbh class5<15 0.0802 0.0602 1.332 0.192
Intensity*dbh class15<30 0.1216 0.0424 2.867 0.007
Intensity*dbh class5<15 0.1014 0.0424 2.389 0.023
IBA*Intensity*dbh class 15<30 -0.0022 0.0018 -1.267 0.214
IBA*Intensity*dbh class5<15 -0.0028 0.0018 -1.570 0.126

PAI commercial Intercept 0.6718 0.3730 1.801 0.079

volume- timber Initial basal area (IBA) 0.0444  0.0147 3.021 0.004

species Timber high 0.0559 0.2153 0.260 0.796
Timber Low -0.7189 0.2153  -3.339 0.002
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Table A.7. Akaike (AIC) values, lodikelihood (logLik) and degrees of freedom (df) of the
models fitted using glm to analyse growth rate to sHtigles, ecological groups, timber quality
and the nine selected commercial species for secondary forests with hgrvetitenBrazilian
Atlantic Forest.

Variable AIC logLik  df Null Residual R2
deviance deviance

Growth tree - glm

GR ~ Initial dbh 16645 -829.2 3 293.8 286.4 0.02
Ecological groups to trees glm

GR ~ Initial dbh + Ecologica 1651.4 -819.7 6 293.8 284.3 0.03
group

Timber quality - gim

GR ~ Initial dbh + Growth perioc 1657.2 -822.6 6 293.8 284.9 0.03
+ Timber quality

Hieronyma alchorneoidgs=538)

GR ~ Initial dbh + Growth period 380.15 -186.1 4 64.101 62.451 0.03
Cabralea canjerangn=178)

GR ~ Initial dbh 85.5 -39.7 3 16.586 16.228 0.02
Virola bicuhyba(n=126)

GR ~ Initial dbh + Growth period 103.8 479 4 17.760 15.692 0.11
Miconia cinnamomifolign=114)

GR ~ Initial dbh + Growttperiod  10.05 -1.023 4 7.327 6.386 0.13
Cupania oblongifolign=99)

GR ~ Initial dbh 63.64 -28.820 3 10.346 10.079 0.03
Alchornea triplinervia(n=88)

GR ~ Initial dbh + Growth period 125.52 -58.760 4 20.816 20.023 0.04
Nectandra membranac€a=69)

GR ~ Initial dbh 39.481 -16.741 3 6.487 6.183 0.05
Miconiaformosa(n=52)

GR ~ Initial dbh 38.179 -16.089 3 5.687 5.653 0.01
Cedrela fissilign=33)

GR ~ Initial dbh 36.613 -15.306 3 5.140 4.877 0.05

Note: GR = Growth rate (cronil.yearst).
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Table A.8.Parameters of models to predict values growth rate to trees, ecolypgieps,and

timber quality of secondary forests with harvest in the Brazilian Atlantic Forest. The model
fitted for each response variable is the result of the selection of the best model using gim with
fixed effects. For all variables, the curve fitting procedwas used to select the bést
predictors model.

Response Fixed effect

variable Coefficients Estimate  Std. error tvalue p-value

Growth tree Intercept 0.2353 0.014 17.448 <0.001
Initial dbh 0.0059 0.001 8.127 <0.001

Ecological Intercept 0.2550 0.024 10.729 <0.001

group Initial dbh 0.0065 0.001 8.826 <0.001
Early secondary -0.0527 0.022 -2.392 0.017
Late secondary 0.0112 0.025 0.454 0.650
Climax 0.0098 0.042 0.237 0.813

Timber quality Intercept 0.1914 1.907¢> 10.039 <0.001
Initial dbh 0.00658 7.518¢"* 8.760 <0.001
Postharvest -6.965¢°2  1.325¢"> -0.005  0.996
High quality 0.05446 1.562¢”> 3.486 <0.001
timber
Low quality timber ~ 0.04644 1.775¢2 2.616  0.009
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Table A.9.Parameters of models poedict values of trees of nine species of secondary forests
with harvest in the Brazilian Atlantic Forest. The model fitted for each response variable is the
result of the selection of the best model using glm with fixed effects. For all variablesvie cu
fitting procedure was used to select the #iegtredictors model.

Response variable Fixed effect
Coefficients Estimate  Std. error tvalue p-value
Hieronyma Intercept 0.209 0.043 4.816 <0.001
alchorneoides Initial dbh 0.005 0.002 3.084 0.002
Growth period -0.070 0.030 -2.318 0.021
Cabralea canjerana Intercept 0.237 0.046  5.137 <0.001
Initial dbh 0.007 0.003  1.965 0.051
Virola bicuhyba Intercept 0.219 0.066  3.336 0.001
Initial dbh 0.011 0.004 3.106 0.002
Postharvest 0.158 0.065 2.417 0.017
Miconia Intercept 0.153 0.070 2.163 0.033
cinnamomifolia Initial dbh 0.010 0.003  3.398 0.001
Postharvest 0.120 0.051 2.355 0.020
Cupania oblongifolia Intercept 0.293 0.077  3.823 <0.001
Initial dbh 0.007 0.004 1.545 0.126
Alchornea Intercept 0.176 0.133 1.325 0.189
triplinervia Initial dbh 0.004 0.006 0.642 0.523
Postharvest 0.177 0.111 1.604 0.113
Nectandra Intercept 0.184 0.102 1.807 0.076
membranacea Initial dbh 0.009 0.005 1.703 0.094
Miconiaformosa Intercept 0.411 0.118 3.471 0.001
Initial dbh -0.004 0.008 -0.549 0.586
Cedrela fissilis Intercept 0.170 0.155 1.098 0.281
Initial dbh 0.009 0.007 1.271 0.213
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