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RESUMO GERAL

Areas degradadas representam reducéo de biodiversidade e perda da capacidade de
produzir alimentos, servigos, prosperidade econdmica. Dessa forma, reabilitar e restaurar
areas cujos recursos ecologicos estdo degradados pelo uso inadequado é uma necessidade
urgente. Diante isso, ajustes e melhorias metodoldgicas poderdo orientar a restauracdo de
forma mais eficaz. Uma das abordagens metodoldgicas possiveis é baseada na compreenséao
de como as interacdes bidticas afetam a producdo dos plantios de restauracdo. Nessa
abordagem, a competicdo entre arvores é uma interacdo relevante a ser estudada, pois se
trata de um dos principais impulsionadores da estrutura e dinamica de florestas tropicais.
Essa perspectiva pode mostrar novas formas de compreensdo e manejo de areas
restauradas. Assim, o presente trabalho buscou entender o efeito da competicdo na
explicagdo de duas variaveis: volume de madeira e estoque de carbono de especies
madeireiras de valor comercial. O efeito da competicdo foi testado através de cinco indices:
trés baseados em didmetro e distancia das arvores competidoras as arvores focais; um
representado pelo nimero de arvores competidoras e um representado pela porcentagem de
competidores plantados em vez de regenerados. O estudo foi conduzido em uma area de 23
anos de restauracdo florestal ativa no arco do desmatamento da Amazdnia brasileira.
Nossos resultados mostram que a competicdo tem efeitos importantes sobre o volume e o
estoque de carbono. Especificamente, encontramos que a competicdo pode aumentar o
volume de madeira e o0 estoque de carbono dessas espécies se houver um equilibrio entre
tamanho e distancia dos competidores em relacdo as arvores focais. Maior producao
também foi verificada quando a maioria dos competidores foram arvores plantadas (em vez
de regeneradas). Por outro lado, as arvores focais tenderam a ter menor volume e estoque
de carbono se os competidores forem maiores do que elas. Embora os efeitos da
competicdo e sua magnitude tenham variado entre as espécies estudadas e entre as duas
variaveis de interesse, surgiram tendéncias gerais claras. De forma geral, este estudo
evidenciou que a dominancia de tamanho pode determinar uma competicdo assimétrica.
IntervencGes silviculturais sdo necessarias para reduzir a competicdo sobre as arvores
menores e promover a producdo em areas restauradas. Além do manejo da densidade de
individuos numa area, deve-se pensar a competicdo considerando o diametro e distancia
dos competidores em relacdo as arvores focais como variaveis adicionais ao processo
decisorio do manejo.

Palavras-chave: Desmatamento. Interacdes ecoldgicas. Producédo sustentavel de madeira.



GENERAL ABSTRACT

Degraded areas represent reduction of biodiversity and loss of capacity to produce food,
services, economic prosperity. The need to rehabilitate and restore ecological resources degraded
by improper use is urgent. Adjustments and improvements can guide the restoration in a more
effective way. One of the possible approaches is based on a comprehension of how the biotic
interactions affect the production of restoration plantations. From this perspective, the
competition between trees is a relevant interaction to be studied, because it is about one of the
principal boosters of the structure and dynamic of tropical rainforests. This approach can show
new ways of understanding and management of restoration areas. Thus, the present paper aimed
to understand the effect of competition on the explanation of two variables: the amount of wood
and the carbon stock of commercial valuable woody species. The effect of competition was tested
through five indices: three of it based on diameter and distance of the competing trees to the focal
trees; one represented by the percent of competitors planted instead of regenerated. The research
was conducted on a 23-year old active forest restoration area on the arc of deforestation of the
Brazilian Amazon. Our results show that the competition has important effects over the amount
and the carbon stock. Specifically, we found out that the competition can raise the amount of
wood and the carbon stock of those species if there is a balance between size and distance of the
competitors compared with the focal trees. The biggest production was also verified when most
of the competitors were planted trees (instead of regenerated). On the other hand, the focal trees
tend to have less amount and carbon stock if the competitors are bigger than that. Although the
effects of competition and its magnitude have varied between the studied species and between the
two variables of interest, clearer tendencies have emerged. In general, this study showed that the
size dominance can specify an asymmetrical competition. Silvicultural interventions are
necessary to reduce the competition over the smaller trees and promote the production in
restorated areas. Beyond the management of the individual density in an area, one should think of
the competition considering the diameter and the distance between the competitors in relation to
the focal trees as additional variables at the decision-making process of the management.

Key-words: Deforestation. Ecological interactions. Sustainable production of wood.
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CAPITULO 1 - APRESENTACAO GERAL

RESUMO

O Brasil possui grandes extensdes de areas degradadas, que segundo a atual legislacéo
ambiental deveriam ser restauradas, com permissdes para usos sustentaveis ou de baixo impacto
ambiental. Restaurar a integridade ecoldgica de paisagens degradadas € uma urgéncia ndo apenas
do Brasil, mas que entrou para a agenda de varios paises. Além de se comprometer com acordos
internacionais de restauracdo, o Brasil criou politicas e programas de regularizagdo ambiental
para impulsionar a adequacdo das propriedades rurais brasileiras ao Cddigo Florestal. Mas o
cumprimento dos programas de regularizacdo ambiental envolve altos custos de implantacéo e
manutencdo. Adicionalmente, a demanda por restauracdo em larga escala exige pesquisas e
informagdes para atender a multiplos objetivos: maximizar a recuperacdo da biodiversidade,
recuperar o investimento, garantir a sustentabilidade econdmica dos projetos. A restauragcdo € um
conjunto de intervencGes para acelerar e manipular os processos da sucessdo ecoldgica. A
definicdo de sucesso da restauracdo depende dos objetivos, metas e motivos pelos quais ela esta
sendo executada. Ha projetos que almejam desde a répida contencdo da erosdo até os que
esperam o retorno do ambiente a um estado pré-disturbio. O fato é que os beneficios humanos, a
multifuncionalidade da paisagem, a resiliéncia, passaram a ser incluidos como linhas de base
importantes e decisivas para o sucesso. Nesta Otica, € necessario pensar o manejo das florestas
como um elo entre a conservagdo da biodiversidade e uso sustentavel dos recursos. Para tal, o
conjunto de intervencdes que alteram o estado de uma floresta deve ser ajustado e readequado
quando os resultados obtidos sdo diferentes do esperado. Por exemplo, estudos sobre as areas em
concessao florestal na Amazénia para exploracdo sustentavel tém mostrado que a intensidade e
duracdo dos ciclos de exploracdo ndo se ajustam as taxas de recuperacao das espécies, portanto é
necessario avaliar as diretrizes do manejo. Estudar o efeito da competicdo sobre a producdo é
uma das formas de abordagem possiveis para alcancar o manejo otimizado, pois a competicao
tem efeito estrutural na comunidade florestal e a estrutura equilibrada da floresta é a base do
manejo - garantia de suprimento do recurso no futuro. Diante destes cendrios, nesta se¢do
revisitamos bases, conceitos ecoldgicos e técnicas silviculturais fundamentais para a restauracao
e 0 manejo florestal sustentavel.

Palavras-chave: Passivo ambiental brasileiro. Sucessdo ecoldgica. Manejo de areas restauradas.
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ABSTRACT

Brazil has large degraded areas extensions, that according to the environmental
legislation should be preserved, with permissions to a few ways of sustainable uses and low
environmental impact. Restoring the ecological integrity of degraded landscapes is an urgency
not only for Brazil, but that has entered the agenda of several countries. In addition to committing
to international agreements of restoration, Brazil has created policies and programs of
environmental regularization to boost the adequacy of rural properties to the Forestry Code. But
the fulfillment of the environmental regularization programs involves high costs of
implementation and maintenance. Additionally, the demand for large-scale restoration requires
research and information to achieve multiple goals: maximize the biodiversity recovery, recover
the investment and assure the economical sustainability of the projects. The restoration is a set of
interventions to accelerate and manipulate the ecological succession processes. The definition of
success of the restoration depends on the goals, targets and reasons why it is executed. There are
projects that achieve from the fast erosion containment to those who wait for the return of the
environment to a pre-disturb status. The fact is that the human benefits, the multifunctionality of
the landscape, and resilience, had begun to be included as important and crucial baselines to
success. With this in mind, it is necessary to think of management as a link between biodiversity
conservation and sustainable use of resources. To this end, the set of interventions that change the
status of a forest must be readjusted and refitted when the results are different from what is
expected. For example, studies about the areas in forest concession in Amazonia to sustainable
exploration showed that the intensity and duration of the exploration cycles do not adjust to the
recovery rates of species, so it is necessary to evaluate the management guidelines. Studying the
effect of competition over production is one of the possible approaches to reach optimized
management, because competition has a structural effect in the forest community and the
balanced structure is the base of the management - guarantee of resource supply in the future.
Against this background, in this section we revisited bases, ecological concepts and fundamental
silvicultural techniques for restoration and sustainable forest management.

Key-Words: Brazilian environmental liability. Ecological succession. Management of restored
areas.
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1. INTRODUCAO

As atividades humanas resultaram em grandes extensdes mundiais de ecossistemas
degradados. Em particular, na Amazonia brasileira, o padrdo dominante de conversédo florestal
iniciou nas décadas de 1960/1970, quando foram introduzidos métodos de ocupacao na regiao
norte, baseados em praticas tradicionais da regido sul e sudeste do Brasil, cuja premissa é adaptar
a paisagem as necessidades do agricultor. Entretanto, tais iniciativas desconsideraram que a
aptiddo agricola na regido Amazénica ndo é uniforme. As areas apropriadas a agricultura séo
porcdes isoladas e espacadas entre si. Consequentemente, a maioria dos projetos de
desenvolvimento agricola fracassou, restando ao produtor rural abandonar a area ou consolidar a
pecuaria extensiva e de baixa producdo. Por se tratar de uma atividade que requer novas areas
para compensar as perdas graduais da baixa produtividade, o desmatamento passou a ser uma
pratica usual de manutenc¢do dos niveis minimos da atividade pecuéria.

A expanséo da agricultura mecanizada (entre 1990 e 2000) introduziu um novo caminho
potencial para a perda de floresta, que é o “arco do desmatamento” ao longo da extensdo sul e
leste da Amazonia. O descumprimento das leis ambientais gera passivos de cobertura vegetal na
Amazobnia Legal — area de atuacdo da Superintendéncia de Desenvolvimento da Amaz6nia
(SUDAM) — que configuram &reas protegidas, mas que se encontram degradadas e precisam ser
restauradas. A concepcdo da ideia deste trabalho partiu da necessidade de produzir conhecimento
sobre areas restauradas para orientar a recomposi¢cdo e o uso da reserva legal na Amazonia. Os
dados utilizados nesta pesquisa foram coletados na area de implantacdo de um projeto maior,
fomentado pela empresa Peugeot e desenvolvido pela estatal francesa ONF (Escritério Nacional
das Florestas), cujo objetivo é estocar carbono através da restauracdo de 2000 hectares de
pastagens degradadas na Fazenda Sdo Nicolau em Cotriguacu, Mato Grosso (MT), regido sul da
Amazbnia. Além de sequestrar carbono, o projeto apoia o desenvolvimento de pesquisas
cientificas para responder a diferentes questdes da area florestal. No presente trabalho, além de
debater a ecologia e os efeitos da competicdo entre arvores no volume de madeira e estoque de
carbono de espécies de interesse comercial na restauracdo florestal, é apresentada uma
abordagem que pode afetar um dos aspectos centrais dos projetos de restauragdo: a
sustentabilidade econdmica.

As duas variaveis avaliadas neste estudo, volume de madeira e estoque de carbono, tém

potencial para trazer retorno financeiro as iniciativas de restauracdo. Um menor volume de



13

madeira e um menor estoque de carbono reduzem o produto final comercializdvel. Assim,
entender o papel da competicdo é fundamental para o sucesso financeiro da restauracdo cujo
objetivo seja explorar recursos das areas restauradas de forma sustentavel. Embora geralmente
motivados por preocupacGes ambientais, os projetos de restauracdo devem garantir a
sustentabilidade econémica, e que os beneficios econémicos cheguem as comunidades locais,
combinando conservacdo ambiental, cumprimento da legislacdo e ganhos financeiros. Isso é
especialmente relevante no contexto da legislacédo florestal brasileira (BRASIL, 2012), que exige
a manutencdo de uma reserva legal em todas as propriedades rurais e permite que essas areas
sejam parcialmente exploradas para a extracdo de recursos florestais. Portanto, estudos que
aprimorem o conhecimento técnico para resultados positivos entre conservacdo e producao

podem ajudar a gerar beneficios ecologicos e sociais.
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2. REFERENCIAL TEORICO

2.1. Passivo ambiental brasileiro

Antes de planejar a restauracdo, buscar formas de proteger as florestas existentes para
manter os sumidouros de carbono e preservar a biodiversidade € indispensavel (DI SACCO et al.,
2021). Apenas 20% das florestas tropicais estdo “intactas” — livres de influéncia antrépica
significativa (POTAPQV et al., 2017). No ciclo global do carbono, as florestas intactas tem um
valor de conservacdo incomparavel, pois armazenam mais de 40% do carbono de todas as
florestas tropicais juntas (MALHI, 2010; POTAPOV et al.,, 2017). Além disso, quando
comparadas as florestas degradadas em grandes proporcfes por atividades humanas, elas se
mostraram mais resistentes a pressdes como incéndios e eventos de seca (QIE et al., 2017). As
perdas de floresta natural ndo sdo imediatamente compensadas pelo reflorestamento
(BRANCALION; CHAZDON, 2017). Assim, a pressdo contra o desmatamento ilegal deve ser
feita através do estabelecimento de novas areas protegidas, restricdes de créditos e pressdes para
eliminar desmatadores das cadeias de fornecimento de madeira, soja e carne bovina, listas
publicas de propriedades e municipios que desmatam ilegalmente, além de acbes de controle e
fiscalizacdo por 6rgdos estaduais e federais (ARIMA et al. 2014; ASSUNCAO et al. 2013;
SOARES-FILHO et al. 2010; NEPSTAD et al. 2014; GIBBS et al. 2016; BORNER et al. 2013;
HARGRAVE et al. 2013).

A conservacdo da vegetacdo em terras privadas é regulamentada pela Legislacdo
Ambiental Brasileira (Lei N° 12.651 de 25 de marco de 2012). Essa regulamentacdo divide as
propriedades rurais em duas areas: terras para uso alternativo do solo e terras dedicadas a
conservagdo e ao manejo sustentavel dos recursos naturais. Esta Ultima é dividida em mais duas
categorias: (i) areas de preservacdo permanente (APP) onde apenas atividades de baixo impacto
sdo permitidas, como o ecoturismo; e (ii) Reserva Legal (RL) para promover 0 uso sustentavel
dos recursos naturais e conservacdo da biodiversidade. Na Amazonia Legal, a RL cobre até 80%
das propriedades, mas apenas 20% em outras regides (BRASIL, 2012).

Entre 1995 e 2005, os estados de Mato Grosso (MT), Rondénia (RO) e Para (PA) foram
responsaveis por 85% de todo o desmatamento na Amazdnia, convertendo uma média de 16.600
kmz/ano de floresta (MACEDO et al., 2012). Diante deste desafio, Mato Grosso (em 2008) e Para
(em 2009) implementaram, pela primeira vez, um registro eletrénico de terras conhecido como
Cadastro Ambiental Rural (CAR) (AZEVEDO et al., 2017; RAJAO et al., 2012). Nos anos
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seguintes até 2012, as taxas anuais de desmatamento na Amazénia Legal cairam em 76%,
principalmente no MT, atingindo uma estimativa de 850 km? em 2010 (MACEDO et al. 2012;
NEPSTAD et al. 2014). Os registros fundiarios do MT e PA serviram de modelo para o Sistema
Nacional de Cadastro Ambiental Rural (SICAR), que hoje € o principal instrumento de
implementacdo do Cddigo Florestal brasileiro de 2012. O SICAR ja registrou 6,5 milhGes de
imoveis rurais em 618 Mha em todo o Brasil (SFB, 2022).

Conhecida a area de RL de cada propriedade rural, é possivel estimar o déficit de
cobertura florestal exigido pela legislacdo. Havendo passivo, o Cddigo Florestal oferece duas
possibilidades: restauracdo florestal dentro da mesma fazenda que apresenta o déficit ou
compensacao através do aluguel ou compra de area excedente em outra propriedade dentro do
mesmo bioma (BRASIL, 2012). Embora haja variacdo entre 0s nameros, estima-se que, no
Brasil, somando-se as areas de APP e RL existe um passivo de pelo menos 21 milhdes de
hectares (Mha) (SOARES-FILHO et al., 2014). As regibes biogeogréaficas com maior passivo
ambiental em Reserva Legal, segundo Soares-Filho et al. (2014), sdo: Amazonia (7,2 Mha), Mata
Atlantica (4,8 Mha) e Cerrado (3,7 Mha). O passivo de APP é de 4,5 Mha somando as areas de
Cerrado (=1,6 Mha), Mata Atlantica (~1,4 Mha) ¢ Amazonia (<900.000 ha) (SOARES-FILHO et
al., 2014).

Entretanto, 0 CAR ndo garante que 0s proprietarios cumpram a lei ou reduzam o
desmatamento. O cumprimento dos programas de regularizacdo ambiental envolve altos custos
de restauracao, perda de producao e beneficios pouco atrativos para o proprietario rural (MOLIN
et al.,, 2018; BRANCALION et al., 2017). A demanda por restauracdo em grande escala cria
outras demandas, e exige pesquisas e informacdes para atender a varios objetivos: maximizar a
recuperacdo da biodiversidade, recuperar o investimento, garantir a sustentabilidade econémica
dos projetos. Uma alternativa possivel e legalmente permitida pelo codigo florestal é o plantio
consorciado de espécies exoticas (até 40%) com espécies nativas nas areas com déficit ambiental
(BRASIL, 2012). Essa possibilidade oferece uma fonte potencial de receita através da venda da
madeira (BRANCALION et al., 2012).

Aprimorar 0 conhecimento técnico para resultados positivos entre conservagdo e
producdo pode ajudar a gerar beneficios ecologicos e econdmicos. Ha motivacdes para
empreender projetos de restauracdo florestal. Estudos mostraram que a produgdo de madeira em

areas florestais restauradas pode compensar entre 44% e 75% dos custos de restauracédo
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(BRANCALION et al., 2019). Assim como a venda de créditos de carbono, considerando os
precos atuais (tipicamente entre US$ 2 e US$ 10 por tonelada de didxido de carbono) e o valor
potencial do carbono sequestrado também € uma fonte de renda que pode cobrir os custos de
implantacdo e manutencéo de florestas restauradas (PHILIPSON at al., 2020). Por estas razdes, as
investigacOes sobre os fatores que afetam as principais vias de investimento devem ser

intensificadas.

2.2. Compromissos do Brasil com a restauragio

O desenvolvimento humano, econdmico e a equidade social, dependem do
funcionamento de processos basicos do sistema terrestre, incluindo o balanco de energia
superficial, o ciclo do carbono, o ciclo da agua e a diversidade de espécies (ALKAMA;
CESCATTI, 2016; LE QUERE et al., 2016; TEMPERTON et al. 2019). Portanto, restaurar a
integridade ecoldgica em paisagens degradadas se tornou uma prioridade global. H&, pelo menos,
um bilhdo de hectares de terras degradadas que oferecem inumeras oportunidades para
restauragcdo (GIBBS; SALMON, 2015). Sob acordos internacionais — Bonn Challenge (2011),
Declaracdo de Nova York sobre Florestas (2014), Acordo de Paris (2015) — os paises se
comprometeram a restaurar 350 milhdes de hectares de terras até 2030, principalmente entre os
tropicos e subtrépicos (LEWIS et al., 2019). O Bonn Challenge é uma iniciativa global que
juntamente com iniciativas regionais mobilizaram apoio politico para iniciar a restauracdo de 150
milhdes de hectares de paisagens florestais até 2020 e 350 milhdes até 2030. Lancado em 2011
pelo governo da Alemanha e pela Unido Internacional para Conservacdo da Natureza (IUCN),
somado a inciativas regionais e nacionais que estdo sendo implementadas em todo o mundo, 0s
compromissos ja ultrapassaram 170 milhGes de ha (AGUILAR et al. 2015; BAE et al. 2012).

O Brasil esta entre os paises que se comprometeram com o Bonn Challenge em 2017,
através do compromisso de recuperar 12 milhdes de ha de areas degradadas como uma
contribuicdo para a meta global. Um progresso consideravel em termos de estruturas politicas de
apoio a restauracdo, anteriormente ao Bonn Challenge, ja estavam em andamento no Brasil. Em
2009 havia sido criado o Pacto de Restauracdo da Mata Atlantica (Pacto) com o objetivo de
recuperar 15 milhdes de ha de areas degradas na Mata Atlantica brasileira até 2050 (CALMON et
al. 2011). Esse compromisso integra a promessa do Brasil ao Acordo Climético de Paris em 2015

(UNFCCC) e a Politica Nacional de Recuperacdo da Vegetacdo Nativa (Proveg). O Proveg foi
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instituido pelo Governo Federal do Brasil por meio do Decreto n°® 8.972 de 23 de janeiro de 2017
para apoiar a implementacdo de determinacdes contidas na Lei de Protecdo da Vegetacdo Nativa
(Cddigo Florestal - n® 12.651/2012). O principal objetivo do Proveg é impulsionar a adequacdo e
regularizacdo ambiental das propriedades rurais brasileiras, nos termos do Cédigo Florestal, em
area total de, no minimo, 12 milhGes de hectares, até 31 de dezembro de 2030. O instrumento de
implementacdo do Proveg é a Politica Nacional de Recuperacéo da Vegetacdo Nativa (Planaveg).
O Planaveg almeja promover a recuperacdo de areas degradadas ou alteradas, com énfase nas
Areas de Preservacio Permanente (APP) e Reserva Legal (RL) no sentido de eliminar os passivos
ambientais nas propriedades rurais e recuperar a capacidade produtiva das areas degradas ou
alteradas com baixa aptid&o agricola.

2.3. Sucessao ecoldgica

A sucessdo é uma das teorias ecoldgicas mais antigas (COWLES, 1899). Os primeiros
estudos da sucessdo abordaram a sequéncia de espécies que colonizavam uma area,
posteriormente passaram a descrever as mudancas que ocorriam em outras variaveis como
biomassa, produtividade, diversidade (POORTER et al., 2019; SATDICHANH et al., 2019;
ESTRADA-VILLEGAS et al., 2020). Associada a visao inicial de Clements (1916), a sucessao
era considerada essencialmente direcional (deterministica), mas passou a ser vista como
idiossincratica e principalmente estocastica, em direcdo a conceituacdo de Gleason (1926)
(FINEGAN, 1984; VANDERMEER et al., 2004; FELDPAUSCH et al., 2007; CHAZDON,
2008).

O processo deterministico propde gque a sucessdo € o resultado da atuacdo de filtros
sobre as espécies em funcdo de suas caracteristicas funcionais relacionadas a dispersao,
sobrevivéncia, crescimento e reproducdo (LI et al., 2015; ARROYO-RODRIGUEZ et al., 2017).
Nesse processo, 0 estabelecimento da espécie na area depende do uso de recursos e habilidades
competitivas que ela possui (CHESSON, 2000). No processo estocastico, o estabelecimento de
uma determinada area depende de eventos aleatérios (HUBBELL, 2001). Tanto 0S processos
deterministicos quanto os estocasticos podem atuar individualmente ou sinergicamente para
estruturar comunidades (CHAZDON et al., 2008; SWENSON; ENQUIST, 2009).

Ao longo da sucessdo, ha hierarquia e cronologia dos filtros atuantes no ecossistema

(WAGNER, 2004). Nos primeiros anos, os filtros abidticos podem ter um papel mais importante
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na determinacdo da estrutura e composi¢do das comunidades de plantas, enquanto os filtros
bidticos, ou seja, interagdes bidticas como competicdo, predacdo, mutualismo, doencas,
aumentam a relevancia a longo prazo (LETCHER et al., 2012). O final de um processo
sucessional ndo é unidirecional (GUARIGUATA; OSTERTAG, 2001). Em vez disso, varios
estados sdo possiveis (SUGANUMA; DURIGAN, 2015). Uma comunidade pode ser considerada
estavel se as espécies que coexistem localmente s&o membros permanentes da comunidade e se
ela ndo estd em transicdo para outro estado estavel, a menos que seja fortemente perturbada
(LAW, 1999; FUKAMI, 2015). As comunidades podem entrar em estados alternativos
transitorios, quando ndo atingiram um estado estavel, mas variam em estrutura e em
funcionamento passando por multiplas vias de sucessdo (DONATO et al., 2012; FUKAMI,
NAKAIJIMA, 2011).

As intervencOes para acelerar os processos de sucessdao, manipular a ordem de chegada
das plantas, ou grupos funcionais de plantas, e manejar filtros bidticos e abioticos para alcancar
comunidades vegetais desejadas compreendem a restauracdo ecolégica (TEMPERTON et al.,
2019). A definicdo de sucesso dos projetos de restauracdo dependera dos objetivos, metas e
motivos pelos quais ele serd executado (PRACH et al.. 2019; BRANCALION; HOLL, 2020). Ha
projetos que almejam a répida estabilizacdo de solos em processos de erosdo sem levar em conta
a restauracdo da composicdao de espécies (HOLL; BRANCALION, 2020). Outros tém como
objetivo a restauracdo da biodiversidade e funcdo ecoldgica para um estado pré-distdrbio (GANN
et al., 2019). A perspectiva apresentada nas sentencas anteriores € inclusiva, na qual o conceito de
restauracdo € amplo e abrange reabilitacdo, remediacdo, reconciliacdo (PRACH et al., 2019;
MURPHY et al. 2018). Em todos os casos, definir os objetivos e metas € um ponto critico
(PRACH et al., 2019). Atraveés deles, a intervencdo do manejo adaptativo € justificada e eficiente
nos casos em que o desenvolvimento do ecossistema ndo segue a trajetdria desejada (OLIVEIRA,;
DURIGAN; PUTZ, 2021).

Para definir a direcdo dos esforcos, adotam-se ecossistemas de referéncia com base em
estudos anteriores na regido mostrando a area basal, biomassa, distribuicdo entre classes de
tamanho, estoque de carbono em sitios existentes que ndo sofreram degradacdo (PRIOR; SMITH,
2019; PRACH et al., 2019). Recomenda-se que o0s ecossistemas de referéncia abranjam toda a
gama de variacdo dentro da regido ecoldgica (BRINSON; RHEINHARDT, 1996; PICKETT;
PARKER, 1994). A eficicia da restauracdo € caracterizada principalmente com base nos
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atributos ecossistémicos definidos pela Society of Ecological Restoration International (SER)
(RUIZ-JAEN; AIDE, 2005). Os trés principais atributos utilizados séo a diversidade, estrutura da
vegetacdo e processos ecoldgicos. Os atributos de estrutura, riqueza e guildas funcionais séo
previsiveis a partir da restauracdo florestal pelo plantio de arvores (BRANCALION et al., 2019;
NAEEM, 2006). No entanto, a composicdo de espécies é imprevisivel (SUGANUMA;
DURIGAN, 2015).

2.4. Bases ecoldgicas e silviculturais no manejo da competicéo

As florestas tropicais naturais variam amplamente em sua estrutura e biomassa acima do
solo, essas diferencas sdo atribuiveis principalmente a grande variacdo na densidade de grandes
arvores (TER STEEGE, 2003; CHAVE; RIERA; DUBOIS, 2001). Além disso, deve-se destacar
0 papel do solo e clima sobre a variagdo de biomassa acima do solo (POORTER et al., 2017). No
entanto, a distribuicdo diamétrica da comunidade arborea das florestas tropicais naturais tem uma
forma de J invertido notavelmente semelhante (MULLER-LANDAU et al., 2006). O diametro
das arvores pode ser resultado do desenvolvimento ontogenético individual (em nivel de arvore),
interacOes entre arvores (competi¢do) ou uma combinacdo dos dois (COOMES et al 2003). Por
apresentarem essa semelhanga fundamental nas distribuicbes dos diametros, sugere-se que
existem processos bioldgicos gerais que moldam a distribuicdo de tamanho das arvores em
florestas naturais, independente da variacdo das condicGes de crescimento (PICARD, 2019;
FARRIOR et al., 2016).

A relagdo de competicdo entre os individuos se intensifica na medida em que uma
comunidade florestal se desenvolve, pois 0s recursos se tornam mais escassos como luz, agua e
nutrientes; esse processo resulta na diminuicdo da densidade do povoamento, enquanto 0s
sobreviventes aumentam de tamanho — fendbmeno conhecido como “autodesbaste” (MOHLER,;
MARKS; SPRUGEL, 1978). O autodesbaste também pode ser explicado como a relacéo entre o
tamanho individual de uma arvore e a densidade de arvores em uma determinada area, onde essa
relacdo estabelece a estrutura do dossel da floresta compativel com a capacidade de suporte do
local (BEGON; TOWNSEND, 2006). Em florestas tropicais sem a intervengdo do manejo, 0
autodesbaste pode demorar de 80 a 136 anos para ocorrer (DENSLOW, 1987; HARTSHORN,
1978). Quando ocorre o autodesbaste, a mortalidade de grandes arvores pode criar um balanco

negativo temporario de carbono, pois a decomposicdo das arvores mortas tem maior emisséo de
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carbono do que o armazenamento no recrutamento das arvores menores (LEWIS et al., 2011,
SIST et al., 2014).

De todos os fatores ambientais que afetam a sobrevivéncia e o crescimento de arvores
em florestas tropicais, a disponibilidade de luz é frequentemente considerada o mais critico
(AGYEMAN et al., 1999). Por exemplo, nos primeiros anos de sucessdo de florestas tropicais
umidas do México, apesar da baixa fertilidade do solo, a competi¢éo por luz foi mais importante
do que a competicdo por nutrientes na limitacdo do crescimento de duas especies pioneiras (VAN
BREUGEL et al., 2012). Ha distingédo entre duas formas de competicdo: a competicdo simétrica é
descrita como um compartilhamento de recursos proporcional ao tamanho dos individuos,
enquanto a competicdo assimétrica € um compartilhamento desigual de recursos como
consequéncia de individuos maiores terem vantagem competitiva desproporcional sobre os
menores (WEINER, 1988).

A competicdo por recursos do solo é muitas vezes vista como simétrica em tamanho,
com base na suposicdo de que a absorcdo de nutrientes é proporcional ao tamanho da planta. Em
contraste, supfe-se que a competicdo por luz seja assimétrica em tamanho, pois os individuos
mais altos tem acesso a luz primeiro, e promovem o sombreamento dos seus vizinhos mais
baixos, privando-os desse recurso desproporcionalmente ao seu tamanho (SCHWINNING;
WEINER, 1998; FRECKLETON; WATKINSON, 2001). Nessa perspectiva, a quantidade de luz
que chegara ao solo da floresta depende da arquitetura e do tamanho das copas das arvores mais
altas (QUANG; BAYNES; HERBOHN, 2020).

Contudo, o excesso crénico de luz também pode causar danos as células vegetais e
provocar um estresse que compromete a assimilacdo de carbono pela planta (KOTHARI,
MONTGOMERY; CAVENDER-BARES, 2021). Luz solar intensa causa fotoinibi¢éo e limita a
capacidade fotossintética, que juntamente com a limitacdo em agua e outros recursos podem
impedir a expansdo dos tecidos e causar limitacdes as absorcdes de carbono (TARDIEU et al.,
2014). Para minimizar o estresse, algumas plantas usam mecanismos de fotoprotecdo como o
auto-sombreamento, folhas reflexivas ou inclinadas (KOTHARI et al., 2018). Dessa forma, se o
excesso de luz pode causar estresse, conclui-se que uma planta pode facilitar o crescimento de
outra através do sombreamento. Entretanto, se a luz se torna um fator limitante para a

fotossintese, 0 sombreamento passa a ter efeito competitivo.
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Em florestas tropicais de terra firme na Guiana Francesa, a competicdo assimétrica foi
apontada como um dos fatores responsaveis por moldar a distribui¢do de didmetros das arvores
(PICARD, 2019). Uma descricdo consistente do formato J invertido com a competicao
assimétrica entre arvores pode ser usada para orientar tomadas de decisbes mais genéricas para o
manejo florestal. A forma de J invertido é a base tedrica para 0o manejo sustentivel de
povoamentos florestais inequidneos, onde € tomada como um indicador do equilibrio
demogréafico entre recrutamento, crescimento e mortalidade (incluindo colheita) (PICARD,
2019). Crescimento e mortalidade possuem influéncias conjuntas na determinacdo da mudanca
no namero de individuos por classe de diametro (MULLER-LANDAU et al., 2006). Aumentar a
mortalidade em uma determinada classe diamétrica diminui o nimero de arvores nessa classe.
Como o crescimento muda as arvores de classe diamétrica, um aumento no crescimento também
reduzira o numero de arvores nessa classe e aumentard o nimero na proxima maior (WRIGHT et
al., 2003).

Em éareas de floresta plantada, uma das caracteristicas estruturais mais importantes que
determina o crescimento é a densidade do povoamento, as plantas crescem até serem limitadas
pelos recursos (FORRESTER, 2014). Para uma determinada idade e local, o crescimento tende a
aumentar com a densidade do povoamento antes de chegar a um quase plat6é ap6s o pico de area
foliar (ZEIDE, 2004). Além da densidade de arvores, a distribuicdo diamétrica também possui
influéncia na produtividade. A produtividade € menor quando as classes diamétricas que
compdem a maior propor¢do do povoamento apresentarem baixas taxas de crescimento
(FORRESTER, 2014). E necessaria uma compreenso critica sobre a dindmica das florestas para
maximizar a ‘multifuncionalidade do ecossistema’ através dos servicos florestais e dos beneficios
aos usuérios (BROCKERHOFF et al., 2017).

Nesse sentido, o conhecimento da dinamica florestal pode contribuir para atender ao
principal objetivo das areas de reserva legal, que é conciliar a conservacdo da biodiversidade e o
uso sustentavel dos recursos naturais nas propriedades rurais (BRASIL, 2012). As reservas legais
podem ser utilizadas economicamente desde que a vegetacdo nativa seja mantida ou restaurada
(BRANCALION et al.,, 2016).Uma das alternativas promissoras de conservar florestas € a
exploragdo sustentavel de madeira e recursos florestais (LOPEZ; VILLALBA, 2015). As
florestas manejadas para a producéo sustentavel de madeira podem diferir em alguns aspectos das

florestas livres de atividades de exploracdo, no entanto, o0 manejo florestal sustentavel deve ser
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visto como uma alternativa ao desmatamento continuo e a degradacdo (FINEGAN, 2015). Nas
areas com manejo, a maioria das atividades aplica a técnica de extracdo seletiva em sistema
policiclico combinada com o conceito de exploracdo de impacto reduzido (EIR). No entanto,
estimativas da International Tropical Timber Organization (ITTO) indicam que 0 manejo florestal
da EIR ainda ndo pode ser considerado sustentavel, embora tenha sido implementado em quase
meio milhdo de hectares em regiGes tropicais (BLASER et al., 2006). Uma simulacdo a nivel
regional das taxas de recuperacdo do volume de madeira pos-exploracdo indicou que, com a
intensidade e duracdo dos ciclos atuais na Amazonia brasileira, a producdo de madeira podera ser
mantida por apenas um ciclo de colheita; e o regime de exploracdo mais sustentavel envolve a
extracdo de 10 m* ha™ a cada 60 anos (SIST et al., 2021). Os principais obstaculos observados
foram envolvendo técnicas e logistica da exploracdo madeireira; e do ponto de vista ecoldgico, a
falta de dados confiaveis sobre a idade das arvores e taxas de crescimento para determinar 0s
volumes méximos de exploracdo e ciclos de corte (FORTINI et al., 2015; EDWARDS et al.,
2014; SIST; FERREIRA, 2007).

No contexto da exploracao sustentavel de areas restauradas, outra questdo que deve ser
aprofundada é o papel da competicdo na producdo madeireira e a necessidade de inserir a
competicdo como fator adicional nas decisbes de manejo. Manter a producdo sustentavel de
madeira requer entender sobre as taxas de crescimento das espécies madeireiras, mas também
sobre a aplicacdo de tratamentos silviculturais como a eliminacdo de arvores competidoras
maiores para favorecer as imaturas que futuramente serdo colhidas (SMITH, 1997). Os
tratamentos de reducdo da densidade (desbaste) melhoram as condi¢Ges de luz, reduzem a
competicdo radicular e aumentam a disponibilidade de recursos com o aumento do espaco para
crescimento (PENA-CLAROS et al., 2002; COGLIASTRO; PAQUETTE, 2012). Arvores
beneficiadas pelo desbaste podem desenvolver sistemas radiculares individuais mais extensos ao
longo do tempo, aumentando assim sua capacidade de extrair dgua e nutrientes do solo
(WHITEHEAD et al., 1984, AUSSENAC; GRANIER, 1988).

No entanto, o desbaste também pode ter efeitos negativos nas relagdes arvore-ambiente,
pois intervencdes silviculturais que alteram as condi¢fes de luz também podem alterar outras
condigdes ambientais (por exemplo, temperatura e umidade do solo) (SOHN; SAHA; BAUHUS,
2016). Em povoamentos recentemente desbastados, maiores velocidades de vento e maior

penetracdo de radiacdo solar podem levar a uma maior transpiracdo e perda de agua por
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evaporacdo em comparagdo com povoamentos ndo desbastados (LAGERGREN et al., 2008,
BROOKS; MITCHELL, 2011). Na floresta tropical, se o desbaste for muito severo, pode haver
proliferacdo de lianas, arbustos ou ervas (FREDERICKSEN; MOSTACEDO, 2000). Alem disso,
com a abertura substancial do dossel, a regeneracdo pode consistir em grande parte de espécies de
arvores pioneiras ndo comerciais, que rapidamente desenvolvem e suprimem os individuos
menores (SABOGAL; NASI, 2005). A extensédo em que as operagdes de desbaste resultam em
danos colaterais indesejados e morte de arvores destinadas ao aumento da producdo também
precisa ser conhecida (DUNCAN; CHAPMAN, 2003).
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e We evaluated the effects of competition on wood volume and carbon stock of six commercially
important timber species in the Amazon.

e Competitive advantage increases wood volume and carbon stock of commercially important
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wood volume and carbon stock.

e Competition with larger trees leads to lower focal tree wood volume and carbon stock.
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Abstract

There is a global demand for ecological restoration. Economic sustainability is one of the main
obstacles to implementing large-scale restoration. Effective restoration plans and assertive
environmental management strategies are needed for reaching this scale of restoration, which
requires expanding the current knowledge. The essence of competition is that an individual can
influence the development of another individual in several ways, and these interactions have
structural effects on the community. Here, we explore competition among adult trees and its
effects on the wood volume and carbon stock of commercially important timber species in a 21-
year-old restoration stand in the Brazilian Amazon. We selected six tree species of commercial
interest (one exotic and five native to Brazil) and evaluated 10 individuals of each (focal trees).
Considering these trees as a reference, we also sampled neighboring competitor trees, which
could either have been planted in the past or regenerated naturally. We identified all sampled
trees to the species level, measured their diameters, determined their wood volume, and
quantified their carbon stocks. We also quantified and tested the effects of five competition
indices on the six sp growth in volume and carbon stock of the six species. We found significant
effects of competition variables on both the wood volume and the carbon stock of all species
studied. Wood volume and carbon stock are greater when the focal trees are at a competitive
advantage or when focal trees and competitors have similar basal areas. However, individual
wood volume and carbon stock are lower when competitors have larger basal areas than the focal
tree. Given the important role of competition in species’ ecological performances, we suggest that
competition should be included as an additional variable in decision-making processes for
sustainable forest management. Most studies describe competition as a simply effect of high tree
density and, often, silvicultural thinning is prescribed as its solution. But here we show that using
competitor tree diameter and distance from the commercial tree as thinning criteria has the

potential to optimize the expected outcomes.

Keywords: Carbon stock; wood volume; restoration ecology; biotic interactions.
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1. Introduction

Tropical forests comprise one fourth of the planet’s terrestrial carbon (C) stored in
aboveground vegetation biomass (AGB) and play an important role in climate regulation and
biodiversity maintenance (Cardoso et al., 2017; Mitchard, 2018). In the tropical zone, Brazil is
regarded as having the largest forest carbon stock (23-30%) whilst being the biggest carbon
emitter, having the Amazon Forest as its main carbon sink and carbon source (Harris et al. al.,
2012; Hansen et al., 2013). Even changes that are considered small at the regional scale in the
Amazon can have important impacts on the global climate (Barros and Fearnside, 2019). High
carbon emissions from the Amazon stem from several anthropogenic activities, such as
deforestation, land grabbing, gold smuggling, illegal logging, criminal forest fires, and pasture
demand, all of which result in the degradation of extensive areas (V De Sy et al., 2019; Klingler
et al., 2020; Rorato et al., 2020; Bullock et al., 2020).

The occupation of the Amazon began in the 1970s and, through time, revealed disastrous
results for disregarding the peculiar characteristics and dynamics of the forest (Stabile et al.,
2020). The Amazon was occupied based on traditional practices from southern and southeastern
Brazil, guided by the premise of adapting the landscape to accommodate the needs of early
farmers (Poccard-Chapuis et al., 2001). These initiatives failed to recognize that agricultural
suitability is uneven across the Amazon (Nepstad et al., 1999). As a consequence, most
agricultural development projects failed, leaving extensive and low-productivity livestock
farming as one of the few alternatives for settlers (Dias-Filho, 2011). Because livestock farming
requires new areas to compensate for the gradual losses that result from low productivity, farmers
tend to rely on deforestation to ensure its maintenance (Garcia et al., 2017). As a result, the
Amazon has now 7.2 million hectares of degraded land requiring restoration and legal protection,
according to current legislation (Soares-Filho et al., 2014).

Forest restoration is a strategy that simultaneously recovers degraded areas, removes CO,
from the atmosphere (Poorter et al., 2016), protects water resources, and generates biodiversity
co-benefits (Filoso et al., 2017; Bustamante et al., 2019). Global efforts have been made, in the
form of policies and commitments, to advance restoration and reforestation practices and reduce

global carbon emissions. These include international agreements such as the Bonn Challenge
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(2011), the New York Declaration on Forests (2014), and the Paris Agreement (2015). Although
ambitious national and global targets have been established, restoration protocols should be
tailored by region. Methodologies replicated from other regions might fail if they do not fit the
local environment and ecology (Rolim et al., 2019). Besides, the ecology of species occurring in
a local context is often unexplored, even though this kind of knowledge could potentially
improve restoration projects by facilitating legal compliance and increasing socio-economic
benefits (Rolim et al., 2014).

Forest restoration involves high implementation, maintenance, and monitoring costs.
Therefore, creating investment opportunities and embedding a source of income into restoration
projects are expected to encourage such initiatives (Brancalion et al., 2019). Brazilian forest
legislation (Brasil, 2012), for instance, allows the economic exploitation of restored areas if
sustainable management projects are approved by the relevant institutions. Therefore, restoration
approaches should provide investment prospects (e.g., carbon trading and timber sales) and other
positive outcomes, such as preventing species extinction risk and improving water supply
(Crouzeilles et al., 2021; Shoo et al., 2017). Selective timber logging is a potential source of
income for which there is already an established global market and growing demand (Putz et al.,
2012). And forest carbon trading, despite its potential to reduce greenhouse gas emissions, still
has a relatively small share in international markets due to uncertainties surrounding carbon
sequestration in forestry projects (van der Gaast et al., 2018).

One of the main challenges for leveraging forest carbon projects in international markets
is insufficient knowledge of the carbon storage capacity of individual tree species (IPCC, 2014).
Overall, at the community scale, planting a diverse set of species can increase productivity and
CO, fixation (Schnabel et al., 2019) due to reduced competition and increased facilitation
between species with different niches. This is known as the niche complementarity effect
(Forrester; Pretzsch, 2015). But at the individual tree scale, carbon stock is affected by often
overlooked biotic interactions between neighboring trees (Fichtner et al., 2017). At the individual
scale, competition is known for reducing the growth of competitively disadvantaged trees (Lasky
et al., 2014). Therefore, understanding the ecology of individual species is needed to reduce the
gap between the theoretical potential and the practical implementation of forest restoration
projects. In this context, robust silvicultural information enables the combination of financial

benefits and biodiversity gains (Lamb et al. 2005).
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Positive relationships between species, such as facilitation, play a more important role in
the structure and dynamics of communities inhabiting resource-limited environments (He et al.,
2013). On the other hand, in the Amazon, where resources are abundant and strong
environmental filters are absent, competition is a more important driver of community structure
(Rozendaal et al., 2020; Bertness and Callaway 1994). The competitive imbalance generated by
size asymmetry can limit photosynthesis and the growth of smaller individuals (Kothari et al.,
2021). Symmetric competition is the sharing of resources proportional to the sizes of individuals,
whereas asymmetric competition is the unequal sharing of resources, due to the greater
competitive advantage of larger individuals (Weiner, 1988). Competition for soil resources is
often seen as size-symmetric, based on the assumption that nutrient absorption is proportional to
plant size (Begon and Townsend, 2020). Conversely, competition for light is considered size-
asymmetric because taller trees have earlier access to light and limit the access of shorter
neighbors to this resource through shadowing, disproportionally to size (Schwinning and Weiner,
1998; Freckleton and Watkinson, 2001).

Competition also depends on the functional traits of plants, including their morphology,
their capacity to absorb soil water and nutrients, their capacity to absorb and use CO; in
photosynthesis, and, ultimately, their capacity to grow in wood volume and accumulate carbon
(Kunstler et al., 2016). Most studies on the importance of competition in restoration projects
focus on the seedling establishment phase (Bhadouria et al., 2017; Bhadouria et al., 2018). To our
knowledge, no study has yet delved into the impacts of ecological interactions between adult
trees on tree carbon stock or wood volume in forest restoration projects. There is still a lack of
general forest management principles for designing strategies that optimize tree survival and
growth. These types of studies can shed light on the financial potential that different species of
commercial interest have on forest restoration projects, be it from the perspective of ecosystem
service provision or income generation. Our approach is based on previously appointed
alternatives to leverage restoration by simultaneously promoting economic benefits and
biodiversity gains (Lamb et al., 2005; Brancalion et al., 2012).

Well-designed restoration aims to maximize biodiversity recovery to meet multiple
objectives (Di Sacco et al., 2021). This perspective motivates the advance of scientific knowledge
toward better designing and executing restoration projects which keep the forest standing,

conserve biodiversity, and generate high-quality goods and services. In this study, we quantify
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the wood volume and the carbon stock of trees belonging to five diameter classes and six
commercial timber species (10 focal trees by diameter class by species; n = 306) in a 23-year-old
restoration project in the Brazilian Amazon, analyzing the relationships between these trees and
their neighbors (competitors).

We analyzed competition through variables that describe differences in size and spatial
proximity between focal trees and competitors. Our main goals were: 1) to assess whether
competition drives tree wood volume and carbon stock of commercial species in restored areas in
the Amazon; ii) to observe potential differences in competition effects on different variables of
interest (wood volume and carbon stock) and for different species of interest. We discuss the role
of biotic interactions in restoration success from different perspectives (volume of marketable
wood vs. forest-stored carbon), considering their current and future importance for the success of

forest restoration policies and initiatives in the region.

2. Methods

2.1. Study area

The study area is located on the southern edge of the Brazilian Amazon in Fazenda Séo
Nicolau (09°51°17.8” S and 58°14°53.7” W), home to a reforestation project in Cotriguagu, Mato
Grosso state (Figure 1). The region is part of the biogeographic domain of the Amazon, where
tropical forests of Terra Firme and Terra Baixa are common, and areas with Seasonal Forests in
the higher portions of the landscape are also significant (IBGE, 2012). The climate is classified as
Koppen's Af (tropical rainforest climate, hot without dry season; Alvares et al., 2013), with an
average temperature of 24° C and average annual precipitation of 2034 mm, concentrated
between October and March (Noronha et al., 2015). The average altitude of the site is 297 meters
above sea level, with flat to slightly moderate terrain. The predominant soils are dystrophic Red-

Yellow Argisol characterized by base saturation <50% (dos Santos et al., 2018).

Fazenda S&o Nicolau is the home property of the project Pogo de Carbono Florestal
Peugeot — ONF (PCFPO; Peugeot Forest Carbon Sink project). The project began in 1998 as an

initiative from the car manufacturer Peugeot coordinated by the French state company ONF
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(French National Forest Office). It aimed to restore 2,000 hectares of degraded land with native
and exotic species to recover the local biodiversity, restore ecological functions, and store carbon.
The property has a total area of 10,000 hectares: 7,000 ha of native forest, 2,000 ha of reforested
pastures, and 1,000 ha of abandoned pastures and riparian vegetation. Planting began in 1999 and
continued annually until 2004. The reforested area is divided into 112 stands, two of which were
selected for our study whose planting spacing was 3 x 2 m. We assessed the conditions of the
restored vegetation and selected areas with (i) species with commercial potential, (ii) uniform

planting arrangements, (iii) high survival index, and (iv) viable access conditions.

S N L T—

,46

NVEOO a1 5\0

@ Studyarea
Amazon domain
[ Atiantic domain

I cerrado domain

- Pantanal domain

©

58°17'0"W 58°15'0"W 58°14'0"W

9°50'0"S
9°50'0"S

9°51'0"S

9°51'0"S

9°52'0"S
9°52'0"S

58°16'0"W 58°15'0"W 58°14'0"W

Coordinate System: SIRGAS 2000 ¢ 0,5 1 2 km
Datum: SIRGAS2000 I T TN SO Y T O W |

58°17'0"W




40

Figure 1: Geographic position of the Amazon region in South America (a), location of the study
area relative to other Brazilian biogeographic domains (Cerrado and Pantanal) (b), and the

satellite image of the study area (c).

2.2. Data collection

To estimate the amount of carbon stored in the planted areas, since 2003 the PCFPO
conducts annual forest inventories in a network of 46 permanent plots of 20 x 50 m. In each plot,
all trees that reach the inclusion criterion (root mean square diameter > 5 cm at 1.3 m above the
ground) are measured and identified. Following APG IV (Angiosperm Phylogeny Group, 2016),
the species are identified by specialists or by comparing vegetative and/or reproductive branches
with herbarium specimens.

We collected the competition data during the 2017 forest inventory. To assess tree
competition, we selected six commercial timber species. Five species native to Brazil: Cedrela
odorata L., Cordia alliodora (Ruiz and Pav.) Cham., Handroanthus heptaphyllus (Vell.) Mattos,
Handroanthus impetiginosus (Mart ex DC.) Mattos, and Schizolobium parahyba (Vell.) S. F.
Blake; and one exotic species: Tectona grandis L.f. (Table 1). To define the number of sample
trees, we followed the methodology proposed in the “Manual for building tree volume and
biomass allometric equations” by the Food and Agriculture Organization (FAQO). The trees were
selected by stratifying the forest stand into diameter classes and defining a number of trees
equally partitioned in each class (Picard et al., 2012). From the permanent plot inventory data
from previous years, we divided the trees of the six timber species into five diameter classes: |
(1.8-9.2 cm), 11 (9.2-16.5 cm), 111 (16.5-23.8 cm), 1V (23.8-31.2 cm), and V (31.2 — 38.6 cm). We
preselected 10 trees of each species in each diameter class as potential focal trees. In the field, we
assessed the quality of the stems by evaluating their potential use for timber. The final selection
of focal trees was guided by tree architecture, prioritizing those with straight trunks and free of
low-hanging branches.

During the forest inventory, we assessed and recorded stem quality, crown structure, and
interactions among the trees. We used these data to define competitor trees. ldentifying the
precise zone of influence of one tree over another for devising a competition index is a complex

task because root competition is diffuse and unpredictable. However, we were guided by the
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premise that aboveground competition is concentrated in the area occupied by the tree crowns in
the forest. Thus, we evaluated the crown-overlapping zone (growth zone) and selected competitor
trees according to the following aspects: i) crown contact between the focal tree and a
neighboring planted tree (either in the same planting row or between rows) that limits focal tree
growth and access to sunlight; ii) crown contact between the focal tree and a neighboring
regenerated tree (which emerged from natural regeneration) that limits focal tree growth and
access to sunlight; iii) no crown contact between the focal tree and a neighboring tree, either
planted or regenerated, located under the focal tree’s crown. We selected competitor trees for
each focal tree based on the combination of these aspects (Figure 2). We did not assess root

competition.

1) Competition with planting I1) Competition with natural
tree regeneration tree

COMPETITOR
TREE

FOCAL COMPETITOR
TREE TREE

FOCAL
TREE

I1) The neighboring tree is located in the focal tree's growing

COMPETITOR FOCAL
TREE TREE COMpETIOR

Figure 2: Criteria used to define competitor trees: i) crown contact between a planted competitor
tree and the focal tree, both in the same row; ii) crown contact between a regenerated competitor
tree and the focal tree; iii) no crown contact between a neighboring tree and the focal tree, but the

former influences the latter. Note: dist;;= distance between focal tree i and competitor tree j.

We recorded the geographic coordinates and the distances between focal and competitor
trees. We measured the diameter (equal to or greater than 10 cm at 1.3 m above the ground) and
the total height of competitor trees using a telescopic ruler and a hypsometer, respectively.

Overall, we sampled 306 focal trees belonging to six species and five families (Table 1). A total
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of 2,351 competitor trees were sampled: 1,787 planted trees (belonging to 15 species and 10
families) and 564 regenerated trees (belonging to 65 species and 30 families).



Table 1: Ecological characterization of the species selected for the study.
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N Wood Seed ]
_ Brazilian ) o ] _ Successional
Species Family Origin density dispersal o Reference
vernacular name classification
(g/cmd) syndrome
Zanne et al.,
) ) ) 2009; Hilje et
Cedrela odorata L. Cedro Meliaceae Native 0.34-0.66  Anemochory  Non-pioneer
al., 2015; Coll
et al., 2008;
) . ] Zanne et al.,
Cordia alliodora (Ruiz & Pav.) - ) ) _ -
ch Freijo Boraginaceae  Native 0.33-0.91 Anemochory Pioneer 2009; Hilje et
am.
al., 2015
Zanne et al.,
Handroanthus heptaphyllus X _ _ ) ) 2009; Hilje et
Ipé roxo Bignoniaceae  Native 0.81-0.92 Anemochory  Non-pioneer
(Vell.) Mattos al., 2015; Coll
et al., 2008;
Zanne et al.,
Handroanthus impetiginosus . _ _ ) ) 2009; Hilje et
Ipé rosa Bignoniaceae  Native 0.80 - 0.99 Anemochory  Non-pioneer
(Mart ex DC.) Mattos al., 2015; Coll

et al., 2008;
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Lobéo et al.,
2012; Barbosa
Schizolobium parahyba (Vell.) o ] _ and Pizo,
Parica Fabaceae Native 0.42 -0.51 Anemochory Pioneer
S. F. Blake 2006; Engel
and Parrota,

2001

Zanne et al.,
2009; Jansen
and Zuidema,
2001;

Tectona grandis L.f. Teca Lamiaceae Exotic  0.49-0.72 Zoochory Non-pioneer
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2.3. Variable obtention

Applying the Smalian formula through a non-destructive method, we measured
the wood volume of the 306 focal trees (Machado and Figueiredo Filho, 2006). This
was achieved by measuring the diameter at different heights along the standing tree (0.0
m; 0.3 m; 1.3 m; and continuously at every 2.0 m), using the optical dendrometer
Criterion RD1000.

To quantify the carbon stored in each tree, we first calculated above-ground
woody biomass using the pantropical equation proposed by Chave et al. (2014) through
the BIOMASS package (Réjou-Mechaine et al. 2017) in the software R (R Core Team
2020). This equation estimates above-ground woody biomass using tree DBH, species
average wood density from a global database (genus or family averages are used when
specific information is not available) (Zanne et al., 2009), and tree height. We estimated
the carbon stored in each tree by multiplying its estimated biomass by 0.456, suggested
by Martin et al. (2018) as the mean carbon concentration in the tissues of tropical
angiosperms.

We calculated five competition indices to synthesize competition effects
between focal and competitor trees: IC 1; G_dist; G_dist_G; N comp; and % planting
(Table 2). These indices were used as explanatory variables in the models described in

the following section.

Table 2: Sources and mathematical formulas of the explanatory variables used in this

study.

Competition | Formula Description Reference
index

IC1 Relationship between | Lorimer (1983)

focal tree diameter and
average diameter  of

; competitor trees. The

IC1 =—

QU
3 Qu

higher the index value,
the greater the
competitive advantage of

the focal tree.
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G_dist Relationship between | Lorimer (1983)

d

SA; competitor tree sectional
G_dist = Z - o
ist;j | area and its distance from

the focal tree.

G_dist_G Relationship between the | Wimberly e
G dis G cross-sectional area of a | Bari (1996)

z SA; focal tree and its distance
B diStdom

from larger-diameter

competitor trees.

N comp n Number of competitor | -

trees of each focal tree.

% planting %p Percentage of planted | -
competitor trees.

Note: d; = focal tree diameter; d, = mean diameter of competitor trees; SA; = cross-
sectional area of competitor trees; distj = distance between the focal tree and a
competitor tree; distdom = distance between the focal tree and a competitor tree with a
larger cross-sectional area; n = number of competitor trees; % p = percentage of planted

competitor trees.

2.4. Data analysis

We used generalized linear models (GLM) to assess the role of competition
indices (ClI 1, G_dist, G_dist_G, N comp, and % planting) on the volume and the carbon
stock of focal trees belonging to each of the six timber species. For each response
variable (five variables per species), we built a global model containing all explanatory
variables without interactions. From each global model, we extracted all possible
submodels that only contained variables with pairwise correlations below |0.6]. We then
ranked the submodels in ascending order based on the Akaike Information Criterion
(AIC), selecting those with a AAIC equal to or lower than 2 compared to the top-
ranking submodel (AIC = 0) (Burnham et al. 2011). We submitted the selected
submodels to multi-model inference (Burnham et al. 2011), using the model.avg
function of the MuMIn package (Barton, 2009). This function returns the average
coefficients of the explanatory variables and their significance values. We used

Gaussian family distribution for the response variables and ensured that assumptions of
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residuals normality and homoscedasticity were met. All global models were tested for
(and showed no) spatial autocorrelation according to the correlog function of the ncf
package (Bjgrnstad, 2008). All analyses were conducted in R v. 4.0.3 (R Core Team,
2021).

3. Results

3.1. Description of the samples and variables used in the study

The highest average values of basal area (Figure 3), wood volume, and carbon
stock were attained by the focal trees of the species Schizolobium parahyba, Cedrela
odorata, and Tectona grandis (Table 3). The highest averages of the competition
indices were attained by the species Schizolobium parahyba, Handroanthus

impetiginosus, and Cedrela odorata (Table 3).

Tectona grandis{ | F—— 0.045
Schizolobium parahybay I : 0.141
Handroanthus impetiginosus{ = 0.03
Handroanthus heptaphyllus{ = 0.018
Cordia alliodoral = 0.022
Cedrela odoratal (& 0.043

0.0 0.1 0.2 0.3 0.4
Average basal area (m?)

Figure 3: Average tree basal area by species (m?) in a restoration area in the Brazilian
Amazon. The numbers indicate sample means and the bars indicate sample standard

deviations.
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Table 3: Means and coefficients of variation (CV%) of the variables used in the study.

. No. of Volume  Carbon . G_dist_ %plant
Species IC1 G_dist N comp )
trees (m3) (ton) G ing
Cedrela 51 Mean 0.253 0.101 1.381 0.056 0.024 8.039 76.390
odorata cVv 92.31% 97.02% 51.21% 53.45% 83.23%  29.53% 21.92%
Cordia 0 Mean 0.129 0.049 1.309 0.036 0.021 7.200 72.543
5
alliodora cVv 92.02% 94.83% 66.61%  40.38% 92.38%  31.62% 30.57%
Handroanthus 51 Mean 0.161 0.055 1.501 0.045 0.026 7.980 65.957
impetiginosus cVv 89.04%  93.05% 63.40% 36.16% 72.73%  39.90% 30.26%
Mean 0.095 0.035 1.141 0.039 0.026 8.151 68.185
Handroanthus
53 104.71
heptaphyllus cVv 98.80% o 62.61%  40.40% 55.54%  35.06% 26.56%
0
Mean 1.398 0.451 1.610 0.097 0.028 8.745 90.481
Schizolobium
51 131.03
parahyba cVv 87.40%  90.20% 50.57%  80.22% o 29.80%  13.29%
0
Mean 0.358 0.134 0.987 0.066 0.044 5.900 95.081
Tectona
] 50 129.63
grandis. cVv 75.18%  54.42%  38.70%  75.78%  20.61% 11.67%

%

Note: IC1 1 = ratio between focal tree diameter and mean diameter of competitor trees;
G_dist = sum of the ratios between focal tree basal area and distance from competitor
trees; G_dist G = sum of the ratios between focal tree basal area and distance from
larger-diameter competitor trees; N comp = number of competitor trees; % planting =

proportion of planted competitors.

3.2. Competition effects on wood volume and carbon stock

We found significant effects of the competition variables on the wood volume
and the carbon stock of the six species analyzed (Table S1; Figs 3, 4, and 5). Overall,
the variables IC 1, G_dist, and % planting had a positive effect on the response
variables, whereas G_dist_G had a negative effect on them. This indicates that the wood
volume and the carbon stock of the focal species are higher when (i) the focal trees have
a competitive advantage over neighboring competitors (i.e., a positive relationship with
competitor basal area) and (ii) planted competitors predominate (i.e., fewer regenerated
competitors). However, if the basal area of a focal tree was lower than its competitors’,
focal tree wood volume and carbon stock tended to be lower than otherwise (Table S1;
Figs 3, 4, and 5).
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a) Cedrela odorata - Volum  b) Cedrela odorata - Carbon

IC 1

G_dist

G_dist_ G

N comp

% planting I

-2 -1 0 1 2 -050 -025 000 025 050
Effect size Effect size

c) Cordia alliodora - Volum d) Cordia alliodora - Carbon

IC1
G_dist
G_dist G
N comp
% planting
-2 -1 0 1 2 -1 0 1
Effect size Effect size

Figure 4: Estimates of the parameters of explanatory variables selected in the models
for tree wood volume and carbon stock of Cedrela odorata (a and b) and Cordia
alliodora trees (c and d). Note: IC1 1 = ratio between focal tree diameter and average
diameter of competitor trees; G_dist = sum of the ratios between focal tree basal area
and distance from competitor trees; G_dist G = sum of the ratios between focal tree
basal area and distance from larger-diameter competitor trees; N comp = number of

competitor trees; % planting = proportion of planted competitors.
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a) H. impetiginosus - Volum  b) H. impetiginosus - Carbon

IC 1;
G_distj
G_dist_Gs
N compf
% plantingj . .
-2 -1 0 1 2 -2 -1 0 1 2
Effect size Effect size

c) H. heptaphyllus - Volum d) H. heptaphyllus - Carbon

IC 17
G_dist]
G_dist_G
N compf
% plantingj . .
-2 -1 0 1 2 -2 -1 0 1 2
Effect size Effect size

Figure 5: Estimates of the parameters of explanatory variables selected in the models
for tree wood volume and carbon stock of Handroanthus impetiginosus (a and b) and
Handroanthus heptaphyllus trees (c and d). Note: IC1 1 = ratio between focal tree
diameter and average diameter of competitor trees; G_dist = sum of the ratios between
focal tree basal area and distance from competitor trees; G_dist G = sum of the ratios
between focal tree basal area and distance from larger-diameter competitor trees; N

comp = number of competitor trees; % planting = proportion of planted competitors.
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a) S. parahyba - Volum b) S. parahyba - Carbon
IC 1;
G_dist]
G_dist_Gy
N compf
% plantingj
-1 0 1 -1 0 1
Effect size Effect size
c) Tectona grandis - Volum  d) Tectona grandis - Carbon
IC 17
G_dist;
G_dist_Gj
N compf
% plantingj
-1 0 1 -1 0 1
Effect size Effect size

Figure 6: Estimates of the parameters of explanatory variables selected in the models
for tree wood volume and carbon stock of Schizolobium parahyba (a and b) and
Tectona grandis trees (c and d). Note: IC1 1 = ratio between focal tree diameter and
average diameter of competitor trees; G_dist = sum of the ratios between focal tree
basal area and distance from competitor trees; G_dist_ G = sum of the ratios between
focal tree basal area and distance from larger-diameter competitor trees; N comp =

number of competitor trees; % planting = proportion of planted competitors.
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4. Discussion

4.1. Evidence of competition

The competitive advantage enabled by the greater relative size of focal trees
revealed an expected response given the tree size hierarchy, with focal trees attaining
greater volume and stocking a greater amount of carbon (Pommerening et al., 2018;
Fernandez-Tscheieder et al., 2018). Because the relationship between the size of
competitor trees and distance from the focal trees positively affected focal tree volume
and carbon stock, it can be inferred that competition intensity can also favor timber
production and carbon accumulation. On the other hand, spatial proximity to larger trees
can be an obstacle for resource obtention by smaller trees, suggesting asymmetric
competition. Thus, our results support the hypothesis that, in the absence of structural
changes determined by silvicultural treatments, self-thinning, or natural disturbances,
growth dominance can lead to asymmetric competition (Norden et al., 2015; Soares et
al., 2017; de Oliveira et al., 2019).

4.2. Implications for competition management in different managed or silviculturally
treated forest systems

In asymmetric competition, superior competitors appropriate the space and
resources that would otherwise be available and hamper the establishment of later-
emerging plants (Begon and Townsend, 2020). The effect of asymmetric competition
has also been reported in old restored forests in the Brazilian Atlantic Forest, where the
presence of large persistent trees has been reducing the recruitment of smaller
individuals into the higher diameter classes (Suganuma e Durigan, 2015; de Oliveira et
al., 2019; de Oliveira et al. 2021). This is a worrisome aspect of competition because
other than being essential for the self-sustainability of a forest, recruitment also ensures
the long-term sustainability of logging cycles, which is one of the few economic
activities allowed by the Brazilian legislation in areas of restricted use (Castro et al.
2021; Zambrano et al., 2014; Brasil, 2012; Schulze, 2008). In these cases, thinning is
probably the best alternative for increasing timber production whilst reducing the
pressure of competition on smaller trees and promoting recruitment (Ares et al. 2010; de
Avilaetal., 2017).
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Throughout forest succession, intense competition tends to shift size distribution
to the left, resulting in numerous small trees and few large trees (Oldeman, 1983,
McDowell et al., 2020). The distribution of total biomass among individuals also
becomes more unequal (Weiner, 1990). In this sense, competition affects tree
community structure (Picard, 2019). Since size distribution in the “inverted J” curve is
the basis of sustainable management of uneven-aged forests (for representing the future
of the resources of interest), the role of competition in diameter distribution should be
investigated under different approaches. The management practices employed in the
current timber logging regimes in the Amazon Forest require substantial changes.
According to recent evidence, areas under forest concession will not be able to meet
future demands without alternative sources of timber in restoration plantations
(according to the current regulation for selective logging, the intensity varies between
10 and 30 m3 ha-1 year-1 in cycles of 20 to 35 years) (Sist et al., 2021; PiPoniot et al.,
2019; Schwartz et al., 2015; Brasil, 2012; Sist and Ferreira, 2007; Phillips et al., 2004;
Alder and Silva, 200; Amaral et al., 1998).

One of the obstacles to wood volume recovery after selective logging is that
timber species undergo competition from other trees and lianas (Finegan, 2015). In
reduced impact logging (RIL) — a set of optimized guidelines for timber extraction in
selectively logged natural forests — liana cutting is a silvicultural treatment frequently
prescribed to reduce damages to the forest stand and promote tree growth by reducing
competition and increasing light availability for the remaining tree crowns (Finegan,
2015; Mills et al., 2019). However, post-logging interventions are also needed to foster
the recruitment and growth of future crop trees (FCTSs; trees expected to be harvested in
the next logging cycle) (Hu et al., 2020; Bastin et al., 2018; Dauber et al., 2005;
Villegas et al., 2009). Our results suggest that competition management should consider
the removal of competitor trees that are larger than the FCTs (Kubler et al. 2020;
Huffman et al., 2017; Olson et al., 2012). Eliminating competitor trees, especially ones
that do not belong to commercial timber species or ones with inadequate form, can
promote the growth of focal trees (Kibler et al. 2020; de Graaf, 1991).

In managed forests, competition is often reduced to tree density, and most
assessments evaluate the effect of different thinning intensities (Hu et al., 2020; De
Oliveira et al., 2021). Early removal of trees that would likely die due to overcrowding
is one of the most common silvicultural interventions. For example, in high-stocking

agroforestry systems with Tectona grandis (> 1000 trees ha™), thinning is recommended
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before the beginning of competition five years after planting (Pachas et al., 2019;
Zahabu et al., 2015). Thinning employment techniques vary largely in terms of type and
degree of intervention, and an adequate thinning regime can optimize the compensatory
growth effect (Schitz et al., 2015). However, for optimized forest management, we
suggest that, other than thinning intensity, the decision of which trees should be
removed should consider competitor tree diameter and distance from the commercial
trees.

For some species, competition with regenerated competitors resulted in a lower
wood volume and lower carbon stock, compared to competition with planted
competitors. This was the case for Handroanthus species, which had lower growth in
wood volume and carbon stock, and for Cedrela odorata, Schizolobium parahyba, and
Tectona grandis, which had lower growth in wood volume near regenerated
competitors. This finding indicates that the focal trees of these species are more
productive if they compete with other planted trees, instead of naturally regenerated
ones. Controlling natural regeneration seems counterintuitive given the general
understanding of its relevance for restoration success and forest resilience (Suganuma
and Durigan, 2015). Research on the long-term benefits of intervening in natural
regeneration near focal trees can contribute to guiding specific prescriptions for this
practice, towards increasing the productivity in restored areas.

Although demonstrably effective, treatments prescribed to increase the
productivity of timber species are rarely applied in the field (Ruslandi et al., 2017).
There is a general understanding that all trees have a potential value and that
silvicultural thinning is perceived by farmers as a waste, besides the concern with
treatment application costs (Newby et al., 2012). In reforested areas where thinning is
not expected to be employed, the viability of wider planting spacing, like4 mx4 mor5
m X 5 m, should be analyzed during the planning phase (Zahabu et al., 2015). Tree
volume production increases with increasing spacing and potentially reduces the time
required for commercial logging (Pachas et al., 2019; Tun et al., 2018). Particularly, the
diameter of Tectona grandis is negatively affected in high-density plantings with other
tree species, as a result of light competition and, to a smaller extent, nutrient
competition (Pachas et al., 2019; Lamb e Borschmann, 1998; Kuehne et al., 2013). It
would be beneficial to investigate the optimal spacing for restoration plantations aiming

toward sustainable logging (Andrade et al., 2019).
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4.3. Remarks and limitations

This study does not have information on the effect of spacing among trees and
stand-level competition. We focused our analyses on specific trees. However, we
showed that including competition as an additional variable in the decision-making
process in forest management has the potential to increase the volume and the carbon
stock of commercial timber species in forest restoration areas in the Amazon. Our
results show the importance of regarding competition in terms of competitor tree
diameter and distance from the commercial trees to advance timber production. This
approach can provide a basis for optimized forest management, mainly because it offers
insight into more assertive forest interventions. It is beyond the scope of this paper to
evaluate the socio-economic sustainability of the production scenarios tested. This
perspective needs to be clarified in studies about the lucrative potential of carbon or

timber trading in managed forest restoration sites.
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Figure S1: Distribution per species of focal trees in size classes, by species,
sampled in a restored area in the Brazilian Amazon.
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Table S1: Estimates e p-values from the multi-model average results for each specie and variable (volume — vol; and carbon stock — carbon).
Cells empty represents results in which the variable were not select and thus has no effect. Cells filled with orange represent significative positive
effects, while cell filled with green represents significative negative effects.

Species var IC1 G _dist G dist G N comp % plantio

P Est p-value Est p-value Est p-value Est p-value Est p-value

Cedrela odorata L Vol 139 0001 041 0001 -005 0812 037 0015
' Carbon 0.05 0001 005 0001 -0.03 0.023 0.00 0.925

T . Vol 037 0055 087 0009 -138 0001 -013 0427 016 0297
Cordia alliodora (Ruiz & Pav.) Cham. Carbon 054 0012 119 0332 -1.36 0.001 022 0.141
. Vol 092 0001 076 000l -037 0057 042  0.001
Handroanthus impetiginosus (Mart ex DC.) Mattos - " 191 0001 078 0001 -0.29 0.203 050 0.001
Vol 162 0001 089 0001 -037 0309 051 0.001

Handroanthus heptaphyllus (Vell.) Mattos Carbon 1.91 0001 099 0001 -0.33 0.416 0.62 0.001
T Vol 110 0001 017 0026 -029 0011 036 0.023
Schizolobium parahyba (Vell.) S. F. Blake Carbon 120 0001 020 0040 -0.33 0.018 020 0.321
Vol 092 0001 090 0001 -049 0.002 044 0.047

Tectona grandis L. Carbon 0.78 0.001 1.06 0.001 -0.61 0.001 0.31 0.088
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5. CONSIDERACOES FINAIS

Esta pesquisa contribui para alcancar metas de restauracdo bem-sucedidas através da
construcdo de conhecimento técnico e cientifico sobre os efeitos da competicdo na producdo de
duas potenciais fontes de receita: volume de madeira e estoque de carbono. A compreensao de tais
efeitos traz bases para 0 manejo de areas restauradas e pode aumentar os ganhos financeiros.
Encontrar solugdes para a reducéo de custos € um grande obstaculo para os paises investirem em
restauracdo florestal em grande escala. Ressaltamos que as iniciativas de restauracdo devem ter um
objetivo claro e serem adaptadas a realidade local. Embora ofereca pressupostos cientificos sobre o
manejo da competicdo com vistas a aumentar os ganhos, este trabalho ndo avalia os aspectos
socioecondmicos dos cenarios testados. Os proximos estudos podem ajudar a esclarecer qual via de
investimento é mais lucrativa: comércio de créditos de carbono ou comercializacdo de madeira.
Essas informacgdes fomentam o desenvolvimento de abordagens diversificadas para a restauracdo

(madeira, carbono, biodiversidade, cultural).



