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Sinopse

Nesta tese investigamos como os filtros ambientais alagamento sazonal e
propriedades do solo determinam a estrutura funcional de florestas alagaveis
amazonicas. Foram usados dados de comunidades para comparar a Composi¢éo
funcional entre florestas de varzea e igapd, e entender as respostas funcionais da
vegetacao em relacdo a gradientes hidricos e edaficos, dados de pares
congenéricos para entender a influéncia do habitat na divergéncia de atributos em
espécies filogeneticamente préximas, e dados de espécies para entender a relacdo
da densidade da madeira entre diferentes partes da planta.

Palavras-chave: 1. Atributos funcionais. 2. Gradientes ambientais. 3. Solos. 4.

Alagamento sazonal. 5. Florestas tropicais.
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RESUMO

Entender a estrutura das comunidades vegetais € essencial para fazer predi¢des ecoldgicas
frente as mudancgas ambientais. Como as florestas alagaveis tropicais sdo um alvo crescente dos
impactos antropicos, elas necessitam de mais estudos para fundamentar estratégias eficazes para
sua conservacdo. Nesta tese investigamos a estrutura funcional de comunidades arbéreas de
florestas alagaveis de varzea e igap0d de aguas pretas da Amazoénia Central, em relagdo ao
alagamento sazonal e as propriedades do solo. As propriedades do solo foram bons preditores da
variacao dos atributos funcionais, diferenciando as estratégias ecoldgicas entre as comunidades de
varzea e igap0. As comunidades de varzea se caracterizaram por possuirem valores de atributos
relacionados ao melhor uso e captacdo dos recursos e um crescimento rapido, enquanto que as
comunidades do igap6 se caracterizaram por possuirem valores de atributos para melhor
conservacdo dos recursos, desenvolvimento de tecidos mais resistentes e, consequentemente,
crescimento mais lento. Surpreendentemente, o nivel e a duracdo do alagamento tiveram pouca
influéncia na variagdo dos atributos, mesmo entre as comunidades com o mesmo tipo de solo. N6s
também encontramos que a diferenciacdo dos atributos funcionais entre varzea e igap6 ocorre
mesmo entre espécies filogeneticamente proximas, com o mesmo padrdo de diferenciacdo entre as
estratégias aquisicdo versus conservacdo de recursos, indicando a ocorréncia do processo de
especializacdo do habitat. Nossos resultados também mostraram que o atributo densidade da
madeira difere entre o caule e 0 ramo, tanto nas varzeas quanto nos igapds, em comparacdo com a
terra firme. Isto sugere a existéncia de estratégias ecoldgicas relacionadas a caracteristicas abidticas
especificas atuando sobre a comunidade arbérea dos ecossistemas alagaveis. Podemos concluir
com nossos resultados, que as propriedades do solo em escala local séo fatores determinantes na
estruturacdo funcional das comunidades de arvores das florestas alagaveis, e sdo responsaveis pela
diferenciacdo na composicdo de espécies e nas estratégias ecologicas entre estas comunidades,
contribuindo para o aumento da diversidade de espécies em florestas alagaveis na Amazonia. NOs
recomendamos que as estratégias para conservacgdo das florestas alagaveis devam ser elaboradas

para cada tipo de floresta, considerando suas diferencas funcionais.



FUNCTIONAL STRUCTURE OF TREE COMMUNITIES OF FLOODPLAIN
FORESTS IN CENTRAL AMAZONIA

ABSTRACT

Understanding the structure of plant communities is essential to make ecological predictions about

environmental changes. As tropical floodplains are a growing target for anthropogenic impacts,
they require further studies to support effective conservation strategies. In this thesis, we
investigated the functional structure of tree communities of varzea and igap6 floodplain forests in
Central Amazonia, in relation to seasonal flooding and soil properties. Soil properties were good
predictors of functional traits variation, differentiating ecological strategies between vérzea and
igap6 communities. Varzea communities were characterized by trait values related to a better use
and acquisition of resources and a fast growth, while igapé communities were characterized by trait
values related to a better conservation of resources, development of persistent tissues and,
consequently, slow growth. Surprisingly, flooding level and duration influenced little traits
variation, even within communities with the same soil type. We also found that traits differentiation
between varzea and igapd occurred even between species phylogenetically related with the same
pattern of differentiation among the strategies of acquisition versus conservation of resources,
indicating the process of habitat specialization. Our results also showed that the attribute wood
density differs between the stem and the branch, both in the varzea and igapds, compared to the
terra firme. This suggests the existence of ecological strategies related to specific abiotic conditions
acting on the arboreal community of floodplain ecosystems. Based on our results, we conclude that
soil properties in local scale are determinant factors for functional structure in tree communities of
floodplain forests, and are responsible for the differentiation in species composition and ecological
strategies between these communities, contributing to the increase in species diversity in
Amazonian floodplain forests. We recommend that the development of ecological strategies for
floodplain forests conservation should be prepared for each forest type, considerating their different

functions.

Vi
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INTRODUCAO GERAL

As florestas tropicais, como a Amazonia, sdo ambientes altamente biodiversos que
vivenciam uma alta pressdo antrépica, que cresce tanto em escala quanto em intensidade
(ASSESSMENT, 2005; MALHI et al., 2008; NOBRE et al., 2016). A alteracdo na cobertura
vegetal, somada a outros fatores, tais como a poluicdo e o aquecimento global, tém grandes
consequéncias para 0s organismos e para o0s ecossistemas (ASSESSMENT, 2005; FOLEY et al.,
2005). Uma das principais consequéncias das mudancas ambientais € a perda de espécies,
principalmente pelas alteracdes ou perda dos habitats naturais (PIMM; RAVEN, 2000). Uma vez
que a biodiversidade € considerada uma das forcas principais que influencia a dindmica dos
ecossistemas, a perda de espécies pode ser um ponto crucial na manutencdo do equilibrio dos
ambientes naturais (HOOPER et al., 2012). Nesse sentido, entender como as espécies respondem
as caracteristicas abioticas do ambiente e como isso determina a formacdo das comunidades
biol6gicas € a base para predizer quais serdo as respostas das espécies e das comunidades frente a
mudangas ambientais e, assim, desenvolver planos para a conservacao dos ecossistemas. Para lidar
com este cenario, € necessario o desenvolvimento de conhecimento cientifico acerca da dindmica
das comunidades bioldgicas, e de sua interacdo com o meio abidtico.

Na Amazénia, as florestas alagaveis (glossario) cobrem grande parte da bacia amazénica
(JUNK et al., 2011; MELACK; HESS, 2010). As florestas alagaveis sujeitas a um pulso de
inundacdo monomodal e previsivel, permanacem alagadas durante meses ao longo do ano, gerando
uma complexa rede de relacdes entre 0 ambiente aquatico e a vegetacao terrestre adjacente. Apesar
de sua grande extensdo e importancia, ainda existem lacunas acerca de como a vegetacao arbdrea
destas florestas ird responder frente @ mudancas ambientais, tais como eventos extremos de secas
e cheias, ocasionados pela alteracéo no ciclo hidroldgico em resposta ao avanco do desmatamento
e das mudangas climaticas (MARENGO; ESPINOZA, 2016).

Os principais efeitos do alagamento sazonal para as florestas sdo a falta de oxigénio
disponivel no nivel de raiz das plantas, e a imposi¢éo de limitacbes para 0 seu estabelecimento,
crescimento e reproducdo durante a fase alagada (PAROLIN et al., 2004). Para lidar com estas
condicOes, as arvores que habitam estes ecossistemas possuem um conjunto de caracteristicas
(atributos) e estratégias ecoldgicas. Por exemplo, a respiracdo anaerobica, a produgdo de raizes

adventicias e lenticelas hipertrofiadas e o desenvolvimento de aerénquima, auxiliam na obtencéo
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de oxigénio (LOBO; JOLY, 1998; PAROLIN, 2012). As folhas das arvores geralmente apresentam
caracteristicas consideradas xeromorficas, que sdo importantes para lidar com o estresse hidrico
durante a fase terrestre, como a presenca de parede celular e cuticula espessa (PAROLIN et al.,
2004). As espécies também sincronizam a producdo de folhas e sementes com o alagamento. A
deciduosidade das folhas durante a cheia permite a reducdo do gasto energético, por meio de um
estado de dorméncia ou de um crescimento mais lento durante a fase alagada (PAROLIN et al.,
2002; SCHONGART et al., 2002). Ja os frutos amadurecem durante a cheia, e as sementes sio
liberadas e germinam quando o nivel da agua desce e as condi¢des se tornam favoraveis, neste
caso, as sementes apresentam viabilidade mais longa, podendo permanecer submersas ou flutuando
na agua até a fase seca (LOPEZ, 2001; PAROLIN et al., 2004). Outras espécies germinam na agua,
reduzindo, assim, o tempo de crescimento durante a fase terrestre (FERREIRA et al., 2010). Além
da dispersdo pela &gua, as sementes também sdo dispersas pelo vento e por varias espécies de peixes
(WEISS; ZUANON; PIEDADE, 2016).

Os principais tipos de florestas alagaveis sdo denominados de varzea e igapo, e estdo
relacionados as caracteristicas hidroldgicas e quimicas das aguas dos rios que as inundam (SIOLI,
1984). As diferencas nas caracteristicas das aguas dos rios interferem na quantidade de nutrientes
disponiveis no solo e, consequentemente, ha composicao de espécies e na estrutura da vegetacéao,
diferenciando estes dois tipos de floresta (JUNK et al., 2011; PRANCE, 1979). As florestas de
varzea sao aquelas inundadas por aguas brancas (barrentas), como o rio Solimdes, que carregam
sedimentos dos periodos Terciario e Quaternario, de origem Andina e Pré-Andina (JUNK et al.,
2011; SIOLI, 1984). Estes sedimentos sao ricos em minerais argilosos que possuem alta capacidade
de troca ibnica, o que torna os solos férteis, quando comparados aos solos dos igap6s (KARIN
FURCH, 1997). A média de inundacdo na varzea é de 7,5 metros de profundidade, o que
corresponde a aproximadamente 230 dias de alagamento por ano. Outra caracteristica importante
da paisagem de varzea é o alto dinamismo e migracdo dos canais do rio, que leva a erosao e
sedimentac&o das areas, resultando em uma dindmica sucessional rapida. Esse dinamismo da varzea
leva a formacdo de pequenos mosaicos de paisagem em escala reduzida, resultando em habitats
variados com diferente elevacdo e substratos, que podem ser distinguidos pela diferenca na
composicdo floristica e estrutura da vegetacdo (JUNK et al., 2011; WITTMANN; JUNK;
PIEDADE, 2004). Isto somado a alta fertilidade do solo contribui para uma alta diversidade de

espécies. As florestas de varzea sdo as florestas alagaveis mais ricas em espécies de arvores do
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mundo (WITTMANN et al., 2006); muitas das espécies sao compartilhadas com as espécies de
florestas de terra-firme, mas ha um alto endemismo de espécies que sdo adaptadas ao alagamento
periodico (WITTMANN et al., 2013).

As florestas de igapd sdo aquelas inundadas por rios de &guas pretas ou claras (neste estudo,
consideramos apenas igapds de aguas pretas), como o rio Negro, que carregam sedimentos do
periodo Terciario, com origem no Escudo da Guiana e do Escudo Central Brasileiro (SIOLI, 1984).
Estas dguas sdo pobres em sedimentos em suspensdo, que carregam uma menor quantidade de
nutrientes e uma maior concentracdo de acidos hulmicos e fulvicos, e os solos das planicies
alagaveis associadas sdo caracterizados por baixa fertilidade e elevada acidez (JUNK et al., 2015;
KARIN FURCH, 1997). Em comparacao com a varzea, as planicies de inundacao dos igap0s sdo
mais estaveis, pois possuem menor quantidade de sedimentos em suspensdo, leitos arenosos e
menor velocidade de corrente (JUNK et al., 2015). A inundacdo no igap6 pode chegar a 9,0-9,5
metros, o que corresponde a 280-290 dias de alagamento por ano. No geral, os igapds sao menos
ricos em espécies arbdreas comparados as varzeas, e compartilham mais espécies com as
campinaranas e savanas amazonicas (JUNK et al., 2011, 2015).

As florestas alagéveis apresentam, portanto, dois principais filtros ambientais que
influenciam as comunidades vegetais: o alagamento sazonal e as caracteristicas edéaficas. Os filtros
ambientais sdo um dos principais processos envolvidos no desenvolvimento das assembleias de
comunidades vegetais, pois selecionam as espécies e individuos que possuem caracteristicas
(atributos funcionais; ver glossario) que permitem sua sobrevivéncia, crescimento e reproducéo em
condicdes abidticas especificas (KEDDY, 1992). Caracteristicas ambientais como nutrientes do
solo, topografia, disponibilidade de agua, incidéncia de luz, entre outros, sdo reconhecidos como
determinantes para a ocorréncia, distribuicdo e coexisténcia de muitas espécies de plantas
(SILVERTOWN, 2004), e atuam nos diferentes estagios de vida dos vegetais, desde 0s processos
de germinagdo das sementes, estabelecimento e desenvolvimento dos individuos jovens, até a
persisténcia e a reproducdo durante a fase adulta.

Somado aos filtros ambientais abidticos, as interagdes bioticas também possuem um papel
fundamental no desenvolvimento das assembleias de comunidades vegetais. Quando 0s recursos
se tornam limitantes, a competicdo entre os individuos e espécies aumenta. Outros fatores como a
presenca de patdgenos e/ou herbivoros também aumentam 0s processos competitivos em uma
comunidade (GRIME, 1974; TILMAN, 1990). Além de capacidade de captacdo de recursos em
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determinadas caracteristicas ambientais, a presenca de estratégias complementares em relacdo as
outras espécies também colabora para o sucesso das espécies. A hipotese do ‘Limite de
Similaridade’ (MACARTHUR; LEVINS, 1967) prediz que diferencas nas caracteristicas e
estratégias de captacdo de recursos e defesa podem auxiliar na captura de recursos ainda ndo
utilizados e diminuir os impactos ocasionados por herbivoros e patégenos.

Ambos os processos, filtro ambiental e limite de similaridade, contribuem para o
desenvolvimento das comunidades vegetais ao longo de gradientes ambientais. Quando o filtro
ambiental é o processo predominante na determinacdo do sucesso das espécies, espera-se que
poucos atributos funcionais similares e que melhor respondem ao filtro ambiental sejam
dominantes na comunidade. Por outro lado, se o limite de similaridade € o processo determinante
no sucesso das espécies, espera-se que atributos funcionais complementares (divergéncia de
atributos) sejam dominantes, permitindo a coexisténcia das espécies (GRIME, 2006).

As barreiras geograficas e os limites de dispersdo sempre foram descritos como processos
chave na formacéo das comunidades vegetais, pois sdo o0s primeiros fatores que determinam o pool
de espécies regional. Muitos autores tém demonstrado, entretanto, que as caracteristicas do
ambiente possuem papel fundamental para a manutencao da alta diversidade de espécies presente
em florestas tropicais (CONDIT etal., 2012). Devido a alta heterogeneidade ambiental das florestas
tropicais, mudancas abidticas em escala local levam a um processo de especializacdo das espécies
em funcdo de atributos que favorecem cada microhabitat, 0 que aumenta a coexisténcia das espécies
e, consequentemente, aumenta a diversidade (FINE, 2004; SVENNING, 1999; VALENCIA et al.,
2004). Este processo tem sido importante para entender a estruturacdo de comunidades vegetais
biodiversas como a Amazonia, e ressalta a importancia da atuacdo dos filtros ambientais nos
atributos funcionais das espécies e comunidades vegetais.

Os atributos funcionais sdo elementos chave para entender a relacdo das espécies com o
meio abidtico, tanto pela resposta das espécies a determinadas condi¢cGes ambientais, como pela
sua influéncia no funcionamento do ecossistema (DIAZ; CABIDO, 2001). A abordagem funcional
é uma ferramenta que permite ampliar o conhecimento do nivel de espécie para o nivel de
comunidade, podendo contribuir para o desenvolvimento de predi¢Ges ecologicas (MCGILL et al.,
2006).

Atributos funcionais de plantas sdo caracteristicas mensuradas ao nivel do individuo, e que

indicam 0 uso e a aquisicdo de recursos pelas plantas. Este balango planta-recurso determina tanto
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0 sucesso adaptativo das espécies em determinado ambiente, como também a sua contribuicéo para
0S processos ecossistémicos, como os fluxos de matéria e energia (MCGILL et al., 2006; REICH
etal., 2003). Os atributos funcionais que determinam o sucesso das espécies em condic¢des abidticas
especificas sdo denominados de atributos resposta. J& os atributos que determinam como as
espécies contribuem para 0s processos ecossisttmicos sdo denominados de atributos efeito
(VIOLLE etal., 2007).

Os atributos resposta refletem como 0s organismos respondem a determinadas condi¢des
ambientais e, por esta razéo, sdo centrais para a compreensdo da performance das plantas em
relacdo a filtros ambientais (DIAZ et al., 1997). A composicao funcional de uma comunidade, dada
pelos atributos dominantes, indica o padrdo geral dessa comunidade, pois reflete as principais
respostas dos individuos aos filtros ambientais. A composicao funcional também é importante para
a manutencdo dos processos ecossistémicos, pois pode indicar quais 0s principais atributos que
estdo relacionados a maioria dos fluxos de energia dentro do ecossistema (Teoria da Razéo de
Massa; GRIME, 1998). Ja a diversidade de atributos e a varia¢do nos valores do atributos podem
indicar a variabilidade de estratégias ecoldgicas de uma comunidade. Uma maior diversidade
significa um maior nimero de respostas possiveis dos individuos frente as mudancgas ambientais e
maior eficiéncia no uso dos recursos (Teoria da complementariedade de nicho; TILMAN, 1999), e
pode indicar o potencial de adaptacao e resiliéncia das comunidades frente as mudancas ambientais
(SAKSCHEWSKI et al., 2016; VAN DER SANDE et al., 2017).

As plantas investem de forma diferente em seus tecidos dependendo das condi¢fes do
ambiente que habitam. A combinacdo de diferentes atributos das espécies refeletem suas estratégias
ecologicas, tanto para a captacdo de recursos como para a defesa contra herbivoria e doencas. A
troca entre estratégias (trade-off) em relacdo a gradientes de recursos (aquisicao de recursos versus
conservacao de recursos) € reconhecida em escala global, para diferentes regides, tipos de
vegetacdo e espécies (DIAZ et al., 2004; REICH, 2014; WRIGHT et al., 2004). O trade-off
aquisicdo-conservacao de recursos aponta para o extremo de um continuo de estratégia das plantas,
partindo de um extremo onde as espécies investem em tecidos com baixo custo de producéo,
eficiente aquisicéo de recursos e crescimento rapido, para um extremo onde as especies investem
em tecidos persistentes, com eficiente conservacao de recursos e crescimento lento (CHAVE et al.,
2009; WRIGHT et al., 2004). Ao longo deste continuo ha um gradiente de varia¢do dos atributos,

e a posicdo das espécies é indicada pelos seus atributos funcionais. Por exemplo, o ‘world leaf
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economic spectrum’ (WRIGHT et al., 2004) descreve um continuo de estratégia que varia de um
extremo de espécies com producéo de folhas de baixo custo, com altas taxas fotossintéticas e que
maximizam o uso e captura de recursos, para outro extremo de espécies cujas folhas tém um alto
custo de produgdo, toleram stress, sdo mais resistentes a danos fisicos, e investem na conservagao
de recursos. Além dos atributos foliares, este trade-off também foi descrito para outras partes das
plantas, como raizes e troncos (FRESCHET et al., 2010; REICH, 2014).

A composicao funcional e a diversidade funcional de uma comunidade indicam os padrdes
gerais das espécies em relagdo as caracteristicas ambientais e suas principais estratégias ecologicas,
ao nivel de toda da planta, e podem auxiliar na compreensdo das respostas das espécies em relacao
as mudancas ambientais. Esta visao geral dos padrdes ecoldgicos pode ser uma ferramenta chave
para a elaboracdo de predicdes ecoldgicas mais robustas em relacdo a futuros cenarios ambientais.
Nesta tese, nds buscamos entender qual o papel de filtros ambientais na estrutura funcional das
comunidades de arvores de florestas alagaveis amazoOnicas. Para isto, nés amostramos doze
atributos funcionais em quarenta parcelas botanicas, distribuidas em florestas alagaveis de aguas
brancas (varzeas) e pretas (igapds). No primeiro capitulo desta tese ndés comparamos a
composicdo funcional das comunidades de arvores de varzea e igapd. Nds avaliamos a influéncia
dos filtros ambientais alagamento periddico (altura e duracdo média da inundacdo) e das
caracteristicas edaficas na composicdo funcional (valores médios) e na variabilidade dos atributos
(desvio padrdo) destas comunidades, e como 0s atributos funcionais variam em relacdo a estes
gradientes ambientais. NOs discutimos quais as principais estratégias ecologicas refletidas pela
estrutura funcional de cada comunidade e a relacdo dos filtros ambientais nestas estratégias.

Como as barreiras geograficas sdo importantes fatores que determinam a composicao de
espécies das comunidades vegetais que, por sua vez, influenciamos atributos funcionais, no
segundo capitulo n6s buscamos entender melhor a importancia do ambiente na variacdo dos
atributos comparando espécies filogeneticamente proximas entre habitats com diferentes tipos de
solo. No6s selecionamos sete pares congenéricos e doze familias botancias e avaliamos como onze
atributos diferem entre as tipologias de varzea e igap0. NOs discutimos o papel do ambiente
(habitat) na diferenciacao dos atributos funcionais em espécies com uma historia evolutiva comum.
No terceiro capitulo nds selecionamos o atributo densidade da madeira, por ser uma caracteristica
integradora de diversas propriedades da madeira, e avaliamos sua variagdo entre diferentes partes

da planta. Nos relacionamos a densidade da madeira do ramo e da madeira do caule em 96 espécies



de arvores de florestas de varzea e igap0, e em 28 espécies de terra-firme, e avaliamos as possiveis

relacdes ecologicas por tras desta relacao.



OBJETIVOS

O principal objetivo desta tese foi revelar a importancia de filtros hidricos e edéaficos para

o0 entendimento dos padrées funcionais de arvores de florestas alagaveis da Amazénia Central.

Capitulo 1. Avaliar como o alagamento sazonal e as propriedade do solo influenciam a
composi¢éo funcional e a variabilidade dos atributos funcionais das comunidades arbdreas de
varzea e igap0 de aguas pretas.

Capitulo 2. Avaliar se os atributos funcionais de espécies congenéricas diferem entre
tipologias de florestas alagaveis com diferentes tipos de solo.

Capitulo 3. Avaliar como a densidade da madeira varia do caule para o ramo e sua

relacdo com estratégias ecoldgicas de florestas alagaveis e de terra-firme.
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Flooding is not the major driver of functional composition of Amazonian
floodplain forests

MORI, G.B., POORTER, L., SCHIETTI, J. & PIEDADE, M.T.F.
Manuscrito em revisdo na Journal of Vegetation Science



Abstract

Questions: Amazonian floodplain forests are species-rich ecosystems with variable soil fertility,
thought to be shaped by harsh anoxic environmental conditions that impose strong filters on
species and trait composition of tree communities. How do functional trait composition differ
between white- and black-water forests? How do environmental factors (flooding and soil
resource availability) affect functional composition and functional variability?

Location: Central Amazonia floodplains, Brazil.

Methods: We evaluated the functional composition of tropical white-water and black-water
floodplain forests. We measured mean and standard deviation (SD) tree functional traits related to
flooding survival and nutrient uptake, and environmental factors (flooding and soil resource
availability). We used principal component analysis and analysis of variance to evaluate how
traits mean differ between forest types. We used redundancy analysis to evaluate how flooding
and resource availability affect mean and SD functional traits composition and multiple linear
regression analysis to understand how traits vary individually along environment gradients of
flooding and resources.

Results: We found that white-water forests have higher values of traits related to resource
acquisition while black-water forests have higher values of traits related to resource conservation,
revealing a distinction between acquisitive and conservative strategies. Surprisingly, flooding do
not have a strong effect on individual traits variation. And, functional trait composition was more
related to soil resource availability, especially total exchangeable bases, indicating trait
convergence linked to soil properties in these Amazonian flooded forests.

Conclusions: Flooding seem not to be the main driver of functional traits variability in floodplain
trees, and we suggest that soil properties should be more important to explain differences in traits
between floodplain communities.

Keywords: Central Amazonia, flooded forests, environmental filtering, plant traits, tree

communities, trait-convergence, trait-divergence, plant strategies.

Introduction

Amazonian floodplain forests are the most species-rich floodplain forests worldwide
(Wittmann et al. 2006) and are influenced by two major environmental filters: seasonal flooding

and nutrient resource availability (Assis et al. 2014). Seasonal flooding, also called
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‘floodpulse’(Junk et al. 1989) is thought to be the major force acting on species composition,
resulting in a flood-adapted flora.

Differences in topography along the river margins give rise to gradients in flooding height
and duration, resulting in a concomitant gradient in vegetation structure and composition
(Wittmann et al. 2006; Assis & Wittmann 2011). Floodplain tree species possess a number of
functional adaptations (i.e., traits) that enable them to survive, grow and reproduce in the anoxic
conditions during flooding, instability caused by water dynamics, and drought stress after
flooding (Junk et al. 1989; Junk 1997; Parolin & Wittmann 2010). Differences in nutrient
resource availability and sediment load in floodplain forest lead to two contrasting floodplains:
the white-water forests (‘varzea’) are flooded by nutrient-rich white-water rivers whereas the
black-water forests (‘igapd’) are flooded by nutrient-poor black-water rivers (Prance, 1979; Sioli,
1984). Both forests have a very different structure and floristic composition sharing only 30% of
the tree species (Wittmann et al., 2013). White-water forests are usually highly diverse compared
to black-water, due to higher nutrient availability and higher sedimentation and erosion processes
(Assis et al. 2015).

Plant functional traits reflect the ability of species to cope with abiotic and biotic
conditions and can be used to understand how species are being selected by the environmental
characteristics (Diaz & Cabido, 2001; Violle et al., 2007). When environmental filtering is strong,
species within a community can have similar traits (trait-convergence) because they are
functionally adapted to grow and survive under specific environmental conditions (Weiher &
Keddy 1995; Diaz et al. 1999). By the other hand, competition, limiting resources and
disturbance can lead to traits differentiation (trait-divergence), that allow species to compete and
coexist, because they can occupy different niches and share resources (Macarthur & Levins 1967;
Tilman et al. 1997; Grime 2006). The functional trait composition and diversity of communities
is therefore an ideal way to assess the influence of environmental factors and environmental
change on individuals and species (McGill et al. 2006; Santiago & Wright 2007; Lohbeck et al.
2015).

This study aims to compare the functional trait composition of white-water and black-
water floodplain forests, and the effect of seasonal flooding and soil resource availability on
community functional composition and variation. We addressed the following two questions and

corresponding hypotheses: (1) How do white- and black-water forests differ in their functional
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trait composition? We predict that white-water forest communities have high values for traits
related to resource acquisition and fast-growth (i.e., higher specific leaf area, leaf nutrient
concentrations and plant size), because these forests grow on more fertile soils. Black-water
forest communities have high values for traits related to resource conservation and slow-growth
(i.e., lower specific leaf area and higher wood density), because these forests grow on nutrient-
poor soils; (2) How do flooding and nutrient availability affect functional traits in seasonal
flooded forests? We predict that flooding will be more correlated to trait variability (divergence)

while soil fertility will be more related to trait mean values (convergence).

Methods
Study areas

Our study areas are located in the same sub-region of Central Amazonia (Fittkau et al.
1975) and are approximately 700 Km apart (Fig. 1). Central Amazonia has a typical hot and
humid tropical climate. Mean annual temperature is 26.6 °C and mean annual precipitation is
2,100 mm/y, with a wet season occurring from December to April and a dry season from June to
October. Amazonian soils are generally heavily leached, acidic and low in mineral nutrients,
where Central Amazonia is especially nutrient poor due to higher cycles of erosion and
sedimentation that occurred in this region (Quesada et al. 2011). This leads to a forest structure
(i.e. biomass and stand level turnover rates) more similar compared to other sub-regions (Quesada
et al. 2012), which makes the study areas comparable. The seasonal distribution of precipitation
in the Amazon basin leads to large fluctuations of the water levels in streams and rivers. In large
rivers this fluctuation is around 10 meters (Irion et al. 1997).
White-water forest. The white-water floodplain forests are located in the Jaraua river, inside the
‘Mamiraua Sustainable Development Reserve’ (2°51°S 64°55°W). The Mamiraud reserve has an
area of 124,000 Kmz2 of white-water floodplain forests, and is adjacent to the Japura and Solimdes
river and the Auati-parana channel (Wittmann et al., 2002).
Black-water forests. The black-water floodplain forests are located in the Abacate river, in the
‘Uatuma Sustainable Development Reserve” (1°48'S, 59°15'W) that has an area of 9,387,200Km?
(Targhetta et al. 2015). The Abacate river is one of the main tributaries of Uatuma river (located
at its left margin), draining the Abacate basin (Instituto de Conservacao e Desenvolvimento

Sustentavel do Amazonas 2009).
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Sampling design

In total, 40 research plots of 25x25 meters (625 m?) were established; 20 plots in each
forest type (white- and black-water), with 10 in each flooding level (low level of flooding and
high level of flooding), classified according to water level in meters and flooding duration in days
(Wittmann et al. 2002). The white-water forests had an average of high inundation of ~5.0 m and
246 days, and a low flooding of ~2.72 m and 180 days. The black-water forests had an average of
high inundation of ~3.0 m and 100 days, and a low flooding of ~1.0 m and 50 days. The distance
between plots varied from 100 to 1,500 m. To evaluate community level composition, we used an
individual-based approach where we sampled every tree individual with > 10 cm diameter at
breast height (DBH) in the plots. In a total 1, 212 individuals were measured, 533 in white-water

forest and 679 in black-water forest.

Functional trait measurements

For each tree, we measured 12 functional traits at the leaf, branch, trunk and whole-plant
level that are important for nutrient acquisition and conservation, and for survival and growth in
flooded conditions. The traits were Leaf area — LA (cm?), Specific leaf area - SLA (cm?.g?), Leaf
dry matter content — LDMC (g.g™), Chlorophyll content — Chl (SPAD units), Leaf nitrogen
concentration — LN (g.kg?), Leaf phosphorus concentration— LP (g.kg-1), Leaf potassium
concentration — LK (g.kg™), Leaf calcium concentration— LCa (g.kg?), Deciduousness (binary),
Branch wood density — BWD (g.cm™®), Lenticel density — LD (count of lenticel in 10 cm™), and
height:diameter ratio— HD (m.cm™). Measurements were made following standardized trait
protocols (Pérez-Harguindeguy et al., 2013; Table 1 and S1). Leaf traits were measured for 5 sun-
exposed leaves per individual and BWD was measured for one branch per individual (bark
included). Each species was classified as being (semi)deciduous (code 1) or evergreen (code 0)
based on available data from literature (60% and 44% of species were classified in white-water
and black-water forest, respectively (Lorenzi 1992; Lorenzi 1998; Lorenzi 2009; da Silva
Marinho et al. 2010; Wittmann et al. 2010), and calculated the percentage of occurrence per plot.
The measurements were conducted in the field and leaf nutrient analysis was done by Brazilian

company of farming and research (Embrapa, Manaus, Brazil). To reduce sampling effort and
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damage to trees, we measured wood density at the branch level instead of the trunk level
(Swenson & Enquist 2008).

Environmental gradients

We measured soil texture (sand, silt and clay), which is related to soil water retention
capacity, and soil chemical variables (macro and micronutrients), which are related to resource
availability, per plot. Three soil samples were collected from each plot (centre and two corners),
at the first 10 cm from topsoil (excluding litter layer), and mixed to form a composite sample.
Soil analyses were carried out by Brazilian company of farming and research (Embrapa Solos
1997, S1).

We measured flooding level (meters) and flooding duration (days per year) per plot. The
mean flooding level was calculated from the height of the water marks left on the trunks of all
tree individuals in the plots, a reference of the last flooding. For each plot the flooding duration
was calculated by comparing flood levels (obtained in 2016) with water level data from
hydrological stations (1982-2011 for varzea and 1974-2015 for igap6; Agéncia Nacional das
Aguas — ANA; Wittmann & Junk, 2003).

Data analyses

For both forest types we calculated the mean value and the standard deviation (SD) for
each trait per plot to characterize community trait strategy and community trait variability,
respectively (S2 and S3). All variables were tested for correlation using Pearson’ coefficient of
correlation.

To evaluate whether the two forest types differed in environmental conditions (soil
resource availability and flooding) and in functional composition, we used Analyses of variance
(ANOVA) with forest type as a factor. To describe the variation in functional composition across
the plots we carried out a principal component analysis (PCA) using the 12 trait mean values. To
evaluate variation in species composition we used a principal correspondence analysis (PCoA)
using species occurrence in each plot, and Bray-Curtis distance because it is appropriate to

evaluate species dissimilarity between two habitats (Legendre 1998). To evaluate whether species
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and functional composition are related we used a linear regression between the first axis of the
PCA (dependent variable) and the first axis of the PCoA (independent variable).

We hypothesized that functional differences between and within forest types are mainly caused
by environmental filters. We first selected the eight most ecologically relevant and least
correlated environmental variables based on a PCA (average pair wise correlation of 0.56). These
included soil physical variables (sand concentration), soil chemical variables (organic matter,
nitrogen, total phosphorus, aluminum and total exchangeable bases) and flooding (level and
duration). To analyse how environmental filters influence traits composition we carried out a
redundancy analysis (RDA) using trait mean values, traits standard deviation and the eight
environment variables, using a forward selection procedure (Legendre 1998). To analyse how
traits vary individually along environment gradients of flooding and resources we carried out a
series of forward multiple regression analysis. We used trait mean values and traits SD as
dependent variables, and the 8 environmental factors as independent variables. We adjusted the p-
values for ANOVA and multiple regression using Bonferroni correction (threshold of p <0.003),
to avoid errors for multiple comparisons (Gotelli & Elison 2010). All analyses were carried out
using the R platform v 3.3.3 (R 2018).

Results
Environmental and functional differences between white-water and black-water forests

White- and black-water forests differ significantly in all environmental variables but soil
pH. White-water forests had higher nutrient concentrations and flooding levels compared to
black-water forests, especially higher concentrations of calcium (483.6), magnesium (31.5), and
total exchangeable bases (92.3, S4).

White- and black-water forests differ significantly in all functional trait means but
height:diameter ratio (Table 2). White-water forests had higher leaf area, specific leaf area, leaf
nutrient concentrations, especially potassium (3.4 higher) and calcium (2.4), more deciduous
species and taller plants, compared to black-water forests. In contrast, white-water forests had
lower leaf dry mass content, chlorophyll content, branch wood density, lenticel density and less
evergreen species.

The principal component analysis (Fig. 2) shows how plots vary in their functional

composition. The first axis explains 49% of the variation with white-water forests and acquisitive
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traits (high values of SLA, LN, LP, LK, LCa and deciduousness) to the left, and black-water
forests and conservative traits (high values of LDMC, Chl, evergreen trees, BWD, LD) to the
right. Within each forest type, there is a continuum of functional composition along the second
axis, explained by 11% of the variation, with plots with trees with larger leaves and diameter at
the bottom. The white-water forests plots differed in species composition according to flooding
level, whilst black-water forests did not (PCoA analysis, S5). A regression analysis between
functional trait and species composition indicated that changes in functional trait composition are
correlated with shifts in species’ composition (slope=8.71, R? adjust=0.90, P<0.001, S6).

The effect of environmental conditions in functional composition and individual trait variability

The redundancy analysis showed that functional trait means were best explained by total
phosphorus, organic matter, total exchangeable bases and flooding level, with the most important
environmental factors being total phosphorus and total exchangeable bases (Rzadj=0.51, Table 3).
Traits variation was best explained by sand, total phosphorus and flooding level, with the most
important environmental factor being total phosphorus (R2 adj=0.41, Table 3).

The multiple regression analysis indicate that trait mean values vary along the
environmental gradients of flooding and soil properties, especially exchangeable bases and
organic matter (Table 4 and Fig. 3). An increase in total exchangeable bases was related to an
increase in specific leaf area and leaf nitrogen and potassium concentration, and a decrease in
evergreen individuals, branch wood density and lenticel density. An increase in organic matter
content had, in general, the opposite effect on specific leaf area and leaf nitrogen concentration,
compared to those of total exchangeable bases, while aluminum had the same effect in leaf
nitrogen concentration. An increase in flooding level led to an increase in specific leaf area, and
an increase in flooding duration led to an increase in deciduous individuals. This environmental
variables were good predictor of communities’ means variation across environmental gradients
within and among forest types.

The communities’ standard deviation of three traits was related to flooding. An increase in
flooding level lead to a lower variation of specific leaf area and leaf potassium, and an increase in
flooding duration lead to a higher variation in specific leaf area, leaf postassium and deciduous
trees (Table 5 and S7). The partial regression p-values and B-coefficients of all traits can be seen

in the supplementary material (S8).
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Discussion

We asked whether white- and black-water forests differ in community functional traits
and how it is affected by seasonal flooding and soil resource availability. We found that white-
water forests had higher values of acquisitive traits than black-water forests. Surprisingly, in these
flooded forests, flooding level or duration was not a stronger driver of functional trait

composition and variation.

How do white-water and black-water forests differ in environmental conditions and functional

composition?

It is well-known that white-water forests have higher soil fertility than black-water forests
(Sioli 1984). White-water forests in our study areas had higher soil water retention capacity
(higher silt and clay concentrations), more fertile soils (higher macro- and micro-nutrient
concentrations) and were subjected to higher water stress and dynamic (higher levels and longer
flood duration). Specifically, we found higher concentrations of calcium, manganese and base
cations, and moderately higher concentrations (2-3 times higher) of total phosphorus and
nitrogen. In contrast, black-water forests had sandy and poorer soils (low macro- and micro-
nutrient concentrations), and lower water stress (lower levels and shorter flooding duration)
compared to white-water forests. These environmental differences between white- and black-
water forests are found in other areas in Amazonia, and describe a similar general pattern for
these forest types (S4).

We hypothesized that, because white-water forests grow on more fertile soils, they would
have more acquisitive traits that enhance resource acquisition and growth. White-water forests
had indeed larger leaf area, higher specific leaf area, leaf nutrient concentrations and larger trees,
that enhance light capture, photosynthetic capacity, carbon gain and growth rate (Lavorel &
Garnier 2002; Reich & Oleksyn 2004; Wright et al. 2004; Poorter et al. 2006; Lebrija-trejos et al.
2010). Leaf calcium concentration was higher in white-water, probably because of its higher
concentrations in the soil (Table 2; Furch 1997). High calcium concentrations can also be related
to the leaf short-life cycles in acquisitive species because calcium is associated to inhibition of
leaf senescence (Ferguson 1984). Black-water forests had denser wood and higher leaf dry matter
content that increase stem and leaf persistence and enhance resource conservation (Kitajima &

Poorter, 2008; Parolin & Worbes, 2000). Chlorophyll content was higher in black-water forests.
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Usually, leaf chlorophyll content is higher with less waterlogging because of leaf water supply
and availability, but can also be a reflect of plant or leaf age (Parolin et al. 2010).

Because white-water forests in our study experience higher levels and longer flooding
duration, they also possess different flooding traits compared to black-water forests. White-water
forests had a larger proportion of deciduous trees. Deciduousness is an existing strategy in
floodplain forests trees to reduce leaf transpiration and save water during the dry season, but it
may imply a high production cost of new leaves when nutrient is limiting, as in black-water
forests (Parolin & Wittmann, 2010; Parolin et al., 2002). Although deciduousness and
sclerophyllous leaves (higher LDMC) are described as a response to flooding in both white- and
black-water forests (Parolin et al., 2002), the differences we found in these traits are probably
related to nutrients availability. Lenticels enhance oxygen uptake in flooding conditions and the
formation of hypertrophied lenticels (very large lenticels that improve gas exchange during
flooding periods), is a common response to flooding (Armstrong & Hull 1994; Lopez & Kursar
1999). Counterintuitively, lenticel density differ between forests and was higher in black-water
forests that experience less flooding. Maybe a similar trade-off between density and size that
occurs in stomata applies for stem lenticels (Franks & Beerling 2009; Wang et al. 2014). Higher
stomatal density is important for a more flexible regulation of gas exchange, and larger stomata is
important for the magnitude of gas exchange (Hetherington & Woodward 1979). This would
mean that in longer and more deeply flooded white-water forests the lenticel density is lower, but
perhaps their gas exchange is larger because of the higher size of the lenticels.

White-water forests are a more dynamic environment than black-water forests. Individuals
that do not totally tolerate submergence have an ‘escape strategy’ (Parolin, 2012), that is, they
have adaptations to grow fast and maintain at least some parts of the plant above the water
surface. The combination of higher water dynamics and higher availability of nutrients in white-
water forests led to the more acquisitive traits resulting in fast-growth and shorter life cycle in
white-water communities and the opposite in black-water forests (Junk et al., 2015). The
observed pattern for leaf and wood traits values reveals a distinction in resource acquisition and
conservation strategies between white-and black-water forests, which agrees with patterns
described for other terrestrial herbaceous and woody plant communities (Diaz et al., 2004; Sterck,
Markesteijn, Schieving & Poorter, 2011; Wilfahrt, Collins & White, 2014; Wright et al., 2004).
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How do environmental conditions affect functional composition and individual trait variability?

We hypothesized that, because flooding imposes stressful anoxic conditions, it would
influence community trait variation leading to trait-divergence, and resources availability will
influence community trait means, leading to trait-convergence. Most plant traits and strategies in
floodplain forests are described as an adaptation to the stress caused by flooding, water dynamics
and different flooding levels, resulting in different floristic composition (Wittmann et al. 2006b;
2013; Assis et al. 2015), forest structure and traits (De Simone, Junk & Schmidt, 2003;
Maurenza, Marenco, Parolin & Piedade, 2012; Parolin, 2012). We found that functional
composition showed a stronger association with soil variables and to a less extent to flooding
level, especially total exchangeable bases and total phosphorus had a strong impact on
community traits. Traits variation across environmental gradients of soil properties was also
strong, with an increase in total exchangeable bases leading to more acquisitive traits. Base
cations are important bioelements that accumulate in the vegetation and are related to biological
processes, like photosynthesis and plant growth (Furch 1997). Calcium, for example, which is a
limiting nutrient in the upland forest of the Amazon region, was especially higher in white-water
forest and can be an important component driving trait variation. Aluminum, which is a toxic
element, seems to be an important environmental attribute of white-water forests influencing trait
composition.

Few traits showed association to flooding, with flooding duration leading to a decrease
but not an increase in trait variation. We expected that functional traits will respond strongly to
flooding as indicated by other studies (Assis et al. 2014; Fortunel et al. 2014), but in our results
the variation in soil resource availability came out to be the most important environmental driver
that gives rise to the conservative-acquisitive distinction observed among these Amazonian
floodplain communities. To our knowledge, this is the first study that analyses the functional trait
composition and variation of two contrasting floodplain forests at a fine-scale community level
and to evaluate the influence of flooding in different soil conditions. Apparently, small-scale
variation in soil nutrients can be a more important driver of variation in community functional
composition than flooding levels of almost 4 m and more than 6 months of duration, which is
supported by the little effect of flooding level and duration within the forests. Because of flooding
disturbance, we expected a divergence of traits when positions in the flooding gradient were
different (Grime 2006; Helsen et al. 2012). In contrast, we found that flooding and especially
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nutrient availability leads to a decrease in trait variation and resulting in trait-convergence.

In this study we evaluated two forests only, and our results may partially reflect the
particularities of these two areas. Changes in functional traits composition were correlated to
changes in species’ composition (S6), what could be explained by environmental filtering of
traits, by a biogeography effect on the regional species pool (Higgins et al. 2011) or by the
combination of both. We are not able to quantify the importance of differences in the regional
species pool for these flooded forests. However, our results clearly show that flooding conditions
are not the strongest filter influencing community trait composition or community trait
divergence. Based on this, we suggest that soil conditions, rather than flooding, can be a more
important environmental driver that differentiate functional composition and ecological strategies
between floodplain tree communities. To better understand the influence of species pool and soil
properties on functional strategies in floodplain forests, future studies should evaluate the traits

variation within species or between closely related species occurring in these ecosystems.

Conclusions

White-water forests have more acquisitive traits and black-water forests more
conservative traits. Flooding does not explain the major variation in functional composition and
ecological strategies within or across these communities. We suggest soil resource availability,
especially exchangeable bases, should be the more important environmental factor to understand
the community functional composition of flooded forests.
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TABLES

Table 1. Overview of the plant functional traits included in this study, with the organizational level, trait name, abbreviations, units,
their function and hypothesis related.

) Hypothesis
Plant functional .
. Function related Reference ) Increase in
trait Flooding . N
soil fertility
Leaf

Leaf area, LA (cm?)

Specific leaf area, SLA (cm2.g%)

Chlorophyll content, Chl (SPAD

units)

Leaf dry matter content, LDMC
(99"

Leaf nitrogen, LN and
phosphorus, LP (g.kg™)

Leaf potassium, LK (g.kg™)

Leaf Calcium, LCa (g.kg?)

Light intercepting area, respiration,
transpiration, gas exchange

Light capture economics, net assimilation
rate, relative growth rate, leaf life span,
photosynthetic capacity

Light uptake efficiency, photosynthetic

rates

Construction costs, nutrient retention,
resistance against herbivory and physical

damage, drought resistance

Photosynthetic rates, CO, assimilation,

leaf nutrients levels

Stomata control, turgor provision and

water homeostasis

Cellwall structure

Lebrija-trejos et al. 2010

Lavorel and Garnier 2002,
Poorter and Bongers 2006

Poorter and Bongers 2006

Lavorel and Garnier 2002,
Lebrija-Trejos et al. 2010

Wright et al. 2004, Reich et al.
2014

Maathuis 2009

Maathuis 2009

Higher variability along
flooding gradient, lower
mean values at higher

flooding level and duration

No effect

Higher variability along
flooding gradient, lower
mean values at higher
flooding level and duration
Higher variability along
flooding gradient, higher
mean values at higher

flooding level and duration

No effect

No effect

No effect

Higher mean values

Higher mean values

Higher mean values

Lower mean values

Higher mean values

Higher mean values

Higher mean values
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Deciduousness, De (binary; 0-
evergreen, 1-deciduous/semi-

deciduous)

Branch

Branch wood density, BWD
(g.cm™®)

Trunk

Lenticels density, LD (count cm"

?)

Whole-plant

Height:diameterratioplant, HDR

(m.cm™)

Drought avoidance

Construction costs, growth rate, pathogen
resistance, mortality rate

Oxygen uptake, gas exchange

Stability, competitive strength

Lebrija-Trejos et al. 2010

Swenson and Enquist 2008,
Chave et al 2009

Parolin and Wittmann 2009

Chave et al 2009, Opio et al
2000

Higher frequency of
deciduousness at higher
flooding level and duration

Higher variability along
flooding gradient, lower
mean values at higher
flooding level and duration

Higher variability along
flooding gradient, higher
mean values at higher

flooding level and duration

Higher variability along
flooding gradient, higher
mean values at higher
flooding level and duration

Higher frequency
of
deciduousness

Lower mean values

No effect

Higher mean values
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Table 2. Differences in 12 functional traits (leaf, branch, trunk and whole-plant levels) between

white- and black-water forests studied here. The columns indicate the trait mean values per forest

type, the ratio between the mean values of white-water and black-water forest, and the Anova
results (F statistic and p-value).

Plant functional ~ Forest type mean values  White-water/ ~ Anova test

traits White-water Black-water °lack-water p-value
Leaf
LA 69.0 47.7 1.45 15.1 <0.001
SLA 139.6 88.5 1.58 135.3 <0.001
LDMC 1.0 1.8 0.54 35.0 <0.001
Chl 50.6 55.4 0.91 11.7 <0.001
N 19.7 14.9 1.33 102.2 <0.001
P 1.9 1.0 1.80 44,0 <0.001
11.9 35 3.40 1355 <0.001
Ca 5.6 2.4 2.40 446 <0.001
Evergreen 0.4 10.2 0.04 467.1 <0.001
Deciduous 0.3 0.2 1.97 11.6 <0.001
Branch
BWD 0.5 0.7 0.72 129.8 <0.001
Trunk
LD 1.8 3.3 0.55 80.5 <0.001
Whole-plant
HD 0.6 0.5 1.06 1.7 0.19
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Table 3. Redundancy analyses, showing how environmental variables sand, total phosphorous,

organic matter, total exchangeable bases and flooding level affect multivariate trait mean values

and standard deviation. The columns indicate F statistic and significance level (p-value).

Environmental

Mean-value

Standard deviation

variables F-statistic p-value F-statistic p-value
Sand 9.05 0.001
Organic matter 547  0.015
Total phosphorus 23.34  0.001 19.72  0.001
Exchangeable bases 18.62  0.001
Flooding level 481 0.019 5.04 0.01
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Table 4. Multiple regression analyses of 7 leaf, branch and whole-plant trait means on
environmental variables soil organic matter, total exchangeable bases, aluminium, flooding level
and flooding duration. The column values indicate the standardized -coefficient of variation for

each environment variable, R? adjusted and significance (p-value).

Plant functional Organic Total exchangeable ) Flooding Flooding )

traits matter bases Aluminum level duration Read] pvalue
Leaf

SLA -0.57 0.9 0.35 0.72 <0.001
LN -0.3 0.95 0.42 0.74 <0.001
LK 0.81 0.75 <0.001
Evergreen -0.93 0.87 <0.001
Deciduous 0.97 0.63 <0.001
Branch

BWD -0.84 0.72 <0.001
Trunk

LD -0.86 0.62 <0.001

Table 5. Multiple regression analyses of three traits standard deviation on environmental
variables flooding level and flooding duration. The columns values indicate the standardized p-

coefficient of variation for each environment variable, R2 adjusted and significance (p-value).

Plant functional trait Flooding level Flooding duration R2adj p-value

SLA -1.65 2.98 0.66 <0.001
LK -1.10 1.74 0.07 <0.001
Deciduous 3.33 047 <0.001
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Figure 1. Location of study areas Mamiraua and Uatuma reserves (left side) and research plots
(right side). Black dots indicate plots in white-water forests (upper right panel) and black
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Figure 2. Principal component analysis (PCA) of 12 functional trait mean values of white-water
forests (circles) and black-water forests (triangles) that experience high flooding level (open
symbols) and low flooding level (filled symbols). The first PCA axis explains 49% of traits mean
variation, and the second PCA axis explains 11%. For trait abbreviations see Table 1.
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Figure 3. Partial regressions derived from multiple regression of five functional trait mean values
that included different plant characteristics and responses to flooding and soil nutrients (specific
leaf area —SLA, leaf nitrogen, evergreen, branch wood density — BWD and lenticel density - LD)
with four environmental variables that had more influence on traits variation (organic matter,
total exchangeable bases, aluminum, and flooding level) on white-water forests (open circles) and
black-water forests (filled circles).
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SUPPLEMENTARY MATERIAL

S1. Functional traits and soil properties measurements

Functional traits: Leaf traits, except chlorophyll index, were measured on 5 sun-exposed leaves
(petiole excluded). For leaf area measurement, fresh leaves were scanned using a portable
scanner, and the leaf area (cm) was calculated in the software ImageJ. Fresh leaves were weighed
with an analytical balance to obtain fresh mass (g). After that, leaves were dried at 60°C during
48 hours, and weighed to obtain its oven-dry mass (g). Specific leaf area (cm.g™) was measured
by the ratio of leaf area and its oven-dry mass. Leaf dry matter content (g.g™) was measured by
oven-dry mass divided by its fresh mass. Dried leaves were stored and its nutrient content (g.kg™?)
was obtained by the Empresa Brasileira de Pesquisa Agropecuaria (Embrapa, Manaus). Leaf
nitrogen was obtained by Kjedahl method, leaf phosphorus was obtained by vanadate yellow
spectrometry, leaf potassium was obtained by emission flame spectrometry and leaf calcium was
obtained by atomic absorption spectrometry. Chlorophyll index was obtained in 3 sun-exposed
leaves with a chlorophyll meter (SPAD-502) and calculated the average of the three
measurements. Leaf deciduousness was classified by species as being (semi) deciduous (code 1)
or evergreen (code 0), based on available data from literature (Lorenzi 1992; Lorenzi 1998;
Lorenzi 2009; da Silva Marinho et al. 2010; Wittmann et al. 2010). We classified 60% and 44%
of species in white-water and black-water forest, respectively. Branch wood density (g.cm=) was
measured for one terminal branch per individual (bark included) as the oven-dry mass divided by
its fresh volume. Fresh volume was obtained using the water displacement method and samples
were dried at 105°C during 72 hours, and weighed using analytical balance to obtain the oven-dry
mass. Lenticels density was measured using a 10 cm? templet positioned at 1.3 m height in the
trunk. The plant height:diameter (m.cm™) ratio was measured by the estimated plant height
divided by the diameter at breast height (at 1.30 m).

Soil properties: Three soil samples were collected from each plot at the first 10 cm from topsoil
(excluding litter layer), to form a mixed sample per plot. Soil physical and chemical properties
were analyzed by Empresa Brasileira de Pesquisa Agropecuaria (Embrapa 1997, Manaus). The
percentage of sand, silt and clay were obtained by total dispersion method. The hydrogen
potential was obtained by combined electrode immersed in soil suspension:liquid (water). The
organic carbon (g.kg™?) was obtained by potassium dichromate in sulfuric solution. Total nitrogen
(9.kg™) was obtained by kjedahl method. Total exchangeable bases (cmolc.dm) was obtained by
K CI N method. Iron, manganese (mg.dm?), aluminium (cmolc.dm=) and total phosphorus (g.kg™?)
were obtained by sulfuric extract. Potassium, magnesium (mg.dm), sodium and calcium
(cmolc.dm™®) were obtained in water solution.
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S2. Twelve funtional traits of 40 research plots of white-water and black-water floodplain forests. The columns indicates the trait mean values per plot: leaf area,
specific leaf area, leaf dry matter content, Chlorophyll content, leaf nitrogen, leaf phosphorus, leaf potassium, leaf calcium, deciduousness (evergreen/deciduous),
branch wood density, lenticel density, and height:diameter ratio.

Specfic Leaf dry Branch Lenticel
Leaf leaf Chlorophyll Leaf Leaf Leaf Leaf . N .
Plot  Forest type area area matter content nitrogen  phosphorus  potassium  calcium Woo_d density Hel_ght.d|ameter Evergreen  Deciduous
; ) content - density  (count/10  ratio (m.cm-1) (%) (%)
(cm?) (ch11)-9- (9.9-1) (SPAD units)  (gkg-1)  (9kg-1) (9kg-1)  (9kg-1) (g.cm9) cm?)

1 white-water 69.5 135.71 0.71 46.53 20.82 1.82 7.52 4.69 0.56 1.65 0.52 0.45 0.48
2  white-water  64.25 139.73 0.66 46.94 18.97 1.54 7.16 3.9 0.57 1.32 0.58 0.48 0.39
3 white-water  57.83 137.46 0.56 47.02 18.36 1.18 5.34 4.33 0.59 1.35 0.69 0.5 0.41
4 white-water  53.36 139.76 0.84 49.83 19.77 2.43 14.48 11.38 0.56 1.59 0.64 0.61 0.24
5 white-water ~ 50.46 120.56 0.55 55.77 20.13 2.28 13.1 8.05 0.56 1.42 0.54 0.81 0.13
6 white-water 116.98 130.22 3.05 53.26 22.16 2.13 13.8 8.17 0.51 1.61 0.65 0.51 0.09
7 white-water  93.35 116.48 3.02 49.97 17.45 1.73 14.32 8.26 0.54 2.23 0.59 0.54 0.25
8 white-water  67.55 121.47 0.78 55.57 19.42 1.63 7.45 6.76 0.52 15 0.62 0.48 0.24
9 white-water  49.19 140.93 0.37 52.6 21.37 1.7 12.49 5.29 0.55 2.98 0.55 0.17 0.52
10 white-water  34.62 144.63 0.34 42.84 24 2.56 16.09 6.99 0.57 2.54 0.52 0.21 0.73
11  white-water  51.81 137.24 0.49 50.17 20.71 1.93 15.68 5.89 0.55 1.73 0.42 0.44 0.08
12 white-water ~ 58.69 134.38 1.7 49.57 18.52 1.89 12.6 4,74 0.55 2.28 0.62 0.31 0.54
13  white-water ~ 47.35 138.23 0.49 51.21 16.94 1.38 13.9 5.26 0.61 1.36 0.52 0.18 0.36
14 white-water 40.5 152.55 0.37 49.68 18.28 1.59 13.15 5.14 0.56 1.78 0.54 0.29 0.41
15 white-water 105.84  220.76 1.24 44.34 20.81 2.67 13.65 6.18 04 2.6 0.58 0.15 0.35
16  white-water ~ 92.21 181.84 0.88 55.03 17.88 1.76 6.25 4.97 0.45 1.34 0.54 0.13 0.31
17 white-water ~ 90.51 131.27 0.77 52.16 19.2 1.73 15.96 291 0.51 1.26 0.6 0.11 0.37
18 white-water  104.97 125.74 1.28 52.83 20.23 2.34 14.8 3.75 0.38 2.23 0.51 0.29 0.43
19 white-water ~ 61.75 125.68 0.62 52.79 19.15 1.76 10.87 3.01 0.54 1.8 0.61 0.39 0.21
20 white-water ~ 69.45 117.92 0.75 53.17 20.67 1.64 10.16 3.27 0.57 1.93 0.59 0.23 0.14
21  black-water 40.76 100.77 1.85 54.96 16.45 0.55 4.15 3.16 0.68 4.18 0.44 12.74 0.31
22 black-water 66.17 91.62 19 56.65 16.94 0.59 3.77 2.81 0.72 3.7 0.57 15.15 0.13
23 black-water 31.35 81.74 1.76 55.72 13.31 0.43 451 2.32 0.79 3.18 0.56 9.25 0.18
24 black-water 47.48 87.43 1.81 68.31 13.63 0.48 5.2 2.29 0.78 2.88 0.74 13.12 0.38
25 black-water 48.63 93.65 1.83 53.88 13.6 0.48 4.82 2.86 0.74 3.72 0.66 13.55 0.51
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Cont. S2. Twelve funtional traits in 40 research plots of white-water and black-water floodplain forests. The columns indicates the trait mean values and standard
deviation: leaf area, specific leaf area, leaf dry matter content, Chlorophyll content, leaf nitrogen, leaf phosphorus, leaf potassium, leaf calcium, deciduousness
(evergreen/deciduous), branch wood density, lenticel density, and height:diameter ratio.

o Fosope Ll mater OO e et L L ool ey gt Eirran ecdion
(cm?) area content (SPAD units) (9.kg-1) (g.kg-1) (.kg-1) (9.kg-1) densr%/ (count/10 ratio (m.cm-1) (%) (%)
(cm2g-1)  (9.0-1) (9.cm™) cm?)
26 black-water 51.01 93.91 1.92 51.53 14 9.67 1.27 4.26 0.74 2.42 0.48 21.16 0.28
27  black-water 41.23 83.66 1.9 50.52 13.46 0.51 4.39 3.14 0.73 3.92 0.29 14.46 0.29
28  Dblack-water 51.26 88.25 1.8 72.19 15.17 0.79 2.99 2.23 0.72 2.79 0.54 9.75 0.1
29  Dblack-water  43.69 96.81 1.72 51.03 14.63 0.57 2.45 1.92 0.75 4.07 0.63 7.5 0.02
30  black-water 56.44 71.52 1.59 53.17 12.89 0.58 3.39 231 0.75 2.61 0.68 7.31 0.03
31  black-water 54.08 82.67 1.94 52.83 15.14 0.85 3.04 2.78 0.67 3.89 0.52 7.23 0.14
32 black-water 39.71 90.74 1.9 49.84 13.45 0.71 3.47 2.24 0.73 331 0.57 6 0.03
33 black-water  62.58 97.17 1.89 54.92 15.01 0.63 4.47 171 0.72 3.92 0.68 9.06 0.14
34  black-water 45.74 94.22 1.8 53.84 15.56 0.52 34 2.08 0.72 2.61 0.54 5.54 0.06
35  black-water  44.94 77.61 1.67 51.01 13.54 0.5 3.84 2.72 0.74 3.27 0.52 5.53 0.33
36  black-water 42.93 93.96 1.8 54.79 15.35 0.52 351 4.58 0.85 3.13 0.47 3.96 0.17
37  black-water  43.86 83.29 1.64 53.75 14.32 0.59 2.44 0.8 0.76 3.06 0.65 10.09 0
38  black-water 454 81.76 1.66 55.8 16.13 0.6 3.18 1.08 0.73 2.67 0.56 9.25 0.07
39  black-water 43.66 85.55 1.78 58.3 16.86 0.65 2.29 0.86 0.77 4.28 0.37 10.09 0.09
40  black-water  53.28 93.86 1.8 55.31 17.72 0.66 3.59 0.99 0.76 3.34 0.3 14.13 0.13
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S3. Twelve funtional traits of 40 research plots of white-water and black-water floodplain forests. The columns indicates the traits stadandard deviation per plot:

leaf area, specific leaf area, leaf dry matter content, Chlorophyll content, leaf nitrogen, leaf phosphorus, leaf potassium, leaf calcium, deciduousness
(evergreen/deciduous), branch wood density, lenticel density, and height:diameter ratio.

Specific Leaf dry Branch Lenticel
Leaf leaf Chlorophyll Leaf Leaf Leaf Leaf - R .

Plot  Forest type area area matter content nitrogen  phosphorus  potassium  calcium qud density Helght.dlameter Evergreen  Deciduous

(cm?) (cme.g- content (SPAD units)  (g.kg-1) (9.kg-1) (g.kg-1) (g.kg-1) density  (count/10 ratio (m.cm-1) (%) (%)
1) (9.9-1) (9.cm-3) cm?)

1 white-water  34.97 55.29 0.38 9.85 5.29 0.58 2.65 3.87 0.09 242 0.21 0.5 0.5
2 white-water  38.76 4241 0.44 7.36 5.35 0.5 431 2.71 0.09 1.48 0.23 0.5 0.49
3 white-water  24.22 34.97 0.21 10.12 3.83 0.22 431 1.11 0.29 1.76 0.25 0.5 0.48
4 white-water  27.21 66.09 1.7 7.78 8.64 2.78 8.73 4.07 0.12 1.91 0.2 0.49 0.44
5  white-water  33.24 28.55 0.61 6.69 4.18 1.26 4.14 4.1 0.1 1.74 0.2 0.45 0.3
6  white-water  185.6 57.09 10.08 9.21 8.86 0.94 7.34 481 0.12 1.16 0.2 0.5 0.28
7 white-water  101.25 32.68 9.93 4.73 34 0.73 5.19 3.7 0.13 1.76 0.21 0.48 0.43
8  white-water  41.67 39.45 0.65 8.58 4.92 0.74 3.14 3.99 0.11 1.02 0.18 0.5 0.36
9  white-water  37.05 50.02 0.31 9.11 8.03 0.91 5.18 3.54 0.13 2.82 0.21 0.39 0.5
10  white-water  17.31 76.55 0.31 10.46 8.43 1.11 5.75 4.16 0.11 2.28 0.34 0.45 0.49
11 white-water  31.26 32,57 0.36 7.5 6.11 1.15 6.49 25 0.1 277 0.18 0.49 0.4
12 white-water  43.74 38.51 5.79 8.2 5.12 0.87 4.83 2.39 0.11 1.13 0.6 0.45 0.48
13 white-water  19.66 46.66 0.25 8.04 5.21 0.56 3.48 3.35 0.08 0.91 0.29 0.39 0.48
14 white-water  23.45 69.65 0.34 7.95 8.35 1.26 3.91 3.86 0.13 222 0.4 0.46 0.5
15  white-water  58.76 68.67 0.87 9.95 5.22 1.32 7.54 2.95 0.1 3.18 0.22 0.48 0.43
16  white-water  68.42 102.13 0.68 10.86 4.28 1.26 3.49 2.45 0.1 1.09 0.13 0.36 0.46
17  white-water ~ 46.2 54.97 0.45 9.48 3.23 0.37 2.49 3.12 0.08 0.53 0.16 0.42 0.42
18  white-water  58.92 28.78 0.9 6.08 4.46 0.93 4.57 1.58 0.17 2.16 0.28 0.49 0.49
19  white-water  36.88 27.49 0.42 7.36 3.56 0.99 3.61 1.72 0.12 1.94 0.22 0.49 0.35
20  white-water  36.13 34.15 0.59 7.98 6.43 0.57 2.95 1.65 0.12 1.09 0.46 0.43 0.35
21 black-water  24.06 28.37 0.18 7.7 2.76 0.13 1.43 1.92 0.19 231 0.33 0.48 0.28
22 black-water  48.96 17.17 0.23 5.79 4.04 0.12 111 2.61 0.09 2.33 0.21 0.5 0.26
23 black-water 1441 15.41 0.19 7.1 2.16 0.09 1.32 1.77 0.09 1.86 0.2 0.33 0.38
24 Dblack-water  31.34 20.14 0.35 7.13 2.3 0.12 1.7 1.12 0.15 2.12 0.25 0.43 0.5
25  black-water  24.84 16.51 0.25 7.3 2.27 0.11 1.8 2.18 0.17 1.75 0.24 0.37 0.5
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Cont. S3. Twelve funtional traits of 40 research plots of white-water and black-water floodplain forests. The columns indicates the traits stadandard deviation per

plot: leaf area, specific leaf area, leaf dry matter content, Chlorophyll content, leaf nitrogen, leaf phosphorus, leaf potassium, leaf calcium, deciduousness

(evergreen/deciduous), branch wood density, lenticel density, and height:diameter ratio.

o Foeope S e e Ol L Lt Lt el d Gy g Eugroen Oeiios
(cm?) area content (SPAD units)  (g.kg-1) (g.kg-1) (g.kg-1) (g.kg-1) density (count/10 ratio (m.cm-1) (%) (%)
(cmg-)  (9.g-D) (gem-3) o)
26  black-water 18.84 11.2 0.25 6.04 1.97 6.56 1.2 3.62 0.07 1.54 0.23 0.5 0.45
27  black-water 16.43 21.26 0.43 7.45 2.59 0.11 1.68 211 0.14 1.95 0.33 0.34 0.45
28  black-water 27.98 15.44 0.32 110.44 2.77 0.21 1.18 2.27 0.09 2.18 0.22 0.49 0.25
29  black-water 21.53 24.08 0.28 9.86 4.09 0.18 144 141 0.11 3.86 0.19 0.44 0.15
30  black-water 42.63 24.12 0.37 7.57 4.14 0.39 3.35 1.13 0.08 2.63 0.23 0.44 0.16
31  black-water 24.81 16.26 0.2 7.94 3.91 0.35 1.15 1.9 0.08 1.82 0.2 0.42 0.34
32 black-water 21.03 23.06 0.54 7.06 3.77 0.28 1.46 2.03 0.09 1.82 0.2 0.38 0.16
33 black-water  30.06 24.29 0.33 8.33 3.32 0.12 2.18 1.28 0.07 1.77 0.37 0.3 0.36
34  black-water 314 22.08 0.35 7.46 4.28 0.17 1.16 1.27 0.12 1.48 0.16 0.48 0.25
35  black-water  21.6 18.39 0.38 8.7 3.23 0.15 143 1.57 0.09 1.34 0.15 0.46 0.47
36  black-water 22.98 19.23 0.17 6.2 2.96 0.11 1.04 2.65 0.94 151 0.17 0.46 0.37
37  black-water 21.82 15.37 0.2 8.44 2.65 0.13 0.84 0.6 0.06 2.14 0.17 0.4 0
38  black-water 31.34 24.45 0.33 6.26 3.36 0.12 145 0.9 0.11 2.24 0.23 0.44 0.26
39  black-water 25.46 29.57 0.4 8.66 4.32 0.14 0.92 0.5 0.07 3.45 0.19 0.46 0.28
40  black-water 28.37 20.85 0.5 6.05 5.32 0.23 2.54 0.49 0.07 1.42 0.04 0.49 0.33
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S4. Differences in soil physical and chemical variables between white- and black-water forests. The columns indicate the forest types mean values,

the ratio between the mean values of white-water and black-water forest, and the Anova results (F statistic and p-value) of this study, and forest

type mean values for different floodplains across the major tributaries of the Amazon basin white-water forests, Jurud, Jutai, Purus, and black-
water, Taruma Mirim and Upper rio Negro.

. . Upper
. Jurua Jutai Purus .
White- . . . X nps Rio Negro
_ Forest type mean values  yatey/  Anova test (white- (white- (white- ~ Taruma Mirim (black-
Environmental factors black- water; water; water; (black-water; water-
Assisetal  Assisetal. Assisetal. Furch, 1997) '
- water Mafra et al.
White-water ~ Black-water F pvalue| 2018) 2018) 2018) 2006)
Soil physical variables
Sand (%) 15.54 56.96 0.3 52.6 <0.001 2.31 13.45 3.84 - 75
Silt (%) 46.77 15.61 3 114 <0.001 47.23 42.32 41.81 - 21
Clay (%) 37.68 27.44 14 49  0.03 50.45 44.22 54.34 - 4
Soil chemical variables
pH 4.58 4.42 1 3.2 007 4.79 4.24 4.48 3.7 4.2
Carbon (g.kg™) 27.01 16.81 1.6 10.6  0.002 14.24 24 22.26 395 -
Organic matter (g.kg™) 46.6 28.91 1.6 10.7 0.002 - - - - -
P (g.kg?) 275 8 3.4 23.2 <0.001 2.13 5 4.2 0.15 -
N (g.kg?) 2.51 1.1 2.3 26.1 <0.001 2.13 1.88 2.41 3.1 1.8
K (mg.dm) 93.15 19.25 4.8 113 <0.001 145.5 56.9 95.7 70.2 -
Na (mg.dm3) 31 3.2 9.7 359 <0.001 28.17 6.3 45.7 0.08 -
Fe (mg.dm) 402.25 21 19.2 56.2 <0.001 596.1 316.1 680.1 - -
Zn (mg.dm®) 4.93 0.33 14.8 149 <0.001 9.04 2.97 6.75 - -
Mn (mg.dm) 65.29 0.45 144.1 57  0.02 111.7 6.78 39.8 - -
Ca (cmolc.dm) 11.61 0.02 483.6 142 <0.001 15.18 0.13 6.99 0.14 -
Al (cmolc.dm®) 1.68 1.06 1.6 5 0.03 3.9 0.27 3.03 - 1.6
Mg (cmolc.dm®) 2.05 0.07 315 195 <0.001 5.45 9.97 7.07 - -
Total exchangeable 14.03 0.15 923 152 <0001 | 363 10.55 17.52 - 0.3
bases (cmolc.dm™)
Cu (cmolc.dm™®) 9.43 0.14 67.6 190 <0.001 3.86 171 5.47 - -
Flooding
Level (m) 3.88 2.02 1.9 17.8 <0.001 - - - - -
Duration (days/y) 203.75 77.47 2.6 62.1 <0.001 114.15 120.41 128.34 - -
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S5. Supplementary material: principal correspondence analysis (PCoA) of species
‘composition of white-water forests (circles) and black-water forests (triangles) that
experience high flooding level (open symbols) and low flooding level filled symbols. The

goodness of fit is 0.29.
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S6. Relationship between functional trait variation (first PCA axis) and species composition

(first PCoA axis) of white-water forests (white circles) and black-water forests (black circles);
R2 adj = 0.9, p<0.001.

Trait avriation PCA 1

Species composition PCoA 1
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S7. Partial regressions derived from multiple regression of three functional traits standard
deviation that included different plant characteristics and responses to flooding and soil
nutrients (specific leaf area —SLA, leaf potassium and deciduous trees) with environmental
variables that had more influence on traits variation (flooding level and flooding duration) on
white-water forests (open circles) and black-water forests (filled circles).
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S8. Partial multiple regression analyses of 12 leaf, branch and plant trait mean values and standard deviation
(SD) on environmental variables related to soil sand content, organic matter, nitrogen, phosphorus, total
exchangeable bases, aluminum, flooding level and flooding duration. The columns indicate the standardized
B-coefficient of variation for each environment variable. When significant (p-value<0.03), the B- coefficient
is highlighted in bold and p-value are indicated (*).

Plant trait B-coefficient  Sand ggﬁer:ic Nitrogen  Phosphorus bE;(é:el;angeable Aluminum ::el\cl)glding gllﬁgggnng
Leaf area mean -0.46 -0.22 -0.49 0.24 0.63 0.33 -0.44 -0.01
SD -0.41 0.19 -0.35 0.22 0.14 0.26 -1.05 0.61
Specific leaf area mean 2007  -0.5*<0.03 -0.12 0.05  0.81*<0.03 0.16 0.28 0.16
SD 0.23 0.36 0.15 0.12 -1.04 -0.38 -1.65  2.98*0.02
Leaf dry matter
content mean -0.38 0.38 -0.19 0.1 0.7 011 -0.6*0.02 0.05
SD -0.22 0.67 -0.12 0.00 -0.24 0.04 -1.65 1.39
Chlorophyll content  pean -0.38 0.38 -0.19 0.1 0.7 -0.11 06 0.05
SD -0.27 -0.21 0.04 -0.02 -0.21 -0.13 -0.06 0.14
Leaf nitrogen mean -0.08 -0.25 -0.14 003 1.07*<0.03 0.49 *<0.03 -0.03 -0.12
SD 0.40 0.16 -0.04 0.14 0.82 0.24 -0.23 0.16
Leaf phosphorus mean 0.05 -0.39 -0.08 0.11 0.8 0.19 0.22 0.02
SD 0.15 -0.20 0.00 0.28 0.30 -0.06 -0.09 0.61
Leaf potassium mean -0.15 0.04 -0.16 0.1  0.75*<0.03 0.3 -0.01 -0.01
SD -0.19 0.25 0.23 0.27 -0.62 -0.29 -1.09*0.02  1.74 *0.02
Leaf calcium mean -0.26 0.1 0.08 -0.01 0.35 0.09 0.06 0.14
SD -0.15 -0.15 -0.12 -0.08 0.41 0.21 0.31 0.04
Evergreen mean -0.29 -0.02 0.04 01 -1.15*<0.03 -0.26 0.44 -0.17
SD -0.59 -0.41 -0.39 0.06 1.29 0.22 0.69 -1.57
Deciduous mean -0.04 -0.01 0.43 -0.01 -0.59 -0.27 0.22 0.84*<0.03
SD -0.03 0.38 0.37 -0.31 -1.89 -0.52 -1.43 3.33
Branch wood density
mean 0.07 0.39 0.15 0.2 -0.82*<0.03 -0.32 -0.03 -0.08
SD -0.25 0.05 0.11 -0.42 -0.85 0.01 -0.54 1.23
Lenticel density mean 0.13 0.18 0.02 -0.12  -0.83*<0.03 -0.06 0.29 -0.14
SD 0.08 0.00 -0.28 0.12 0.63 0.05 1.19 -1.57
Height:diameter ratio  mean 0.10 -0.10 0.05 0.05 0.13 -0.12 -0.42 0.51
SD 0.32 -0.22 -0.12 -0.39 0.30 0.18 0.54 0.31
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Abstract

Habitat heterogeneity of tropical forests is thought to lead to specialization in plants and
contribute to the high diversity of tree species in Amazonia. One prediction of habitat
specialization is that species specialized for resource-rich habitats will have traits associated
with high resource acquisition and fast growth while species specialized for resource-poor
habitats will have traits associated with high resource conservation and persistence but slow
growth. We tested this idea for seven genera and for twelve families from nutrient-rich white-
water floodplain forest (varzea) and nutrient-poor black-water (igap6) floodplain forest. We
measured 11 traits that are important for the carbon and nutrient balance of the trees, and
compared trait variation between habitat types (white- and black-water forests), and the effect
of habitat and genus/family on trait divergence. Functional traits of congeneric species
differed between habitat types, where white-water forest species invested in resource
acquisition and productive tissues, whereas black-water forest species invested in resource
conservation and persistent tissues. Habitat specialization is leading to the differentiation of
floodplain tree species of white-water and black-water forests, thus contributing to a high

diversity of plant species in floodplain forests.

Introduction

Habitat filtering is a key mechanism underlying assembly of plant communities as it
determinates whether species are able to establish, grow and reproduce under specific abiotic
conditions[1]. Species are filtered out based on their functional traits, and habitat filtering
usually explains the co-occurrence of species under similar abiotic conditions as a result of
shared traits and ecological similarity. Ecological similarity though, is often caused by

phylogenetic relatedness between species [2,3], meaning that related species tend to have
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more similar trait values. Therefore, comparing phenotypic differences in plant traits between
related species is a simple way to control for phylogenetic relatedness, and to test whether
different habitat selecting pressures have led to species trait differentiation [4,5].

Habitat heterogeneity is thought to be an important cause of tree species diversity in
Amazonian forests [6-8]. Few Amazonian tree species are dominant while many are rare [9],
and it is assumed that the majority of coexisting species are habitat generalists [10]. Yet, the
high turnover of tree species across local environmental gradients suggests that species do
specialize to specific habitat conditions, thus promoting species diversity and coexistence
[7,11,12].

Many plant traits diverge as an adaptation to environmental conditions, for instance,
topography, soil nutrients and water availability, leading to species preference for different
habitat types [13—-16]. The occurrence of phylogenetically closely related species in
contrasting habitats, and the co-occurrence of unrelated species in the same habitat with
similar abiotic conditions, indicates that species have specialized for different habitats [8].
Trait divergence between closely related species that occur in different habitats is therefore an
indication of how habitat specialization occurs [4,17].

Rather than single traits, it is a suite of different traits that allow species to specialize
for a certain habitat condition [4,14]. In combination, this suite of traits forms a plants
strategy. For example, large leaves, high specific leaf area and high leaf nutrient
concentrations are usually associated with fast-growth which is advantageous in high-resource
environments, whereas low specific leaf area and high leaf dry matter content reflect
investment in strong and persistent tissues that increase nutrient conservation, water use
efficiency and plant survival in low-resource environments [18-20]. Habitat specialization is,
therefore, an important ecological process that leads to the development of different

ecological strategies in plant communities, thus contributing to species diversity [21-23].
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Amazonian floodplain forests provide a unique ecosystem to evaluate the influence of
habitat specialization. These forests face seasonal flooding dynamics [24,25] which allows
only species with specific traits and strategies to survive under these anoxic conditions [26—
28]. One important strategy to deal with flooding is to slow down the metabolism to save
energy and resources, which is reflected in the sclerophyllous leaves, lower plant height and
diameter and higher wood density. Another strategy, is the development of lenticels in roots
and trunks, which are responsible for the gas exchange in flooded soils that have low oxygen
available [26,28]. Different floodplain forest types are recognized based on their contrasting
soil nutrient availability, the nutrient-rich white-water forests (varzea) and the nutrient-poor
black-water forests (igap0; [24,29]). Although many species occur in floodplain forests,
white- and black-water forests share only 30% of the species [30]. Because of the low floristic
similarity between white- and black-water forests, habitat specialization is likely to be the
main process underlying the floristic differences between these two forest types.

In this study, we evaluated how functional traits diverge between congeneric tree
species of two floodplain forests of Central Amazonia that have contrasting soil resource
conditions [31]. We addressed the following questions and hypotheses: (1) Do functional
traits diverge between congeneric species living in different floodplain forest with different
soil types? We hypothesized that congeneric species that occur in nutrient-rich white-water
forests will have acquisitive trait values (i.e., higher specific leaf area and leaf nutrients) and
fast-grow, whereas congeners inhabiting nutrient-poor black-water forests will have
conservative trait values (i.e., higher wood density and leaf dry matter content) that increase
persistence under nutrient poor conditions but lead to slow-growth. Variation in trait values
will be lower in black-water species compared to white-water species because strong
limitation of nutrient resources [31]; (2) Can variation in trait values between congeneric

species be attributed to differences among genera or to forest types? We hypothesized that
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habitat (forest types) will be more important for trait differentiation, and will lead to the

divergence of traits between white- and black-water forest species within the same genus.

Material and methods

Study sites and sample design

Research was carried out in Central Amazonia which is characterized by a hot and
humid tropical climate. Mean annual temperature is 26.6 °C. Mean annual precipitation is
2,100 mm/y, with a wet season occurring from December to April and a dry season from June
to October. White-water forests have higher soil water retention capacity (higher silt and clay
concentrations), and higher macro- and micro-nutrient concentration, especially calcium,
manganese and base cations. Black-water forests have sandy soils and low macro- and micro-
nutrient concentrations compared to white-water forests [31,32].

Trees from white-water and black-water forests species were sampled in 25x25m plots
previously established and inventoried in two reserves, the Mamiraua Sustainable
Development Reserve (RDS Mamiraud) and the Uatuma Sustainable Development Reserve
(RDS Uatumad). The flooding regime varies from 2 to 5 meters, during 180-240 days in the
white-water forests; and from 1 to 3 meters, during 50-100 days in black-water forests. The
RDS Mamiraua (2°51°S 64°55°W) has an area of 124,000 km? of white-water floodplain
forests, and is adjacent to the Japurad and Solimdes river and the Auati-parana channel [33].
The Uatuma RDS (1°48'S, 59°15'W) has an area of 4,244.300 km?, and is located between
Itapiranga and Sao Sebastido do Uatuma cities [34]. Field work was carried out under
collecting permits 015/2016-DEMUC/SEMA and SISBIO 52109-1, provided by
Departamento de Mudancas Climaticas e Gestdo de Unidades de Conservacao da Secretaria
Estadual de Meio Ambiente of Amazonas State and Instituto Chico Mendes de Conservagéo

da Biodiversidade, respectively.
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To evaluate whether habitat specialization occurs, we carried out our analysis at the
genus and also at the family level, to verify if an older evolutionary split is causing
specialization. We selected seven genera that occur in both white- and black-water forests
along the flooding gradient that have at least 5 individuals per genus in each forest type, to
estimate the average trait value of a genus (Table 1). The threshold of 5 individuals was
chosen because of the low co-occurrence of species between these forest types [30]. The
individuals within a genus belong from 1 to 4 species. In total we sampled 70 individuals (35
individuals per forest type, and 5 individuals per genus). These individuals belonged to 29
species, with 14 species occurring only in white-water forest, 10 species occurring only in
black-water forest, and 5 species occurring in both forest types (S1 Table). The criteria for
family selection was the same as for genus (i.e. 5 individuals per family per forest type),
leading to a total of 12 families that occurred in both forest types (Table 1). We sampled 120
individuals (50 individuals per forest type) and 54 genera, with 22 genera occurring only in
white-water forest, 14 genera occurring only in black-water forest, with 18 occurring in both

forest types (S1 Table).
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Table 1. Seven genera and 12 families of the study. The columns indicate the genus/family,
and the species/genus number belonging to each genus/family in white-water and black-water
forests. The number of individuals sampled for each genus/family per forest type is 5 (n=5).

Phylogenetic level species number
Genus White-water forest Black-water forest
Eschweilera (Lecythidaceae)

Guatteria (Annonaceae)

Licania (Chrysobalanaceae)

Mouriri (Melastomataceae)

Ocotea (Lauraceae)

Pouteria (Sapotaceae)

Zygia (Fabaceae)

Family genus number
Annonaceae

Apocynaceae

Chrysobalanaceae

Euphorbiaceae

Fabaceae

Lauraceae

Lecythidaceae

Malvaceae

Melastomataceae

Moraceae

Myrtaceae

Sapotaceae
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Functional traits

For each tree we measured eleven functional traits that are related to resource
acquisition and growth (S2 and S3 Table). The traits were Leaf area — LA (cm?), Specific leaf
area - SLA (cm?.g™?), Leaf dry matter content — LDMC (g.g™%), Chlorophyll content — Chl
(SPAD units), Leaf nitrogen — N (g.kg?), Leaf phosphorus — P (g.kg™), Leaf Potassium — K
(g.kg™), Leaf Calcium — Ca (g.kg™), Branch wood density — BWD (g.cm™®), Lenticel density —
LD (count in 10 cm™), and the Height:diameter ratio - HDR (m.cm™) of the tree.
Measurements were made following standardized trait protocols [35] (Table 2). Leaf traits
were measured in 5 sun-exposed leaves per individual. Chlorophyll content was measured
with a chlorophyll meter (SPAD-502) on 3 sun-exposed leaves. Lenticel density was

measured in the trunk of the trees using a 10 cm? templet. To reduce sampling effort and tree
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damage, we measured wood density at the branch level instead of the trunk level [36]. BWD

was measured in one branch per individual (bark included) using the water displacement

method [36]. The measurements of LA, SLA, LDMC, Chl, BWD, LD and HDR were

conducted in the field and leaf nutrient analysis was done by Empresa Brasileira de Pesquisa e

Agropecuaria (Embrapa, Manaus, Brazil).

Table 2. Overview of the plant functional traits included in this study, with the trait name,
abbreviations, units and their function.

Plant functional trait Function related Reference
Leaf area, LA Light intercepting area, respiration, transpiration, [37]
(cm?) gas exchange

Specific leaf area, SLA Light capture economics, net assimilation rate, relative [38,39]
(cm2.g?) growth rate, leaf life span, photosynthetic capacity

Chlorophyll content, Chl Light uptake efficiency, photosynthetic rates [39]
(SPAD units)

Leaf dry matter content, LDMC Construction costs, nutrient retention, resistance against ~ [37,38]
(9.9 herbivory and physical damage, drought resistance

Leaf nitrogen (N) and phosphorus (P)  Photosynthetic rates, CO, assimilation, [19,20]
concentration leaf nutrients levels

(9-kg?)

Leaf potassium, K Stomatal control, turgor provision and water homeostasis  [40]
(9.kg?)

Leaf Calcium, Ca Cellwall structure [40]
(9.kg?)

Branch wood density, BWD Construction costs, growth rate, pathogen resistance, [36,41]
(g.cm®) mortality rate

Lenticel density, LD Oxygen uptake, gas exchange [26]
(count of lenticels/10 cm?)

Height:diameter ratio of the plant, Stability, competitive strength [42,43]

HDR (m.cm™)

Data analysis

To analyse how functional traits values vary within habitat types we calculated the

mean value for each genera, and also the coefficient of variation for each forest type as the

standard deviation multiplied by 100. To evaluate how functional traits vary between

congeners in different habitat types (white- and black-water forests) we made for each trait a

graph where the trait mean values of white- and black-water genera were paired. To evaluate
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if functional trait values diverge between forest types and genera we used a Linear mixed
model for each functional trait, using forest type as a fixed effect and genus as a random effect
[44]. For each trait, we compared models considering both habitat and genus (model:) and
considering only habitat (model2) using likelihood ratio test, which indicates if models differ
with the addition of genus effect [45]. To assess the importance of genus for trait variation we
calculated the marginal and conditional R squared of each linear mixed model. The marginal
R2 describes the proportion of variance explained by the fixed effect (habitat), while the
conditional R? describes the proportion of variance explained by both fixed and random effect
(habitat + genus; [46]). When the conditional R? value is similar to marginal R?, it indicates
that the factor genus is not affecting plant traits. To verify whether an older evolutionary split
would show the same pattern, we carried out the same analysis at the family level and

compared the results. All analyses were carried out using the R platform [47].

Results

Traits divergence between forest types

All traits diverged between white- and black-water congeneric tree species (genus
level comparison), except leaf chlorophyll content. White-water species had, on average, 1.2-
3.0 times higher values of leaf area, specific leaf area and leaf nutrient concentrations, than
congeneric black-water species. In contrast, black-water congeneric species had 1.2-2.7 times
higher values of leaf dry matter content, branch wood density, lenticel density and
height:diameter ratio (Table 3 and Fig 1). At the family level, the same traits had higher
values for white-water or for black-water, maintaining the same patterns of trait variation for
comparisons at an older phylogenetic level (family) as for comparisons at a more recent

phylogenetic level (genus) (Table 4 and Fig 2). Frequently, trait variation among species
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within forest type was higher in the white-water forest than in the black-water forest, both

when species comparisons were made at the genus level and the family level, indicated by the

coefficient of variation (Tables 3 and 4). For some traits (especially leaf potassium and

calcium), trait variation was larger in black-water forest than in white-water forest.

Table 3. Mean values of 11 functional traits of seven genera in white-water and black-water
forests. The columns indicate trait mean values per genus: leaf area (LA), specific leaf area

(SLA), leaf dry matter content (LDMC), leaf nitrogen (N), leaf phosphorus (P), leaf potassium

(K), leaf calcium (Ca), branch-wood density (BWD), lenticel density (LD), height:diameter
ratio (HDR). Trait mean values are based on 5 individuals per genera and coefficient of

variation (CV) is based on all 33 species per forest type (see Table 2 for trait units).

Forest  Genus LA SLA  LDMC Chl N P K Ca BWD LD HDR

type level

White- Guatteria 94.8 139.7 08 606 198 20 9.7 46 04 32 0.8

water  Licania 47.0 1275 03 454 155 13 103 7.6 06 1.7 0.7
Zygia 43.1 1355 0.3 509 268 17 114 49 0.7 16 0.7
Ocotea 125.7 1147 11 567 190 18 124 15 05 0.8 0.7
Eschweilera  37.7 116.7 04 514 213 28 146 7.3 06 27 0.6
Mouriri 67.4 96.2 12 594 166 12 110 6.4 0.7 07 0.7
Pouteria 66.3 74.0 06 617 228 20 133 56 06 24 0.9
mean 68.9 114.9 0.7 551 203 18 118 54 06 1.9 0.7
Ccv 65 26 78 14 37 62 36 65 18 100 25

Black- Guatteria 82.0 66.4 21 525 128 08 39 6.0 06 3.0 1.5

water  Licania 478 87.2 19 526 150 06 39 1.2 08 27 1.4
Zygia 40.2 118.0 16 577 214 07 30 38 08 33 1.7
Ocotea 51.7 83.2 1.7 510 138 05 28 15 06 1.0 1.3
Eschweilera 389 80.8 20 572 171 06 32 24 0.7 44 15
Mouriri 31.0 66.2 18 558 179 05 58 1.1 09 20 1.6
Pouteria 355 741 17 520 132 04 48 11 08 1.8 15
mean 46.7 823 18 541 159 06 39 24 08 26 1.5
Ccv 45 31 13 10 23 36 40 89 15 78 25
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Fig 1. Mean values of leaf area, specific leaf area, leaf dry matter content, leaf chlorophyll,
leaf nitrogen (N), leaf phosphorus (P), leaf potassium (K), leaf calcium (Ca), branch-wood
density, lenticel density and height:diameter ratio for seven pairs of congeneric species of
white-water and black-water forests. Lines connect the congeneric pairs. Mean values were
based on 5 individuals per genus and forest type.
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Table 4. Mean values of 11 functional traits of twelve families in white-water and black-water
forests. The columns indicate trait mean values per family: leaf area (LA), specific leaf area
(SLA), leaf dry matter content (LDMC), leaf nitrogen (N), leaf phosphorus (P), leaf potassium
(K), leaf calcium (Ca), branch-wood density (BWD), lenticel density (LD), height:diameter
ratio (HDR). Trait mean values are based on 5 individuals per family and coefficient of
variation (CV) is based on all 54 genera per forest type (see Table 2 for trait units).

Forest  Family LA SLA LDMC Chl N P K Ca BWD LD HDR

type

White-  Annonaceae 55.3 140.8 05 495 180 1.3 100 58 05 1.7 0.6

water  Apocynaceae 70.7 148.0 08 547 196 15 122 52 05 23 0.6
Chrysobalanaceae 45.3 127.3 0.3 495 180 1.6 101 9.2 06 1.6 0.6
Euphorbiaceae 78.0 164.7 08 473 241 23 129 65 05 1.8 0.4
Fabaceae 50.4 167.7 05 480 209 16 122 6.1 06 18 0.7
Lauraceae 935 1339 0.8 527 205 1.7 112 13 06 0.8 0.8
Lecythidaceae 80.7 100.4 1.1 478 195 18 9.7 49 05 20 0.5
Malvaceae 82.0 1994 0.8 401 206 21 123 73 03 1.6 0.3
Melastomataceae  65.0 98.5 1.1 607 169 13 119 6.0 0.7 0.9 0.6
Moraceae 405 1144 04 403 202 22 156 94 04 24 0.7
Myrtaceae 542 1198 06 534 163 13 109 7.1 06 1.2 0.6
Sapotaceae 51.3 104.9 05 482 193 20 105 6.6 0.7 1.3 0.6
mean-value 65.3 134.7 06 522 200 18 121 64 05 1.6 0.7
CVv 0.7 0.4 08 01 03 05 04 07 0.3 0.8 0.3

Black- Annonaceae 844 726 20 523 129 07 41 6.2 06 27 1.5

water  Apocynaceae 69.6 1325 27 570 201 09 51 40 0.7 45 2.6
Chrysobalanaceae 31.7  95.7 6.1 489 127 05 34 12 0.8 3.6 1.8
Euphorbiaceae 74 788 15 530 106 04 12 22 0.7 4.0 1.4
Fabaceae 36.9 105.5 95 587 201 08 32 25 08 44 24
Lauraceae 383 725 1.8 519 141 06 39 11 06 1.2 1.5
Lecythidaceae 53.1 979 29 521 173 21 39 24 0.7 26 2.6
Malvaceae 60.5 103.0 18 522 181 07 39 34 06 3.6 1.6
Melastomataceae 55.0 75.9 1.7 600 170 05 32 14 10 20 14
Moraceae 38.7 1184 18 528 179 07 53 78 1.2 50 9.0
Myrtaceae 352 950 17 543 124 07 27 138 08 4.2 2.3
Sapotaceae 35,5 69.8 75 530 134 05 45 13 0.8 27 2.8
mean-value 450 915 18 537 156 07 43 28 0.7 3.3 1.8
CVv 0.6 0.3 02 01 02 07 09 09 0.2 0.6 0.4
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Fig 2. Mean values of leaf area, specific leaf area, leaf dry matter content, leaf chlorophyll,
leaf nitrogen (N), leaf phosphorus (P), leaf potassium (K), leaf calcium (Ca), branch-wood
density, lenticel density and height:diameter ratio for twelve pairs of families of white-water
and black-water forests. Lines connect the family pairs. Mean values are based on 5
individuals per family and forest type.

The influence of habitat on trait divergence

All functional traits except leaf chlorophyll content and lenticel density varied
significantly between forest types. The likelihood ratio test was not significant for leaf
phosphorus, potassium, calcium and height:diameter, indicating that both models have the
same support. This means that genus does not have a strong effect on trait values (Table 5)
and that habitat has a stronger effect on trait values than genus. Leaf area, specific leaf area,
leaf dry matter content, leaf nitrogen and branch wood density had higher likelihood values of
models considering habitat and genus effect, which indicates that the variance was explained
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by both habitat and genus. The marginal and conditional R? differed little, especially for leaf
nutrient concentration, leaf dry matter content and height:diameter ratio, which indicates that
genus is not strongly affecting plant traits. A similar pattern was observed at the family level,
but most of traits were explained by both habitat and family effect. The likelihood ratio test
was not significant for leaf area, leaf dry matter content, leaf nitrogen and height:diameter
ratio, indicating a strong effect of habitat. Specific leaf area, leaf calcium, phosphorus,
potassium and lenticel density were best explained by the model considering habitat and
family. The differences between marginal and conditional R? differed little too, suggesting
that family, as well as genus, is not strongly influencing plant trait variation beyond habitat.
Table 5. Variation in 11 functional traits of white- and black-water flooded forests
considering pairing at genus and family level. The columns indicate $-coefficient, p-value,
marginal R squared (variance explained by the fixed effect (habitat); r2m), conditional R
squared (variance explained by the fixed effect + random effect (habitat + genus/family); r3c)

and likelihood ratio test (p-value indicates if models differ; ratio was calculated as model;
(habitat + genus/family)/model, (habitat)).

Plant Genus Family
. B- likelihood B- likelihood

trait coefficient p-value rZm r2c coefficient p-value rPm r2c

ratio p-value ratio  p-value
LA 22.12 0.003 0.09 034 54 0.001 20.28 0.002 0.07 012 0.6 0.26
SLA 3262 <0.001 024 046 57 <0.001 43.22 <0.01 0.20 0.32 34 <0.001
LDMC -1.15 <0.001 0.67 0.72 19 0.05 -1.21 <0.01 069 071 04 0.37
chl 1.02 051 0.01 0.09 038 0.21 -1.44 024 001 013 23 0.03
N 4.39 0.001 011 025 19 0.04 44 <0.01 0.16 024 1.7 0.06
P 1.23 <0.001 0.36 0.37 0 0.85 111 <0.01 033 043 37 0.006
K 7.87 <0.001 0.60 0.60 0 0.99 7.82 <0.01 040 050 41 0.004
Ca 297 <0.001 020 027 07 0.22 3.55 <0.01 020 032 36 0.007
BWD -0.15 <0.001 0.28 0.81 33 <0.001 -0.16 <0.01 0.23 052 161 <0001
LD -0.73 0.1 000 015 14 0.09 -1.67 <0.01 0.17 033 54 0.001
HDR -0.78 <0.001 0.62 0.62 0 0.99 -1.14 <0.01 048 049 17 0.06

Discussion

We asked whether functional traits of tree species diverge between habitats differing
in soil nutrient availability, and if habitat conditions are driving trait differentiation despite

differences amongst genera in their evolutionary history. We found that white-water species
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have traits related to resource acquisition and fast-growth, while black-water species have
traits related to resource conservation and persistence. Habitat effect was important to cause

traits variation, even for less plastic traits.

Traits divergence between habitat types

Plant species show different strategies to deal with rich and poor soils [48,49]. The
trade-off in tissue investment that we observed in our study reflect different strategies to deal
with the differences in soil nutrient availability between the two habitats. We hypothesized
that congeneric species from white-water would have acquisitive trait values associated with
fast-growth in a resource-rich environment whereas congeneric species from black-water
would have more conservative trait values associated with persistence in a resource-poor
environment. Congeneric species from white-water had indeed higher leaf area, specific leaf
area and leaf nutrient concentrations which are related to high light capture, photosynthetic
rates and carbon gain [19,20,38,39,50]. These characteristics result in productive plants with a
short-life cycle [19,39]. White-water species had a lower height:diameter ratio. A low HDR
increases plant stability against water and wind [43] and may allow white-water species to
resist to disturbance from the higher water movement that is typical for white-water forests
[30,51].

Congeneric species from black-water had, in contrast, higher leaf dry matter content
and branch wood density. When resources are limiting, as in black-water forest, species tend
to invest in strong tissues and plant longevity [36,38,41]. A small leaf area and high leaf dry
matter content allow black-water species to adapt to low nutrient availability, by increasing
longevity and reducing growth rate [49]. These traits are indirectly influenced by flooding and

more related to plant age [52].
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We also hypothesized that trait variation within forests would differ, and that in white-
water forests it would be higher than in black-water forests because black-water forest is a
resource-limited habitat, which imposes a strong selection filter. Trait variation in white-water
forest was indeed higher than black-water forest for most traits (Table 3 and Fig 1). This
result can be related to the stronger habitat filtering in black-water forest that leads to similar
traits and strategies [1], or because it has a lower number of species than white-water forest,
resulting in a lower trait variation. The larger variation in leaf nutrient concentrations in black-
water forests may be related to stronger niche differentiation for nutrients and, hence, a larger

variation in nutrient strategies in this nutrient-poor environment [53].

The influence of habitat on trait divergence

We hypothesized that trait divergence between white- and black-water forest would be
related to abiotic conditions (habitat types), indicating habitat specialization by white- water
and by black-water species. Habitat type is indeed important for the divergence of labile traits
between the two forests types, such as leaf dry matter content, leaf nutrient concentration and
height:diameter ratio, leading to species adaptation for different habitats.

Some traits are phylogenetically conserved, but still show to some extent phenotypic
plasticity. Wood density, for instance, is considered to be more conserved [54-56], but can
vary in relation to environmental conditions, as flooding and soil nutrients [57-59]. Specific
leaf area is very plastic in response to light availability [60], but varies very little in response
to water availability [61]. In our study, wood density and specific leaf area were both affected
by habitat (i.e., forest type) and by phylogeny (i.e., genus). These traits values diverged
between forest types, but maintained a similar pattern within the same taxa, especially for
branch wood density. For example, the genus Mouriri was the genus with denser wood in
white-water forests (0.71 g.cm) and also the genus with denser wood in black-water forests
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(0.93 g.cm™). When you compare the genus Mouriri between forest types black-water species
have denser wood, but when you compare genera within habitats Mouriri was the genus with
denser wood in both habitats (Fig 1). This result suggest that differences between habitat leads
to trait variation among forests, but there is also a variation within forest type caused by
differences amongst co-occurring genera.

Other traits are more labile and can respond faster to selective pressures adapting to
environmental conditions, such as leaf nitrogen and leaf dry matter content [62,63]. Leaf
nutrient concentration, leaf dry matter content and height:diameter ratio are related to plant
growth, resource acquisition and competition [20,42], and were mainly related to habitat type
(Table 5). Variation in these traits was not caused by genus identity. The convergence of these
traits values within habitat, independent of genus, suggests that there is an environmental
selection of these traits, and can be an ecological adaptation in response to the differences in
soil conditions between black- and white-water floodplain forests.

The divergence of traits between habitats in related species can be an indication of
habitat specialization to soil properties [4,12,64]. The increasing evidence of the importance
of local abiotic conditions and habitat diversity for traits and species variation in the
Amazonian forests [6,8], suggests that habitat specialization is an important process driving
plant communities, and that trait lability probably contributes to this specialization, because it
improves species adaptation to the environment [61]. Even for less labile traits, the habitat soil
conditions seem to be influencing trait differentiation. The trait divergence between the
congeners in theses floodplain forests seems to be, therefore, a result of habitat specialization,
contributing to floristic differentiation between these areas and, hence, increasing overall

species diversity.
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Conclusions

Functional traits of floodplain congeneric tree species diverge between forest types
with different soil resource availability, resulting in a trade-off in tissue investment in
resource acquisition and productive tissues in white-water species versus resource
conservation and persistent tissues in black-water species. Both phenotypic plasticity and
lability of traits are leading to habitat specialization and differentiation of floodplain tree
species of white-water and black-water forests, thus contributing to a high diversity of plant

species in floodplain forests.
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Supporting Information

S1 Table. Species of white-water and black-water forest belonging to seven genus and to
twelve families. The columns indicate the phylogenetic level (genus and family) and the
species belonging to each genus/ family in white-water and black-water forests.

Phylogenetic level

Species

Genus

White-water forest

black-water forest

Eschweilera (Lecythidaceae)

Guatteria (Annonaceae)

Licania (Chrysobalanaceae)

Mouriri (Melastomataceae)

Ocotea (Lauraceae)

Pouteria (Sapotaceae)

Zygia (Fabaceae)

Eschweilera albiflora
Eschweilera ovalifolia
Eschweilera parviflora

Guatteria inundata
Guatteria sp.

Licania apetala
Licania heteromorpha
Licania micranta

Mouriri guianensis
Mouriri sp. A

Ocotea matogrossensis
Ocotea cymbarum
Ocotea sp.

Pouteria elegans
Pouteria glomerata

Zygia ampla
Zygia cataractae
Zygia latifolia
Zygia sp.

Eschweilera albiflora
Eschweilera parviflora
Eschweilera tessmannii

Guatteria guianensis

Licania apetala

Licania heteromorpha
Licania macrophylla
Licania hypoleuca
Licania longistyla
Mouriri brevipes
Mouriri sp. B

Ocotea aciphylla
Ocotea adenotrachelium

Pouteria pachyphylla

Zygia cataractae

Family

Annonaceae

Apocynaceae

Chrysobalanaceae

Euphorbiaceae

Duguetia spixiana
Guatteria inundata
Oxandra riedeliana
Unonopsis guaterioides
Xylopia sp.
Aspidosperma guianensis
Aspidosperma rigidum
Malouetia sp.

Malouetia tamaquarina
Couepia paraensis
Licania apetala

Licania heteromorpha
Licania micranta
Parinari excelsa
Alchornea shomburkiana

Guatteria guianensis

Aspidosperma excelsum
Himatanthus articulatus

Gaulettia parillo
Licania apetala
Licania gracilipes
Licania heteromorpha
Licania macrophylla
Alchornea discolor
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Fabaceae

Lauraceae

Lecythidaceae

Malvaceae

Melastomataceae

Moraceae

Myrtaceae

Sapotaceae

Hevea spruceana
Hura crepitans
Mabea nitida
Piranhea trifoliolata
Acosmium nitens
Campsiandra comosa
Inga splendens
Swartzia laurifolia
Zygia cataractae
Ocotea cymbarum

Couroupita guianensis
Eschweilera albiflora
Eschweilera parviflora
Gustavia augusta
Lechytis lurida

Apeiba echinata

Ceiba pentandra
Luehea cymulosa

Pseudobombax munguba

Theobroma cacao
Mouriri grandifolia
Mouriri guianensis
Mouriri sp. A
Batocarpus amazonicus
Ficus maxima

Magquira coriacea
Sorocea duckei
Calypthrantes multiflora
Calyptranthes sp.
Eugenia inundata
Eugenia sp. A

Chrysophyllum argentum

Micropholis egensis
Micropholis guianensis
Pouteria elegans
Pouteria glomerata

Hevea benthamiana
Mabea nitida
Maprounea guianensis

Campsiandra comosa
Eperua duckeana
Macrolobium angustifolium
Swartzia polyphylla
Zygia cataractae
Ocotea aciphylla
Ocotea adenotrachelium
Couratari tenuicarpa
Eschweilera albiflora
Eschweilera parvifolia
Lecythis lurida

Mollia lepidota

Miconia argyrophylla
Mouriri brevipes
Mouriri sp. B
Brosimum guianense
Brosimum sp.

Ficus maxima

Blepharocalyx eggersii
Calyptranthes forsteri
Eugenia sp. B

Myrcia amazonica

Plinia sp.

Elaeoluma schomburgkiana
Manilkara bidentata
Micropholis melinoniana
Pouteria pachyphylla
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S2 Table. Eleven functional trait measured of 5 individuals in seven genera at white-water and black-water forests. The columns indicate forest type,

family, genera, species and functional trait values: leaf area (cm?), specific leaf area (cm2.g™%), leaf dry matter content (g.g™), chlorophyll content
(SPAD units), leaf nitrogen (g.kg™?), leaf phosphorus (g.kg?), leaf potassium (g.kg™), leaf calcium (g.kg™), branch wood density (g.cm), lenticel
density (count in 10 cm), and the Height:diameter ratio (m.cm™).

Leaf .
= Leaf Specific dry Chlorophyll Leaf Leaf Leaf Leaf Branch Lentl_cel N
orest Fami . content . - . wood density Height:diameter
amily Genera Species area leaf area matter nitrogen  phosphorus  potassium  calcium - : i
type ©m)  (cmg?)  content (SP_AD (gkg™) (kg (kg™ (kg) density  (count/10 ratio (m.cm™)
: . . . . 3 )
(0.9Y units) (g.cm™) cm?)
Black-water ~ Annonaceae Guatteria Guatteria 63.08 56.94 2.03 56.40 13.69 0.68 4.89 4.92 0.66 45 2.2
guianensis
94.48 58.85 1.98 58.50 13.30 0.66 3.09 5.10 0.64 18 14
58.06 73.57 2.27 48.00 12.12 0.63 4.82 5.76 0.60 4.0 1.1
99.29 69.02 2.10 51.00 12.57 1.56 2.67 7.86 0.65 3.6 15
95.20 73.69 1.89 48.50 12.15 0.40 4.00 6.57 0.62 1.0 14
Chrysobalanaceae  Licania Licania apetala 2026  87.55 1.64 55.20 15.43 0.50 3.20 1.19 0.81 40 1.2
Licania
heteromorpha 76.72 70.71 1.92 59.50 15.20 0.53 3.09 0.62 0.67 4.0 11
Licania
macrophylla 2267 4261 179 54.20 13.50 0.69 3.14 0.14 0.79 0.0 17
Licania hypoleuca  47.70 141.45 2.08 38.30 14.14 0.84 8.27 1.34 0.82 4.0 1.3
Licania longistyla ~ 71.47 93.77 1.83 55.80 16.63 0.52 1.97 2.62 0.84 1.3 1.8
Fabaceae Zygia Zygiacataractae 3126  127.05 164 53.40 23.04 0.76 2.67 2.00 0.78 3.0 12
42.26 135.29 1.60 59.80 24.14 0.82 3.24 1.40 0.88 5.0 1.7
50.65 108.03 1.66 62.80 22.48 0.42 4.10 7.92 0.80 0.7 1.7
39.76 102.42 1.58 58.40 17.44 0.63 2.52 411 0.84 4.0 16
37.00 117.24 153 54.20 19.80 0.61 244 3.52 0.93 4.0 2.3
Lauraceae Ocotea Ocoteaaciphylla 3791  67.77 1.73 47.00 1341 057 254 1.34 0.66 13 12
53.28 61.88 1.45 56.70 12.15 0.43 1.85 2.03 0.62 15 1.0
66.82 69.96 149 41.80 11.42 0.43 2.02 1.47 0.61 12 0.9
Ocotea . 37.51 57.77 157 58.30 12.01 0.51 1.97 0.62 0.66 0.0 2.2
adenotrachelium
63.04 158.71 2.14 51.30 20.16 0.66 5.43 1.97 0.58 11 14
Lecythidaceae Eschweilera Elskf_?lwe“era 4160  75.72 2.49 57.20 18.62 0.45 2.39 1.26 074 17 15
albiflora
49.58 91.81 1.98 60.10 13.24 0.52 2,94 6.18 0.60 11.2 1.1
Eschweilera 3040 7211 171 54.10 19.71 0.83 2.02 0.64 0.63 26 2.4
parviflora
19.73 72.95 1.77 50.90 15.48 0.56 3.97 2.08 0.75 4.0 15
Eschweilera 5311 9L44 201 63.60 18.20 0.71 459 1.68 0.73 25 11
tessmannii
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Melastomataceae ~ Mouriri Mouriri brevipes 32,69 68.19 1.82 51.30 15.51 0.44 6.84 1.83 0.93 11 23
24.17 60.28 155 56.20 14.36 0.37 4.96 1.48 0.92 1.2 1.4
38.72 70.13 1.01 51.90 15.71 0.45 6.08 1.02 0.99 5.0 1.2
Mouriri sp. B 2828  64.45 1.91 63.10 21.81 0.60 6.06 0.55 0.91 13 1.9
3116  67.76 1.89 56.40 22.01 0.60 5.11 0.57 0.92 13 15
Sapotaceae Pouteria Pouteria 4944 7755 167 57.10 14.78 0.43 3.97 0.93 0.76 2.1 12
pachyphylla
2726  76.23 1.69 49.20 15.37 0.47 3.64 0.95 0.77 2.2 17
2828  69.31 178 50.00 12.26 0.41 6.07 1.42 0.84 18 17
3383  66.75 171 53.60 11.28 0.34 5.43 131 0.74 17 1.4
3887  80.65 1.62 49.90 12.21 0.53 5.00 0.66 0.82 13 16
White-water ~ Annonaceae Guatteria _Guatteria 97.52 196.61 0.64 52.20 13.80 1.07 13.20 9.64 0.38 1.1 0.7
fnundata 104.21  124.02 1.10 61.70 20.92 4.87 14.40 4.85 0.41 0.9 08
139.81  124.78 0.86 68.00 19.10 1.20 4.18 4.09 0.47 0.7 0.8
Guatteria sp. 4958  108.59 0.55 60.40 24.25 1.28 8.80 178 0.49 10.0 0.9
82.78  144.32 0.65 60.90 20.86 131 8.00 2.58 0.39 3.6 0.8
Chrysobalanaceae  Licania Licania apetala 1856  113.19 0.11 41.30 16.66 1.38 5.23 1.09 0.56 0.0 04
2633 17251 0.11 53.20 19.15 1.24 15.60 10.18 059 15 03
héf::g; orpha 5419 102.52 0.16 40.50 13.50 1.19 10.80 11.96 0.71 3.0 06
68.60  134.21 0.74 42.20 13.24 1.69 11.20 5.45 0.60 2.4 11
Licania micranta 67.37 115.20 0.55 49.60 15.04 0.79 8.40 9.14 0.73 1.8 12
Fabaceae Zygia Zygia ampla 23.47 135.01 0.16 45.00 51.24 1.54 10.00 4.39 0.75 2.3 0.8
Zygia cataractae 25.67 120.84 0.10 47.60 21.45 2.30 9.20 242 0.78 15 0.9
Zygia latifolia 86.63  148.08 054 56.60 12.68 1.46 12.80 4.02 0.63 15 07
6141  153.23 0.32 49.00 25.37 2.25 18.00 6.21 0.68 0.4 08
Zygia sp. 18.15  120.54 0.15 56.10 23.27 1.07 6.80 7.63 0.69 2.0 0.5
Lauraceae Ocotea Ocotea
matogrossensis 7546  74.68 0.86 73.20 16.52 158 4.24 3.88 0.43 0.6 0.6
Ocotea 169.32  116.70 1.43 51.90 16.21 1.82 13.60 1.26 0.57 0.9 0.8
cymbarum
117.71  134.22 0.91 55.20 20.83 1.70 13.60 0.63 0.58 0.8 0.8
119.68  121.13 1.02 55.70 20.19 2.15 16.40 0.60 053 11 08
Ocotea sp. 14612 126,54 111 47.30 21.25 1.72 14.00 0.88 0.54 0.6 0.7
Lecythidaceae Eschweilera Eft;?;'g‘::era 3117  150.60 0.30 55.30 18.65 3.25 15.20 6.58 0.60 2.1 05
3093  141.21 0.27 43.40 30.24 6.21 19.20 3.81 0.58 6.2 0.7
Ejgn‘f'ﬁ:fra 3715  101.84 0.45 50.30 18.48 156 13.60 13.02 0.55 05 05
4275  101.22 0.47 54.40 19.24 1.18 11.60 9.05 053 2.4 08
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Melastomataceae

Sapotaceae

Mouriri

Pouteria

Eschweilera
parviflora

Mouriri
guianensis

Mouriri sp. A
Pouteria elegans

Pouteria
glomerata

46.60

98.96
25.15
149.63
32.95
30.33
50.90
26.00
39.76
49.03

165.79

88.70

87.84
107.39
99.49
91.94
94.48
69.03
72.22
68.33
66.55

93.74

0.50

1.68
0.21
2.57
0.64
0.63
0.54
0.26
0.44
0.53

1.36

53.40

60.70
58.80
58.80
60.20
58.30
69.00
59.00
58.20
63.00

59.10

19.88

13.78
20.19
16.60
14.36
18.03
35.14
33.60
17.14
13.30

15.01

1.58

0.84
1.66
1.41
0.72
1.56
3.12
3.30
0.84
0.88

2.07

13.20

12.40
10.40
8.85
12.40
10.80
20.80
21.20
7.60
7.20

9.60

3.85

11.47
2.95
6.56
6.25
4.90
2.29
6.18

12.75
3.58

331

0.69

0.64
0.84
0.70
0.72
0.68
0.77
0.65
0.59
0.66

0.54

2.2

0.8
0.0
1.3
0.8
0.6
2.8
2.5
1.4
0.9

43

0.6

0.5
0.7
0.6
0.8
11
0.9
0.7
1.0
0.9

0.9
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S3 Table. Eleven functional trait measured in 5 individuals of twelve families at white-water and black-water forests. The columns indicate forest
type, family, genera, species and functional trait values: leaf area (cm?), specific leaf area (cm?2.g?), leaf dry matter content (g.g%), chlorophyll
content (SPAD units), leaf nitrogen (g.kg™), leaf phosphorus (g.kg™), leaf potassium (g.kg™), leaf calcium (g.kg™), branch wood density (g.cm™),
lenticel density (count in 10 cm™), and the Height:diameter ratio (m.cm™).

Leaf

Leaf Specific dry Chlorophyll Leaf Leaf Leaf Leaf Branch Lentl_cel o
Forest . . leaf content . - - wood density Height:diameter
Family Genera Species area matter nitrogen  phosphorus  potassium  calcium . : "
type (cm?) area content (SPAD (gkg) (9.kg?) (kg (kg™ density (count/10 ratio (m.cm™)
(cm2.g™l) (9.9 units) : : : : (g.cm™) cm?)
Black-water Annonaceae Guatteria Guatteria 63.08 56.94 2.03 56.40 13.69 0.68 4.89 4.92 0.66 45 22
guianensis
94.48 58.85 1.98 58.50 13.30 0.66 3.09 5.10 0.64 18 14
58.06 73.57 2.27 48.00 12.12 0.63 4.82 5.76 0.60 4.0 1.1
99.29 69.02 2.10 51.00 12.57 1.56 2.67 7.86 0.65 3.6 15
95.20 73.69 1.89 48.50 12.15 0.40 4.00 6.57 0.62 1.0 14
Apocynaceae Aspidosperma ASPiEOSPefma 2587 9561 2.04 59.70 13.55 0.42 5.97 6.83 0.85 9.0 3.0
excelsum
38.72 80.23 2.02 63.50 15.85 0.69 4,70 2.97 0.82 4.0 2.5
30.22 76.43 1.87 52.10 13.89 0.59 5.67 3.42 0.82 4.0 18
38.72 80.23 2.02 63.50 15.85 0.69 4.70 2.97 0.82 4.0 25
_ Himatanthus ;355 1809 5, 51.70 26.01 122 5.08 3.08 0.48 45 35
Himatanthus articulatus 4
Chrysobalanaceae Gaulettia 120.8
Gaulettia parillo 17.79 7 1.72 35.90 10.19 0.53 5.25 1.11 0.84 0.0 15
Licania Licania apetala ~ 20.26  87.55 1.64 55.20 15.43 0.50 3.20 1.19 0.81 40 1.2
Licania 126.6
gracilipes 12.26 g 1.60 53.30 14.64 0.26 3.16 1.57 0.92 4.0 2.7
Licania 4862  79.88 1.79 48.50 10.67 057 219 0.86 0.83 7.0 0.9
heteromorpha
Licania 2530 9454 1.98 50.20 15.88 1.36 3.78 0.34 0.78 1.9 18
macrophylla
Euphorbiaceae Alchornea
Alchornea discolor 66.82 86.11 1.80 45.30 13.38 0.71 2.23 3.14 0.74 3.8 14
Hevea 8596 246 o0 59.20 14.34 0.40 3.20 123 0.56 15 11
Hevea benthamiana 1
Mabea Mabea nitida 64.14  99.63 1.92 52.70 18.40 0.67 3.74 2.23 0.65 0.0 12
37.50 76.58 1.70 59.50 9.63 0.38 3.81 1.23 0.87 6.0 17
Maprounea 742 7875 1.54 53.00 10.58 0.44 1.19 2.24 0.69 40 14
Maprounea guianensis
Fabaceae Campsiandra 128.6
Campsiandra comosa 50.29 8 1.95 45.10 18.68 0.65 3.72 1.07 0.75 8.0 2.1
Eperua 5245  67.95 173 56.30 14.42 0.66 6.10 1.06 0.78 16 14
Eperua duckeana
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Lauraceae

Lecythidaceae

Malvaceae

Melastomataceae

Moraceae

Myrtaceae

Macrolobium
Swartzia

Zygia
Ocotea

Couratari

Eschweilera

Lecythis
Mollia

Miconia
Mouriri

Brosimum

Ficus
Blepharocalyx

Calyptranthes

Macrolobium
angustifolium
Swartzia
polyphylla
Zygia
cataractae
Ocotea
aciphylla

Ocotea a
denotrachelium

Couratari
tenuicarpa

Eschweilera
albiflora
Eschweilera
parvifolia

Lecythis lurida
Mollia lepidota

Miconia
argyrophylla
Mouriri
brevipes

Mouriri sp. B

Brosimum
guianense

Brosimum sp.

Ficus maxima

Blepharocalyx
eggersii
Calyptranthes
forsteri

10.35

51.44

28.11

52.99
37.91
37.86
31.76
30.81

43.39
38.92
42.13

47.16
109.65
50.61

35.03
66.42

68.68

78.41

68.22

32.69
24.17
30.45
70.99

27.70

18.44

24.55
25.77

101.77

6.96

19.08

99.11

73.53

93.01
89.30
67.77
72.80
66.19
66.69

114.2
59.84
90.33

79.88

60.70
1131

91.46
91.97
191.4

139.8

87.35

68.19
60.28
62.70
46.77
116.8

1315

99.22

77.42
179.0

94.53
116.2

1.87

221

1.44

1.83
173
1.76
1.78
1.69

2.12
2.10
1.79

1.82
1.49
1.99

2.00
1.62

2.09

1.73
1.82
1.55
1.75
1.57

181

65.10

63.80

55.40

54.40
47.00
52.50
54.60
50.90

58.80
67.90
50.10

52.10
66.40
46.10

56.10
46.20

46.20

44.20

63.20

51.30
56.20
48.80
65.70

55.90

58.10

59.70
47.50

41.00

56.20

62.00

18.12

25.68

21.42

14.31
13.41
13.89
14.56
14.34

17.56
19.01
16.24

17.39
16.80
17.39

17.28
14.73

19.88

18.17

16.86

15.51
14.36
17.64
16.80

25.37

20.33

17.08
20.64

20.10

12.07

13.66

0.86

1.87

0.71

0.56
0.57
0.57
0.66
0.62

0.48
0.77
0.75

0.51
0.54
0.50

0.62
0.63

0.75

0.81

0.42

0.44
0.37
0.43
0.46

0.89

0.79

0.62
1.03

3.93

0.15

041

4.04

4.99

1.60

2.99
2.54
4.99
4.93
4.07

5.27
5.01
1.64

3.26
1.52
4.67

3.27
3.38

6.56

5.20

2.14

6.84
4.96
4.38
2.37

4.06

212

4.09
4.75

32.40

1.58

3.45

3.67

1.68

2.38

1.38
1.34
1.81
0.40
0.74

5.16
2.21
0.66

1.62
0.32
5.45

5.09
5.76

2.60

7.70

1.55

1.83
1.48
1.14
0.84

3.19

6.59

7.24
0.68

12.76

0.47

2.33

0.70

0.57

0.76

0.59
0.66
0.55
0.53
0.56

0.63
0.58
0.69

0.74
0.73
0.59

0.57
0.65

0.52

0.00

1.04

0.93
0.92
0.91
0.91

0.70

0.81

0.71
0.65

0.46

0.69

0.90

6.0

5.0

25

0.6
13
2.4
0.0
1.9

2.4
2.0
15

2.8
5.0
11

5.0
3.8

4.2

3.0

1.8

11
1.2
4.0
0.0

5.0

5.0

4.0
7.0

2.8

4.0

3.6

1.9

3.7

25

13
1.2
1.7
17
13

2.3
11
2.7

15
31
0.9

0.9
0.8

1.2
4.7

13

2.3
14
15
13

2.9

2.0

1.9
2.2

0.4
15

3.9
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Eugenia Eugenia sp. B 2042 9559 1.83 53.80 1131 0.50 1.99 113 0.84 4.0 15
. Myrcia 2330  96.27 161 49.20 11.23 0.46 0.70 1.00 0.84 10.0 18
Mer|a amazonica
Plinia Plinia sp. 68.43  98.32 1.64 53.70 1411 0.50 3.70 2.02 0.76 42 19
Sapotaceae
P Elaeoluma s 1423 8243 1.89 61.70 11.28 0.38 213 1.77 0.73 2.4 15
Elaeoluma chomburgkiana
_ Manilkara 3412 87.97 2.16 44,50 13.89 0.62 11.02 1.86 072 14 16
Manilkara bidentata
. . Micropholis 4155  70.64 1.49 55.00 11.12 035 0.44 2.03 0.91 16 17
Micropholis melinoniana
Pouteria Pouteria 2726 76.23 1.69 49.20 15.37 0.47 3.64 0.95 0.77 22 17
pachyphylla
2507 6176 1.64 41.70 11.82 041 487 1.05 0.76 11 20
White-water  Annonaceae . Duguetia a014 1281 g4 60.60 22.85 1,69 12.00 5.19 0.65 0.0 0.6
Duguetia spixiana 0
. Guatteria o752 196 e 52.20 13.80 1.07 13.20 9.64 0.38 11 0.7
Guatteria inundata 1
Oxandra 131.3
Oxandra Fiodelinoa 36.45 s 0.36 67.80 21.78 155 13.20 10.57 0.48 2.0 07
. Unonopsis 4920 071 o35 58.40 15.99 2.07 6.80 6.56 0.50 0.8 0.6
Unonopsis guaterioides 5
. Xylopia sp. 1219 35 g6 57.10 22.46 145 10.80 2.99 0.43 3.0 11
Xylopia 0
Apocynaceae Aspidosperma i
pocy pidosp Aspidosperma 4,4, 1296 4 g 55.00 23.18 221 16.40 473 0.67 5.0 0.7
guianensis 3
Aspidosperma 549 1810 45 54.80 18.56 0.88 10.00 3.47 0.52 0.7 08
rigidum 9
Malouetia Maloetiasp. 6139 7 070 62.90 2022 161 18.40 7.39 0.49 0.6 05
Malouetia 119.0
tamaquarina 86.72 5 1.19 56.20 20.10 1.44 15.60 222 051 27 05
62.03 173'6 0.80 4550 15.90 1.86 8.00 14.81 0.46 35 07
Chrysobalanaceae _ Couepia 11332 806 473 44.20 13.78 0.91 12.40 227 0.59 3.0 05
Couepia paraensis 8
Licania Licania apetala  33.28 135'5 0.30 41.70 16.32 1.19 6.08 172 0.61 0.2 0.6
Licania 5419 1925 (46 4050 13.50 119 10.80 11.96 0.71 3.0 0.6
heteromorpha 2
Licania 6737 122 055 49,60 15.04 0.79 8.40 9.14 0.73 18 12
micranta 0
Parinari 125.3
Parinari exoole 20.83 s 0.08 56.00 14.98 091 6.40 14.38 0.57 19 06
Euphorbiaceae
P Alchornea s 13900 7 (o3 58.60 3133 218 5.13 533 0.44 0.1 05
Alchornea homburkiana 9
Hevea 15759 45 q3g 4760 17.58 212 11.52 450 0.34 12 0.6
Hevea spruceana 8
Hura Hura crepitans  223.56 3857 0 118 46.40 25.00 414 9.24 4.69 0.49 11 04
Mabea nitida 3436 1122 0.29 49.90 22.37 232 7.60 10.28 0.58 3.0 07
Mabea 8
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Fabaceae

Lauraceae

Lecythidaceae

Malvaceae

Melastomataceae

Moraceae

Piranhea
Acosmium
Campsiandra
Inga
Swartzia

Zygia
Ocotea

Couroupita
Eschweilera
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Lechytis
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laurifolia
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Gustavia
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Lechytis lurida
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echinata
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pentandra
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Pseudobombax
munguba
Theobroma
cacao
Mouriri
grandifolia
Mouriri
guianensis

Mouriri sp. A

Batocarpus
amazonicus

Ficus maxima

17.97

16.15

40.22

72.05

49.64

25.67

31.15

29.85

169.32

117.71

119.68

81.79

31.17

46.60

102.44
104.50
92.55

31.76

66.59

50.14

130.72

98.96

25.15

149.63
32.95
30.33

46.51

101.77

106.9

173.2

298.3

132.7

161.8

120.8

150.6

146.8

116.7

134.2

121.1

149.9

150.6

88.70
1141

79.84
150.4

150.0

201.0

112.2

184.5

87.84
107.3

99.49
91.94
94.48
97.35
179.0

0.05

0.12

0.58

0.78

0.41

0.10

0.21

0.21

1.43
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1.29

0.30

0.50

1.00
1.41
1.21

0.26

0.33

0.72

0.67

1.68

0.21

2.57
0.64
0.63

0.28

41.70

45.30

45.90

53.90

51.40

47.60

49.50

51.10

51.90

55.20

55.70

38.70

55.30

53.40

68.20
35.80
57.70

53.00

52.70

33.80

46.90

60.70

58.80

58.80
60.20
58.30

53.20

41.00

32.03

28.50

12.74

7.73

24.61

21.45

25.26

20.13

16.21

20.83

20.19

18.09

18.65

19.88

26.63
18.09
24.64

24.14

17.86

22.32

24.02

13.78

20.19

16.60
14.36
18.03

12.29

20.10

531

1.76

0.82

1.46

1.46

2.30

1.27

1.57

1.82

1.70

2.15

1.25

3.25

1.58

2.55
1.34
2.26

1.86

1.46

2.50

4.74

0.84

1.66

1.41
0.72
1.56
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3.93
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14.10
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6.76

5.52
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16.00
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16.40

21.60

9.20

12.40

10.40

8.85
12.40
10.80

14.80

32.40

12.25

3.62

447

3.64

2.76

2.42

131

2.79

1.26

0.63

0.60

1.82

6.58

3.85

19.96
3.59
5.20

7.09

14.42

4.20

7.98

11.47

2.95

6.56
6.25
4.90

11.09

12.76

0.67

0.63

0.44

0.56

0.57

0.78

0.63

0.67

0.57

0.58

0.53

0.39

0.60

0.69

0.62
0.44
0.35

0.34

0.32

0.45

0.37

0.64

0.84

0.70
0.72
0.68

0.51

0.46

2.2

3.8

0.8

15

0.7

15

0.4

1.0

0.9

0.8

11

1.0

2.1

2.2

0.7
2.3
11

0.6

31

0.7

2.3

0.8

0.0

13
0.8
0.6

0.5

2.8

0.5
0.8
1.0
0.8
0.8
0.9
0.9
0.6
0.8
0.8
0.8
0.6
0.5
0.6

05
0.5
0.6

0.8

0.8

0.6

0.7
0.5

0.7

0.6
0.8
11

0.8

0.6
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Magquira

. : 1940 7157 018 4950 16.77 1.14 14.80 13.32 0.45 27 0.4
Maqu"a coriacea
Soroceaduckei 3883 280 g1a 43.60 41.24 411 23.60 6.83 0.52 6.3 0.7
Sorocea 9
2334 103'3 0.19 45.10 2215 219 18.80 133 0.47 38 0.9
Myrtaceae Calypthrantes gﬂk’ﬁ}ggmes 7032 80.48 0.78 59.70 17.02 097 9.20 2.89 0.59 15 0.6
Spa'yptra”thes 88.84 142"6 0.80 56.70 17.86 1.33 6.82 470 0.62 0.0 14
Eugenia Eugenia 5710 1 om; 53.40 15.96 1.09 12.00 12.15 0.56 0.2 05
inundata 1
1699 9687  0.06 51.80 26.91 2.15 10.40 5.58 0.68 0.4 0.4
Eugeniasp. A 3192 50 024 56.30 12.91 0.88 12.80 2.90 0.00 5.1 0.6
Sapotaceae Chrysophyllum o7 64 8616 034 55.00 14.20 111 338 552 0.59 0.0 05
Chrysophyllum  argentum
Micropholis ";g'g;;gho"s 4163 9312 0.41 46.00 12.46 0.90 7.60 14.21 058 12 05
Micropholis 5520 1108 oy 46.30 26.96 1.09 18.80 6.10 0.44 1.0 0.7
guianensis 0
Pouteria ;‘;‘éger:;a 5090  69.03 0.54 69.00 35.14 3.12 20.80 2.29 0.77 28 0.9
Pouteria 11329 1078 1.04 59.70 16.63 0.92 8.80 6.05 0.56 13 08
glomerata 5
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Abstract

Wood density (p) is a key functional trait because it integrates different wood properties and is
largely used to biomass estimation. Usually, p is obtained from a section of a wood core, but the
use of a branch sample is a less destructive method and can be easier to sample in the field,
especially when leaf samples are also collected for botanical vouchers or functional trait studies.
The comparability of these two methods remain unclear, especially in floodplain forests. Here we
evaluated (i) if branch p is a good predictor of stem p, and (ii) how p change from stem to branch
level. We analyzed branch and stem wood density data from 124 tree species of white-water and
black-water floodplain and terra-firme forests. Branch p was not a good predictor for stem p at
species level. Interestingly, branch wood is denser than stem wood in lighter trunks (<0.55
g/cm3), and we suggest that this change along plant axis, can be related to differences in reserve

tissues and water storage capacity in the trunk, and to plant growth in response to flooding.

Keywords: functional trait, wood properties, hydraulic system, flooding, tropical forests

Introduction

The incorporation of plant traits in plant community research is improving the
comprehension of how species adapt to specific abiotic conditions selecting tree species
assemblages by environmental filters. Wood density (p) is a key plant trait because it is an
integrative characteristic of wood properties, as plant sustainability, growth and mortality
(Enquist et al. 1999, Muller-Landau 2004, Chave et al. 2009). It is largely used to estimate plant
biomass allocation, being important to estimate carbon stocks and sequestration in biomass and to
understand forest dynamics, especially under global climate change scenarios (Fearnside 1997,
Chave et al. 2005). Species with lighter woods tend to have a faster volumetric growth and
shorter life spans, while heavier wood species tend to have a slower volumetric growth and
longer life-spans, because stronger tissues confer more protection against pathogens and physical
damage (Enquist et al. 1999, Poorter et al. 2008, Schéngart 2008, Baraloto et al. 2010). Wood
density has been associated to tree hydraulic system, being related to plant water storage capacity

and water transport efficiency. Lighter woods are usually associated with a more efficient
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hydraulic system, but with a higher embolism taxa, by the other hand, the heavier woods are less
efficient but tend to be more resistant to cavitation (Hacke et al. 2001, Cosme et al. 2017).

Although wood density is important to understand woody plant dynamics, there is a lack
of information about p, especially at community level. This is a consequence of the difficulty of
sampling this trait. Wood density is obtained usually by the relation of oven dry mass and fresh
volume of a wood sample (Chave et al. 2005), and a less destructive method commonly used is
sampling stem cores (thin cylinders of wood taken perpendicular to the stem axis). Branch p is a
measurement even less destructive and relatively easier to sample in the field, especially when
leaf samples are also collected for botanical vouchers or functional trait studies, but the use of this
attribute demands further investigation about the relationship between branches and stem woods.
The possibility to estimate stem wood density (ps) from branch (pg) was pointed out by Swenson
and Enquist (2008), who found a strong and positive relationship between ps and pg at the
individual level, where ps were15% higher than pg in tree species from Costa Rica terra-firme
forest. Intuitively, we expect that stems will have denser woods than branches, because it is a
stronger and older tissue that sustain the whole plant. We also expect that branches and stem
woods will be positively correlated, because they both reflect plant mechanic, physiologic and
hydraulic strategies. Contrary, (Yeboah 2004) found that branch woods were denser than stems in
two species. The relationship of ps and pg s, therefore, not clear, (Gurau et al. 2008, Sarmiento
et al. 2011), and further studies are necessary.

Amazonian floodplain forests are subjected to floods that last for several months, which
have impacts on tree structural and physiological traits (Junk et al. 1989, Parolin et al. 2010,
Parolin 2012), including wood characteristics as p (Parolin and Ferreira 1998, Parolin and
Worbes 2000, Wittmann et al. 2006, Schongart et al. 2010, Hawes et al. 2012). Two major
floodplain systems are differentiated by the physical and chemical properties of the rivers that
inundate them. The white-water forests called ‘varzea’ are nutrient-rich systems that occur along
rivers with sediments originated from Andes and pre-Andean regions. The black-water forests
called ‘igap6’ nutrient-poor systems that occur along rivers with sediments from the Guyana and
Brazilian Shields (Junk et al. 2010). Wood density of these floodplain trees are associated with
environmental conditions, especially edaphic properties and hydroperiod (Parolin and Ferreira
1998, Schongart et al. 2005, 2010, Mori et al. 2019). Black-water species usually have higher p

and lower growth increment, which is a result of a poor nutrient supply. White-water species
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usually have lighter woods compared to black-water species, because the high nutrient supply
allow species to growth faster and, also, allow a higher presence of pioneers (Parolin and Ferreira
1998). Flooding duration affect p because it reduce plant growth during the flooding period,
restricting it to the terrestrial phase, which leads to the formation of annual growth rings and,
consequently, denser woods (Worbes 1997, Schongart et al. 2002). Until now, the studies that
evaluate the relation of ps and pg did not included floodplain trees (Patino et al. 2009), and this
information remains unknown. In this study, we evaluated if pg is a good predictor for ps at
species level and how p change from stem to branch level across tree of floodplain and terra-firme

forests and its relation to ecological strategies.

Material and Methods

Data collection

We combined data from fieldwork and literature obtained from different Amazon
floodplain and terra-firme forests. Our dataset totalized 124 species, 96 floodplain species with 56
occurring only in white-water forests, 35 occurring only in black-water forests, and 5 occurring in
both forest types, and 28 species of terra-firme.

Branch wood density was obtained from trees in varzea and igapé forests species sampled
in 25x25m plots previously established and inventoried in two reserves, the Mamiraua
Sustainable Development Reserve (RDS Mamiraud) and the Uatuma Sustainable Development
Reserve (RDS Uatuma) ( for more details see Mori et al. 2019). Stem wood density was mainly
obtained by literature, and for some black-water species was obtained on fieldwork in RDS
Uatuma. Terra-firme ps and ps were obtained from literature (Cosme et al. 2017). Branch samples
were obtained from terminal branches (bark included) and stem samples were obtained form
cores of the trunks at 1.3 m height. Wood density was calculate as oven-dry wood over green
volume (g/cm3), fresh volume was obtained using the water displacement method and samples
were dried at 105 °C (Chave et al. 2005, Swenson and Enquist 2008). Tree species, location and

reference (when extracted from literature) are listed in the supplementary material.
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Data analysis

We calculated averages for pg and ps on the species, genus and family levels. To verify if
pg differ from ps at species level in the forest types, we applied an Analysis of variance
(ANOVA). To analyze if pg is a good predictor for ps, we used linear regression with pg as
independent variable and ps as a dependent variable at the species level. To evaluate how pg
change in relation to ps, we calculate the ratio of both parameters (ps.pg) that indicates if ps is
higher than pg (ps:ps >1), equal (ps:ps =1), or lower (ps:ps <1). We used linear regression to relate
the ratio (independent variable) with ps (dependent variable) on species, genus and family levels.

Results

Stem wood density (ps) was, in general, higher than pg for varzea (68% of species) and
upland species (85% of species, Table 1). In contrary, ps was generally higher than stem p for
igapo tree species (57% of species). Stem p was 6% and 10% higher than pg in varzea and terra-
firme, respectively, and pg was 4% higher than ps in igapd. Stem wood density was higher in
upland species, while pg was higher in igap6 species. In varzea, both ps and pg were lighter
compared to the other forest types. ps had a positive relationship with pg (Table 2 and Figure 1),
indicating that an increase in pg leads to an increase in ps. This relationship was, although

significant for all three environments, strong only for upland species (R2adj = 0.69).

Table 1. Stem and branch wood density (p) of tree species occurring in different forest types. The
columns indicate number of species (n), p mean values (g/cm3), the standard deviation, and
ANOVA results (F-statistic and significance, p-value) of varzea, igapé and upland forests.

Wood density (p) Anova
Forest type Species (n)
Branch Stem F-statistic p-value
Varzea 61 054+0.10 0.60+0.16  40.77 <0.01
igapd 40 0.68+0.08 0.64+0.14 15.01 <0.01
upland 24 064+01 0.74+0.12 6334 <0.01
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Table 2. Relationship between stem and branch wood density (p) in varzea, igapé and upland
forests. The columns indicate intercepts, regression coefficients, R2 adjusted and significance (p-
value).

Regression
Forest type —; — -

Intercept  B-coefficient R?adj p-value
varzea 0.07 0.98 0.39 <0.001
igapo 0.01 0.91 0.26 <0.001
upland 0.05 1.06 0.69 <0.001

1.0 1.2

0.8

Stem wood density (g/cm?)
0.6

0.4

0.2

0.2 0.4 0.6 0.8 1.0
Branch wood density (g/cm?)

Figure 1. Relationship of stem and branch wood density (p) of white-water (varzea, white dots),
black-water (igap0, black dots) and upland (terra-firme, red dots) forests species. Black line show
the model for varzea species (R2gj = 0.39, B=0.98), dashed line show the model for igapd species
(R2adj = 0.26, B=0.91), and blue line show the model for upland species (R2ag; = 0.69, p=1.06).

The Stem:branch wood ratio had a positive relationship with ps , indicating that denser
trunks had a relative low pg and that lighter trunks had relatively higher pg (Table 3, Figure 2)
with a threshold of about 0.6 g/cm? (ps), interestingly similar for species, genera and family

levels, as well as for the three forest types. Comparing the studied environments the
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releationships on the species and genus levels are stronger in the igapo, followed by the varzea

and were lowest in terra firme forests, although significant.

Table 3. Relationship between stem:branch wood density ratio and stem wood density in varzea,
igapo and upland forests. The columns indicate intercept, regression coefficients, R2 adjusted and
significance (p-value) per level in each forest type.

Wood density - stem:branch ratio

2.0

1.5

0.5

= ,.:e::igé’f‘ :

Level  Regression
varzea Intercept p-coefficient R2adj p-value
Specie 0.42 1.14 046 <0.001
Genera 0.39 1.21 048 <0.001
Family 0.56 09 040 <0.001
Igapd
Specie 0.25 1.07 0.66 <0.001
Genera 0.25 1.06 0.69 <0.001
Family 0.52 0.67 043 0.001
Upland
Specie 0.83 044 0.16 0.01
Genera 0.74 057 0.33 0.02
Family 0.52 0.67 043 0.001
Species level Genus level
< o | ]
o o A o o

-

.O

* -
g8t L.
L

O%/

.- e

0'4 0’6 0’8 10
Stem wood density (g/cm?®)
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Stem wood density (g/cm?)

0.6

Family level

40
03 04 05 06 07 08 09 10

Stem wood density (g/cm?®)

Figure 2. Relationship of the stem:branch wood density ratio and stem wood density of varzea
(white dots), igap6 (black dots) and upland (red dots) forests species on species, genera and
family levels. Dashed horizontal line indicate 1:1 ratio, when stem and branch wood density are
equal. Black line show the model for varzea species, dashed line show the model for igapd
species, and blue line show the model for upland species.
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Discussion

We evaluated if ps is a good predictor for ps and how it relate to each other among tree
species from different floodplain forest types. We did not find a strong relationship between pg
and ps indicating that pg is not a good predictor to ps, and the differences in p between stem and
branch of these trees may reflect different ecological strategies. Stem wood density is usually
lower in floodplain forests trees compared to upland trees, because flood-pulse dynamics limit the
period of plant growth, resulting in lower p (Schéngart et al. 2005, Hawes et al. 2012). Indeed, we
found that upland tree species have denser ps than varzea and igapé species. We found a weak
relationship between pg and ps in floodplain forests, which indicates that pg is not a good
predictor for ps, especially in the igapd. Our results differ from Swenson and Enquist (2008), who
found a very strong relationship between these attributes (R2 = 0.89). For upland species,
although, the relationship was stronger, which can indicate that a different pattern can occur in
floodplain trees.

Interestingly, pe was not always lower than ps, especially in the igap6. Gurau et al. (2008)
found the same result for two species, while Swenson and Enquist (2008) and Sarmiento et al.
(2011), found that ps is higher than pg for most of species. In our study, stem wood had higher
density for most of varzea and upland species, while for igapd, species tended to have denser
branches. In both varzea and igapd, tree species with ps below 0.6 g/cm? had denser branch wood
than stem wood. Upland species seem to follow this pattern, but few species with low p were
present in the dataset which also might result in the relatively low relationship on the species and
genus level in the terra-firme. Variation in stem and branch woods are probably related to
anatomical structures and ecological strategies, leading to wood variation along plant tissues.
Here, we propose some hypothesis to explain these results: (1) Trunks usually store reserves
tissues, which decrease overall wood density. In this sense, lighter trunks may have a higher
proportion of reserve tissues stored, leading to lighter stems in relation to branches. This can
apply especially for igap0 species, because nutrient supply is low and individuals tend to store
more reserves and transport it to the roots during anaerobic respiration (Schoéngart et al. 2005);
(2) Lighter trunks have a higher water transport capacity than branches and, consequently, lighter
woods (McCulloh et al. 2011). (3) Flooding influence trees’ metabolism. Some floodplain trees
grow fast to escape flooding (Parolin 2002), and the fast development of the trunk results in lower
stem density than ps.
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Few information is available regarding the relationship between ps and pg, which seems to
be very variable among different species and influenced by environmental condition. Further
studies are necessary to better understand plant dynamics and physiological processes which
might explain the evidenced patters. Our results have also strong implications for estimates of
carbon storage in wood biomass based on allometric models which nowadays use diameter, tree
height and p as independent parameters, however, not accounting for the variation of p in stems

and branches of trees and between environments.
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Supplementary material. Species of the study. The columns indicate family, species name, forest

type, sampling location, reference (when no collected in this study).

Family Specie Forest type Local Reference
Annonaceae Guatteria Black-water RDS Uatuma -

citriodora

antterlq Black-water RDS Uatumd -

guianensis

Guatteria inundata  White-water RDS Mamiraué/Jaraué Schoéngart (2003)

O_xanQra White-water RDS Mamiraua/Jaraua Schéngart (2003)

riedeliana

Xylopia barbata Black-water RDS Uatumd -

Xylopia benthamii ~ Black-water RDS Uatumd -

Xylopia calophylla  White-water RDS Mamiraué/Jaraua Wittmann et al. (2006)
Apocynaceae Malouetia Leoni et al. (2011), Schoéngart

tamaquarina White-water RDS Mamiraué/Jaraua (2003),

g Wittmann et al. (2006)

Bignoniaceae bH;r;c;c::nthus White-water RDS Mamiraué/Jaraua Wittmann et al. (2006)
Brassicaceae Crataeva tapia White-water RDS Mamiraud/Jaraua Wittmann et al. (2006)
Burseraceae Protium x

heptaphyllum Black-water RDS Uatuma -

Protium

nitidifolium Upland Duck Reserve, Manaus Cosme et al. (2017)

Protium opacum Up|and Duck Reserve, Manaus Cosme et al. (2017)

Protium klugii Upland Duck Reserve, Manaus Cosme et al. (2017)

Protium

trifoliolatum Upland Duck Reserve, Manaus Cosme et al. (2017)
Calophyllaceae C_aralpe_1 Black-water RDS Uatuma -

richardiana
Chrysobalanaceae  Couepia paraensis ~ White-water ~ RDS Mamiraua/Jaraua Schongart (2003)

Gaulettia parillo Black-water RDS Uatuma -

Clusiaceae

Licania apetala

Licania
heteromorpha

Licania hypoleuca
Licania
macrophylla
Licania micranta

Licania Octandra

Licania longistyla
Calophyllum
brasiliensis
Garcinia
brasiliensis

White-water/
Black-water

White-water/
Black-
water/Upland

Black-water

Black-
water/Upland

White-water

Upland
Upland

Black-water

White-water

RDS Mamiraua/Jaraud,

Rio Tarum&-mirim, Parque

Nacional

do Jad, rio Negro (Barcelos),

RDS Amana

RDS Mamiraud/Jaraud, Rio

Branco,

Rio Jufaris, Rio Negro
(Barcelos),

RDS Aman4, rio taruma-
mirim,

Ducke Reserve

RDS Uatuma

RDS Uatuma, Ducke Reserve

Rio Japura
Duck Reserve, Manaus

Duck Reserve, Manaus
Rio Branco, rio Negro
(Barcelos)

RDS Mamirauad/Panaua

Schongart (2003), Parolin &
Ferreira (1998),

Parolin et al. (1998), Parolin &
Worbes (2000),

Schongart (unpubl.), Stadtler (2007)

Schongart (2003), Schongart
(unpubl.),
Stadtler (2007),Worbes (1994)

Cosme et al. (2017)

Cintra & Schdngart (unpubl.)
Cosme et al. (2017)
Cosme et al. (2017)

Schongart (unpubl.)

Cintra & Schongart (unpubl.)
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Combretaceae

Dichapetalaceae
Elaeocarpaceae

Euphorbiaceae

Fabaceae

Humiriaceae

Lauraceae

Tovomita
spruceana

Terminalia
dichotoma

Tapura juruana

Sloanea floribunda

Alchornea discolor

Alchornea
shomburgkiana

Croton cuneatus
Hevea spruceana

Hura crepitans

Mabea nitida

Maprounea
guianensis

Campsiandra
comosa
Cynometra
bauhiniifolia
Dicorynia
paraensis
Eperua duckeana

Etabalia dubia

Hymenolobium
pulcherrimum

Inga splendens

Peltogyne venosa

Pterocarpus
amazonum
Vatairea
guianensis

Zygia ampla
Zygia cataractae

Dipteryx punctata
Dipteryx magnifica
Swartzia lamellata
Swartzia recurva

Humiriastrum
cuspidatum

Aniba panurensis

Endlicheria
anomala

Nectandra hihua
Ocotea aciphylla

White-water/
Black-water

White-water
White-water

White-water

Black-water

White-water

White-water
White-water

White-water

White-water/
Black-water

Black-water

White-water
White-water

Black-water
Black-water

White-water

Black-water
White-water
Black-water

White-water
White-water

White-water
Black-water

Upland
Upland
Upland
Upland

Black-water

Black-water
White-water

White-water
Black-water

RDS Mamirauéa/Jaraua, RDS

Uatuma

RDS Mamiraué/Jaraua
RDS Mamiraua/Jaraua

RDS Mamiraua/Panaud, rio

japura

Rio Negro (Barcelos), RDS

Amana

Baixo Rio Solimdes

RDS Mamirau&/Panaua
RDS Mamiraua/Jaraua
RDS Mamiraué/Jaraua

RDS Mamiraua/Jaraud,
Parque Nacional do Jad,
rio Taruma-mirim

Parque Nacional do Jad, rio

Negro
(Barcelos)

Rio Japura
RDS Mamiraué/Jaraua

RDS Uatuma
RDS Uatuma
RDS Mamiraué/Jaraua

RDS Uatuma
RDS Mamiraué/Jaraua
RDS Uatuma
RDS Mamiraué/Jaraua

RDS Mamiraué/Jaraua

RDS Mamiraua/Jaraua

RDS Uatuma

Duck Reserve, Manaus
Duck Reserve, Manaus
Duck Reserve, Manaus
Duck Reserve, Manaus

RDS Uatuma

RDS Uatuma
RDS Mamiraua/Jaraua

RDS Mamiraué/Jaraua
RDS Uatuma

Wittmann et al. (2006)

Wittmann et al. (2006)
Wittmann et al. (2006)

Cintra & Schéngart (unpubl.)

Schéngart (unpubl.), Stadtler (2007)

Martius (1989)

Cintra & Schéngart (unpubl.)

Schéngart (2003), Wittmann et al.
(2006)

Wittmann et al. (2006)

Schéngart (2003), Schéngart
(unpubl.),
Worbes (1994)

Parolin & Worbes (2000),
Schoéngart (unpubl.)

Cintra & Schongart (unpubl.)

Schdéngart (2003)

Schéngart (2003), Wittmann et al.
(2006)

Wittmann et al. (2006)

Wittmann et al. (2006)

Schéngart (2003), Wittmann et al.
(2006)
Schéngart (2003), Wittmann et al.
(2006)

Cosme et al. (2017)
Cosme et al. (2017)
Cosme et al. (2017)
Cosme et al. (2017)

Schongart (2003)
Schongart (2003)
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Lecythidaceae

Malpighiaceae

Malvaceae

Melastomataceae
Meliaceae
Moraceae

Myristicaceae

Myrtaceae

Nyctaginaceae
Phyllantaceae

Ocotea
adenotrachelium
Ocotea cymbarum
Couratari
tenuicarpa
Couroupita
guianensis
Lecythis lurida
Eschweilera
albiflora
Eschweilera
ovalifolia

Eschweilera
parviflora

Gustavia augusta
Lecythis poiteaui

Lecythis pisonis
Eschweilera
laevicarpa
Eschweilera
truncata

Lecythis prancei
Cariniana
integrifolia

Couratari stellata
Cariniana
micrantha
Couratari
guianensis
Burdachia
sphaerocarpa

Ceiba pentandra
Luehea cymulosa

Mollia lepidota

Pseudobombax
munguba

Mouriri brevipes
Mouriri guianensis
Cedrela odorata
Trichilia lecointei
Sorocea duckei
Virola calophylla

Virola venosa

Virola pavonis
Blepharocalyx
eggersii
Calyptranthes
forsteri

Myrciaria dubia
Neea spruceana

Discocarpus
essequeboensis

Black-water
White-water

Black-water

White-water
White-water

White-water
White-water

White-water/
Black-water

White-water
Black-water

Upland
Upland

Upland
Upland

Upland
Upland

Upland

Upland

Black-water
White-water
White-water
Black-water
White-water

Black-water
White-water
White-water
White-water
White-water
White-water
Upland

Upland

Black-water

Black-water

White-water
White-water

White-water

RDS Uatuma
RDS Mamiraué/Jaraua
RDS Uatuma

Alto Solimdes
Mamiraua/Jaraua

RDS Mamiraué/Jaraua

Baixo Rio Solimdes

RDS Mamiraué/Jaraua, Rio

Branco,
Parque Nacional do Jau

RDS Mamiraua/Jaraua
RDS Uatuma
Duck Reserve, Manaus

Duck Reserve, Manaus

Duck Reserve, Manaus
Duck Reserve, Manaus
Duck Reserve, Manaus
Duck Reserve, Manaus

Duck Reserve, Manaus
Duck Reserve, Manaus

RDS Uatuma
Alto Solimdes
RDS Mamiraué/Jaraua
RDS Uatuma
RDS Mamiraué/Jaraud

RDS Uatuma

Baixo Rio Solimdes
RDS Mamiraué/Jaraua
RDS Mamiraué/Jaraud
RDS Mamiraué/Jaraua
RDS Mamiraué/Jaraud
Duck Reserve, Manaus
Duck Reserve, Manaus

RDS Uatuma

RDS Uatuma

RDS Mamiraué/Jaraua
RDS Mamiraua/Panaua

RDS Mamiraué/Jaraua

Wittmann et al. (2006)

Schéngart (unpubl.)

Schongart (2003), Wittmann et al.
(2006)

Worbes (1994)

Schéngart (2003), Wittmann et al.
(2006),
Schoéngart (unpubl.)

Schongart (2003)

Cosme et al. (2017)
Cosme et al. (2017)

Cosme et al. (2017)
Cosme et al. (2017)
Cosme et al. (2017)
Cosme et al. (2017)
Cosme et al. (2017)

Cosme et al. (2017)

Schongart (unpubl.)

Schongart (2003), Wittmann et al.
(2006)

Schéngart (2003), Wittmann et al.
(2006)

Worbes (1994)
Wittmann et al. (2006)
Schongart (2003)
Schongart (2003)
Schongart (2003)
Cosme et al. (2017)
Cosme et al. (2017)

Schongart (2003)
Cintra & Schongart (unpubl.)

Schéngart (2003), Wittmann et al.
(2006)
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Polygonaceae

Rubiaceae

Rutaceae

Salicaceae

Sapindaceae

Sapotaceae

Simaroubaceae

Urticaceae
Violaceae

Vochysiaceae

Symmeria
paniculata

Triplaris
weigeltiana

Duroia duckei

Stachyarrhena
acuminata
Zanthoxylum
compactum

Casearia aculeata

Laetia
corymbulosa
Laetia
corymbulosa
Matayba
arborencens
Chrysophyllum
argentum

Elaeoluma
schomburgkiana

Manilkara
bidentata
Micropholis
egensis
Micropholis
melinoniana

Pouteria elegans

Pouteria
glomerata
Pouteria
pachyphylla

Chrysophyllum
Pouteria flavilatex

Chrysophyllum
sanguinolentum

Pouteria williamii
Micropholis
williamii
Micropholis
splendens

Simaba
orinocensis

Cecropia latiloba
Leonia glycycarpa

Qualea dinizii

White-water

White-water

White-water

Black-water

White-water

White-water

Black-water
White-water
White-water

White-water
Black-water

Black-water
White-water
Black-water
White-water
White-water
Black-water

Upland
Upland

Upland
Upland

Upland
Upland
White-water
White-water
White-water

Black-water

RDS Mamiraua/Jaraua

Baixo Rio Solimdes

RDS Mamiraué/Jaraua
RDS Uatuma

Baixo Rio Solimdes

Baixo Rio Solimdes

RDS Uatuma
RDS Mamiraua/Jaraua
RDS Mamirauad/Panaua

RDS Mamiraua/Jaraua

RDS Uatuma

RDS Uatuma

RDS Mamiraua/Panaua, rio

japuré
RDS Uatumé

RDS Mamiraua/Jaraua
RDS Mamiraua/Jaraua

RDS Uatuma

Duck Reserve, Manaus
Duck Reserve, Manaus

Duck Reserve, Manaus

Duck Reserve, Manaus
Duck Reserve, Manaus

Duck Reserve, Manaus

RDS Mamiraué/Jaraua
RDS Mamiraué/Jaraua

RDS Mamiraua/Panau, rio

Jurua
RDS Uatuma

Schéngart (2003), Wittmann et al.
(2006)

Martius (1989), Parolin & Ferreira
(1998),

Parolin et al. (1998), Worbes (1994)

Schongart (2003)

Martius (1989)

Martius (1989), Parolin & Ferreira
(1998),
Parolin et al. (1998)

Schéngart (2003)
Cintra & Schongart (unpubl.)

Schongart (2003)

Cintra & Schongart (unpubl.)

Schéngart (2003), Wittmann et al.
(2006)

Schongart (2003)

Cosme et al. (2017)
Cosme et al. (2017)

Cosme et al. (2017)

Cosme et al. (2017)
Cosme et al. (2017)

Cosme et al. (2017)

Schongart (2003)
Schongart (2003)

Cintra & Schongart (unpubl.)
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SINTESE

As florestas alagaveis amazonicas sdo sujeitas a um alagamento sazonal e previsivel que é
considerado como a forga motriz que estrutura a composic¢éo floristica, a estrutura da vegetacao e
diversas caracteristicas e estratégias ecologicas das arvores. As diferencas nas caracteristicas do
solo entre as tipologias de véarzea e igapd, atuam como fator importante diferenciando estes
ambientes, que é visto, principalmente, pelas diferencas na composicdo e diversidade floristica
entre elas. Esta tese, discutiu o papel destes dois importantes filtros ambientais, o alagamento
sazonal e as caracteristicas edaficas, na estrutura funcional da comunidade de arvores de varzea e
igapo de aguas pretas, na Amazoénia Central.

Os atributos funcionais refletem as respostas dos organismos ao ambiente e, por esta razéo,
sdo fudamentais para se entender a dinamica das comunidades vegetais em relagdo a condi¢fes
abioticas especificas e/ou em relacdo a mudancas ambientais. No capitulo 1, mostramos que a
composicao funcional das arvores das comunidades de varzea e igap6 diferem. As comunidades de
varzea possuem valores de atributos relacionados a um crescimento rapido e uma aquisicao de
recursos mais eficiente, como maior area foliar especifica e maior contedo de nutrientes nas
folhas, enquanto as arvores das comunidades de igap6 possuem valores de atributos relacionados
a um crescimento mais lento e uma melhor conservagdo dos recursos, como maior densidade da
madeira e maior contelldo de massa seca na folha. O nivel e a dura¢do do alagamento pouco
influenciaram a variagéo dos atributos, mesmo entre as comunidades com o mesmo tipo de solo.
As propriedades do solo, por outro lado, foram bons preditores da variagdo dos atributos resultando
em uma convergéncia dos valores nas comunidades dentro de cada tipologia, que esta relacionada
as diferentes disponibilidades de recursos. Ao longo deste gradiente de recursos, os valores médios
dos tracos variaram, revelando uma troca de estratégias relacionadas a alta versus baixa
disponibilidade de nutrientes do solo. Isto ¢, em ambientes com maior disponibilidade de recursos,
como as varzeas, os individuos investem em crescimento e em tecidos aquisitivos, enquanto nos
ambientes com menor disponibilidade de recursos, como nos igap6s, os individuos investem em
persisténcia e longevidade, e na conservacéo de recursos, resultando em diferentes comunidades.

A importancia do ambiente na diferenciacdo dos atributos funcionais em varzea e igapo
ficou ainda mais evidente quando usamos um controle filogenético. No segundo capitulo,
encontramos que espécies pertencentes a um mesmo género (pares congenericos) ou a mesma

familia, diferem em seus atributos quando em habitas com diferentes tipos de solo. Encontramos
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uma convergéncia de valores de atributos dentro de cada tipo de floresta, que indica 0 mesmo trade-
off de estratégias aquisicdo versus conservacao de recursos, encontrados no primeiro capitulo.
Neste capitulo, também verificamos que o papel do habitat foi importante na diferenciagédo de todos
os atributos, especialmente nos atributos mais plésticos e labeis. Alguns tragos foram influenciados
pelo tipo de habitat independente do género, como o conteudo de nutrientes da folhas, enquanto
outros atributos foram influenciados por ambos género e habitat, como a densidade da madeira do
ramo. A variacdo dos atributos funcionais entre espécies filogenticamente préximas nos diferentes
tipos de solo das varzeas e igapds, indica a ocorréncia de especializacdo do habitat. Este processo
de especializacdo leva a diferenciacdo das espécies entre as florestas de varzea e igapd,
contribuindo para o aumento da diversidade de espécies em florestas alagaveis. No capitulo 3 nds
encontramos que a densidade da madeira do ramo e a densidade da madeira do caule de espécies
de florestas alagaveis ndo possuem uma relacao linear forte, e este resultado parece ser diferente
comparado as espécies de terra-firme. Espécies com troncos mais leves desenvolvem ramos mais
densos, e isto pode ser um reflexo da influéncia do alagamento e das propriedades do solo no
metabolismo e crescimento das arvores.

A convergéncia nos valores dos atributos dentro de cada tipo de floresta, mesmo em
espécies com uma historia evolutiva comum, e a forte relacdo desta convergéncia com as
caracteristicas solo, indicam que as propriedades edaficas sdo o filtro ambiental mais forte que
determina a composicdo e a diferenciacdo funcional nestas areas. E que a especializacdo do habitat,
pode ser 0 processo por tras da diferenciacdo e manuntencao da diversidade das florestas alagaveis.
Um atributo integrador, como a densidade da madeira, que reflete processos importantes de
desenvolvimento da planta, ressaltou a importancia do ambiente na determinacdo das estratégias
ecoldgicas no nivel de toda a planta.

As florestas alagaveis sdo importantes ambientes de interface entre o ambiente aquético e
0 ambiente terrestre, que carregam uma grande diversidade de espécies. Por estarem intimamente
ligadas ao ciclo hidroldgico sdo vulneraveis a suas alteracfes, o que € influenciado pelas mudangas
climéticas e pelo desmatamento. Nossos resultados mostram que a composi¢cdo funcional e as
estratégias ecologicas das arvores destas florestas sdo determinadas principalmente pelo filtro
ambiental de caracteristicas do solo, o que implica em diferentes repostas das comunidades das

varzea e dos igap6s frente as mudancas ambientais. Esta diferenca é relevante e deve ser
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incorporada no estabelecimento de estratégias e planos de manejo e conservacdo das florestas

alagaveis.
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GLOSSARIO

Biodiversidade

A variedade de tudo que é vivo, incluindo plantas, animais e microorganismos, suas
interrelacGes, 0s genes que eles contém, e 0s ecossistemas que eles formam (EOL,

[s.d.]).

Assembleia de
comunidade

O processo ecoldgico pelo qual uma comunidade se forma, seguindo certos
mecanismos que selecionam a favor ou contra certas espécies, a partir de um pool
regional de espécies (KEDDY, 1992). A assembleia de comunidade é influenciada
pelo limite de dispersdo, filtros locais e interagdes bidticas (competicao).

Ecossistema

Uma comunidade de plantas, animais ou microorganismos que sdo ligados pela
energia e fluxo de nutrientes e que interagem uns com 0s outros e com o ambiente
fisico (EOL, [s.d.]).

Diversidade de

Variagao nas espécies (numero ou diversidade) dentro de uma comunidade.

espécies
Qualquer medida das caracteristicas das plantas que afetam a aquisi¢do e uso de
Atributos recursos e, consequentemente, determinam deu crescimento, reprodugdo e/ou
funcionai sobrevivéncia (VIOLLE et al., 2007). Considera-se que os atributos funcionais
uncionais . s A S
refletem as adaptacdes as condicdes bidticas e abidticas e trade-offs (ecofisioldgicos
e evolutivos) entre diferentes fun¢des dentro do organismos.
Com_posn;ao Valores médios dos atributos dentro de uma comunidade.
funcional
Diversidade Variagdo nos valores dos atributos dentro de uma comunidade (VAN DER SANDE
funcional etal., 2017).

Teoria da razao
de massa

As espécies dominantes e seus atributos determinam a maioria dos processos
ecossistémicos (GRIME, 1998). Isto é, a média ponderada dos valores dos atributos
determinam mais fortemente o0s processos ecossistémicos do que a diversidade (em
espécies ou valores de atributos) em uma comunidade.

Teoria da
complementarie
dade de nicho

As espécies sdo complementares na aquisicdo e uso de recursos. Assim, uma alta
diversidade (de espécies ou atributos) resultam em uma eficiente aquisicdo e uso de
recursos no nivel de comunidade, e com isso em um maior estogue e dindmica de
biomassa (TILMAN, 1999).

Florestas
alagaveis

Florestas sujeitas a um alagamento periédico sazonal e previsivel pelo estravazamento
lateral da &gua dos rios, devido a alta pluviosidade e sazonalidade da precipitacdo e
baixa elevacdo do terreno (JUNK et al., 2015b).

Pulso de
inundacao

Variago anual do nivel da agua dos rios. E considerada a principal forca motriz que
controla a biota da planicie de inundacdo (JUNK; BAYLEY; SPARKS, 1989).
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