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RESUMO

O objetivo desta tese foi estudar os padrGes de dominancia, diversidade e distribuicdo de
palmeiras na Amazonia. No primeiro capitulo, exploramos os padrdes continentais de variagdo
na dominancia de palmeiras relacionando a area basal de palmeiras e &rvores com propriedades
fisicas do solo. Neste capitulo, mostramos que a area basal de arvores e palmeiras é limitada
pelas condi¢oes fisicas do solo e que a direcdo desta relacdo varia entre 0s grupos. Quanto maior
a resisténcia dos solos a penetracdo de raizes, menor a area basal de arvores e maior a de
palmeiras. Este mecanismo de particdo da floresta por arvores e palmeiras esta relacionado com
a estrutura da floresta em escala local e com a fisionomia da floresta na escala da bacia. No
segundo capitulo, exploramos os padrdes regionais de variacdo da abundancia das espécies de
palmeiras em relacdo a gradientes ambientais e seus efeitos sobre os padrdes de dominancia e
composicdo floristica. Neste capitulo, evidenciamos que tanto diferencas sutis, quanto
diferencas abruptas na composicao floristica podem ser causadas por varia¢des na abundancia
das espécies em resposta a condicBes ambientais. Mostramos ainda que os padrdes de
dominancia estdo relacionados com os padrdes de variacdo floristica e sugerimos um possivel
mecanismo para explicar a ocorréncia de dominancia em florestas tropicais. No terceiro
capitulo, testamos a hipétese de que a segregacdo de espécies em gradientes ambientais sutis
poderia explicar a coexisténcia de espécies em escala local e regional. Neste capitulo,
mostramos que espécies de palmeiras estdo segregadas em eixos hidroldgicos de saturacdo e
seca do solo, que a afiliacdo das espécies a nichos hidroldgicos € um caractere labil ao longo da
evolugdo das palmeiras e que a segregacdo de espécies nestes eixos de nicho esta fortemente
relacionada com a riqueza de espécies em escala local e regional na Amazonia.

Palavras-chave: Arecaceae, hidrologia, solo, coexisténcia, florestas tropicais, composicao
floristica, estrutura da vegetacéo, nicho ecolégico, diversificagdo de espécies



ABSTRACT

The aim of this thesis was to study the patterns of dominance, diversity and species distribution
in Amazonian palms. In the first chapter we explored the continental patterns of variation in
palm species dominance by relating palm and tree basal area with soil physical properties. In
this chapter, we showed that soil physical properties establish the upper limit for palm and tree
basal area and that the direction of this relationship differs between them. As soil resistance to
root penetration heightens, tree basal area decreases and palm basal area increases. The
mechanism of forest partitioning by palms as trees is related to forest structure at the local scale
and with forest physiognomy at the basin scale. In the second chapter we explored the regional
patterns of palm species abundance variation in relation to environmental gradients and their
effect on dominance and floristic composition patterns. In this chapter we demonstrate that
subtle and abrupt differences in floristic composition may be caused by changes in species
abundance in relation to environmental conditions. We also showed that dominance patterns are
linked with the patterns of floristic variation and suggest a mechanism to explain the occurrence
of dominance in tropical forests. In the third chapter, we tested the hypothesis that species
segregation along subtle environmental gradients will explain species coexistence in local and
regional scale. In this chapter, we showed that palm species are segregated along a hydrological
axis of soil moisture and that the hydrological niche affiliation of the species is a character that
evolved through palm evolution and that niche is strongly related to species richness in local
and regional scales in Amazonia.

Key-words: Arecaceae, hidrology, soil, coexistence, tropical forest, floristic composition, forest
structure, ecological niche, species diversification
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INTRODUCAO GERAL

Florestas tropicais conservam grande parte da diversidade biolégica do planeta e
desempenham um papel muito importante no controle do clima global. A Amazdnia é o maior
remanescente de floresta tropical e 0 reconhecimento da sua importancia se deve principalmente
por duas razdes: (1) pela necessidade de conservacdo da sua biodiversidade e servicos
ecossistémicos e (2) pela oportunidade de estudar processos ligados a origem e manuten¢do da
biodiversidade e ao funcionamento de ecossistemas em um espa¢o que modificacGes causadas
pelo homem sdo virtualmente ausentes. As mesmas razdes que tornam a Amazénia atrativa sdo
responsaveis pelos principais desafios da pesquisa na regido. A baixa densidade demografica e
ocupacao da regido fazem com que a maior parte da Amazonia seja remota e de dificil acesso. O
resultado disso é que o conhecimento que temos acumulado ate entdo provém em sua maior
parte dos poucos sitios de pesquisa (Pitman 2012). A concentra¢do dos estudos no entorno de
poucas areas potencialmente sub-representa a diversidade de condices e respostas das florestas
Amazbnicas como um todo e limita o nosso poder de extrapolagdo do entendimento dos
processos para outras regides. Por outro lado, as perspectivas de desenvolvimento e ocupacao da
Amazbnia tornam urgente que sejam dadas respostas diretas sobre a representatividade e o
impacto esperado sobre uma biodiversidade e processos ecossistémicos que ainda ignoramos.
Esta tese surgiu e foi desenvolvida diante deste paradigma e tem como objetivo contribuir para
0 entendimento dos padrdes e processos relacionados com a diversidade e processos
ecossisttmicos na Amazonia usando como modelo de estudo a familia das palmeiras

(Arecaceae).
As palmeiras e a sua importancia na Amazonia

As palmeiras estdo restritas a regides tropicais e sub-tropicais e constituem um dos
grupos mais conspicuos nas florestas destas regifes. Por estes motivos, a familia Arecaceae foi
recentemente usada como modelo para entender a origem e evolugdo das florestas tropicais
(Couvrer et al. 2011). As palmeiras divergiram das demais monocotiledéneas por volta de 120-
90 MA (Dransfield et al. 2008), mas a sua diversificagdo na Amazdnia ocorreu principalmente
no Mioceno 25-5 MA (Eiserhardt et al. 2011, Roncal et al. 2011, Roncal et al. 2012). A familia
Arecaceae é muito especiosa. Mais de 2.400 espécies reconhecidas atualmente (Govaerts &
Dransfield 2005), 151 destas ocorrendo na Amazonia (Henderson 1995) e 1-28 espécies co-
ocorrendo em parcelas de 0.25 ha (Aarhus 2013). O nimero de espécies de palmeiras esta muito
longe de ser surpreendente diante das 16 mil espécies de arvores estimadas para a regido (ter
Steege et al. 2013). No entanto, a sua abundancia nas florestas amazbnicas atinge niveis
impressionantes. Seis das dez espécies arborescentes mais abundantes da Amaz6nia sdo

palmeiras (ter Steege et al. 2013). Palmeiras podem representar até 20% da &rea basal de



florestas na Amazonia (Emilio et al. 2014 — ARTIGO 1), onde florestas dominadas por
palmeiras representam 20% cobertura florestal (IBGE 1997). Mesmo quando néo sdo elemento
dominante no dossel, as palmeiras podem ser muito abundantes no sub-bosque. Na Amazénia
central, por exemplo, a densidade média de palmeiras de sub-bosque é de 1.600 individuos por
hectare (Costa et al. 2009), mas esta densidade pode chegar ao impressionante nimero de 8.000
individuos por hectare um pouco mais ao sul no interflivio Purus-Madeira (Emilio et al. in prep.
— ARTIGO 2). A abundancia algumas espécies de palmeiras pode afetar a distribuicdo das
proprias palmeiras (Emilio et al. in prep. — ARTIGO 2) e também de outras plantas (Farris-
Lopez et al. 2004, Nogueira et al. 2010). Além disso, palmeiras sdo um recurso-chave para
animais (Peres 1994) e podem influenciar sua distribuicdo (Zona and Henderson, 1989,
Henderson, 2002). A familia das palmeiras estd entre as mais uteis para humanos e 0 seu uso
consiste amplamente em exploracdo de populacBes naturais (Balslev et al. 2011). Diversos
produtos provenientes de palmeiras sdo0 muito uteis para seres humanos como alimentos (e.g.
palmito, acai, tucuma, pupunha, buriti, coco, tamara), 6leos (e.g. dendé, coco), fibras (e.g.
tucum), material de constru¢cdo e medicamentos. Considerando a sua distribuicdo global e
importancia para as florestas tropicais, palmeiras sdo um excelente modelo para entender ndo s
como as condi¢Ges ambientais atuam em diferentes escalas para gerar os padrdes de riqueza,
dominancia e composigdo observados na floresta, mas também para gerar subsidios para estimar

a disponibilidade deste e de outros importantes recursos florestais.

Padrdes de diversidade, dominancia e composicdo floristica na Amazénia

As florestas na Amazénia estdo longe de serem floristicamente homogéneas. Terborg &
Andresen (1998) descreveram as diferencas entre florestas alagadas e florestas de terra-firme
mostrando que florestas alagadas distantes eram mais similares floristicamente entre si do que
com florestas de terra-firme adjascentes. Wittmann et al. (2006) mostraram que a riqueza e
distribuicdo de espécies em florestas alagadas por agua branca varia com gradiente de
alagamento e também geograficamente; aumentando a riqueza no sentido leste-oeste na
Amazonia como um todo e sul-norte na Amazonia ocidental. As florestas de terra-firme
apresentam o mesmo padrdo em larga escala de aumento da riqueza no sentido leste-oeste, mas
este padrdo parece estar mais relacionado com as variagdes climaticas no passado do que com o
clima atual (Stropp et al 2009). Os padrdes de riqueza em escala local sdo menos evidentes. A
variacdo de riqueza observada em um Unico local cobre o gradiente quase completo de riqueza
observado na Amaz6nia como um todo e somente uma pequena fracdo desta riqueza pode ser
explicada pelo ambiente (Stropp et al. 2009). Este resultado foi interpretado como evidéncia de

que deriva ecoldgica poderia ser um dos principais determinantes da alta diversidade de



espécies na Amazonia conforme predito por Hubbell (2001). No entanto, gradientes ambientais
mais sutis do que os estudados até entdo podem estar relacionados com a co-ocorréncia de
espécies e serem importantes para entender os padrGes de riqueza em pequena escala na
Amazodnia assim como ja evidenciado para outras regides (Silvertown et al 1999, Araya et al
201, Emilio et al 2013 — Capitulo 3).

Cerca de mil espécies diferentes de plantas podem co-ocorrer em um dnico hectare de
floresta na Amazonia (Balslev et al 1998). Esta enorme riqueza local ndo estd homogeneamente
distribuida entre as espécies e recentemente foi reconhecido que a maioria dos individuos de
arvores pertence a poucas espécies hiper-dominantes (ter Steege et al. 2013). Com base na
maior compilacdo de inventarios florestais na Amazonia feita até 0 momento, estes autores
concluiram que cerca de 40% das arvores em um Unico inventario pertencem a espécies que sao
dominantes regionalmente e especialistas em um ou dois dos cinco principais tipos de floresta
(terra-firme, campinarana, charcos, varzea e igap0) existentes na Amazonia. A idéia de que a
Amaz6nia poderia ser dominada por um conjunto limitado de espécies ndo é nova (Pitman et al.
2001), mas foi considerada controversa apesar de ter recebido suporte por diversos estudos
(Pitman et al. 2011). A impopularidade desta hipotese reside em duas principais razdes: (1) a
auséncia de uma explicagdo mecanistica clara sobre o que levaria ao estabelecimento de
oligarquias (2) a presenga de evidéncias mais consistentes com o senso comum de que a
Amaz6nia é um mosaico de pequenos pedacos de floresta heterogénea (Tuomisto et al. 1995) e
ndo de que a Amazonia é dominada por manchas grandes e relativamente homogéneas de
vegetacdo como originalmente previsto por Pitman et al (2001). Pitman et al. (2011) tenta
reconciliar estas duas visdes re-analisando os dados de Tuomisto et al (1995) e mostrando que,
apos a correcdo dos vieses de amostragem impostos pelos métodos originais do trabalho, a
paisagem ndo é dominada por pequenas manchas de ambientes como sugeriam as analises
originais e sim dominada por grandes manchas de ambientes onde oligarquias de poucas

espécies poderiam ser dominantes.

As causas para a dominancia de algumas espécies ainda continuam sem explicacao.
Pitman et al. (2001) sugere que espécies e familias que dominam grandes porg¢des das florestas
tropicais sdo aquelas para as quais mortalidade denso-dependente, disperséo de longa distancia e
tolerdncia ambiental ndo sdo limitagdes. No entanto, a existéncia desta categoria de “super-
espécie” ndo explicaria porque estas super-espécies deixam de ser dominantes em alguns locais.
A hiper-dominéncia de algumas espécies de arvores nas Amazonia ndo esta relacionada com
caracteristicas funcionais associadas com reproducdo (massa da semente) e crescimento
(densidade da madeira) (ter Steege et al. 2013), mas pode estar relacionada com outras
caracteristicas funcionais. A dominéncia da familia das palmeiras (Arecaceae) em relacdo as

demais familias de plantas arborescentes na Amazbnia estd relacionada com estratégias
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funcionais para lidar com limitacbes nas condi¢cdes para enraizamento propiciadas pelo solo
(Emilio et al 2013 — ARTIGO 1). Mas os mecanismos que levam a dominancia de diferentes

espécies de palmeiras e arvores ainda ndo sdo compreendidos.

Os padrdes espaciais de composicdo floristica em larga escala sdo congruentes com
gradientes de fertilidade do solo, duracdo da estacdo seca (ter Steege et al. 2008) e com a
distribuicdo espacial das diferentes fisionomias florestais (Emilio et al. 2010). Generaliza¢Ges
sobre os padr@es floristicos em menores escalas sdo mais desafiadoras porque existem vieses
nos estudos existentes para determinadas regifes (Eiserhardt et al 2011) e também porque a
importancia relativa de um preditor ambiental esta relacionada com o tamanho do gradiente e
sua estrutura espacial (Pansonato et al. 2013). Na Amazdnia ocidental onde os solos podem ser
mais férteis, diferencas abruptas na composicdo floristica em relagdo a fertilidade do solo e
topografia foram observadas (Tuomisto et al., 2003; Pitman et al., 2008; Higgins et al 2010). Na
Amazonia central onde os solos sdo pouco férteis, diferencas na composi¢éo floristica ndo séo
tdo abruptas e estdo mais relacionadas com propriedades fisicas do solo e hidrologia (Costa et
al. 2005, Schietti et al. 2014, Emilio et al. 2014 —ARTIGO 2). As diferencas nas respostas das
plantas a preditores ambientais entre a Amazonia ocidental e central podem estar relacionadas
com as grandes diferengas no tamanho do gradiente de fertilidade entre as duas regides.
Mudangas abruptas na fertilidade s&o associadas com uma grande descontinuidade
geomorfoldgica poderia representar o limite geografico entre a Amaz6nia central e ocidental
Higgins et al. (2011). O reconhecimento deste e outros condicionantes da resposta das plantas a
gradientes ambientais representa um importante avanco em direcéo a generalizacdo dos padrdes

floristicos em escalas menores.

Lacunas no conhecimento e desafios para generalizagdes

O conhecimento sobre os padr@es floristicos da Amazonia avangou muito nos Gltimos
anos. No entanto, nossa habilidade de responder perguntas simples como quantas espécies de
arvores existem na Amazonia, como elas estdo distribuidas, onde essas espécies sdo raras e onde
sdo0 comuns ainda é muito limitada (ter Steege et al 2013). Arvores (incluindo palmeiras
arborescentes) representam entre 30-50% das espécies nas florestas da Amazonia (Balslev et al
1998) e apesar de serem o principal elemento estrutural das florestas, ndo sdo seu Unico
elemento. Os padrdes floristicos entre diferentes familias/formas de vida podem ser bastante
congruentes (Vormisto et al. 2000) porque 0os mesmos fatores ambientais estdo na maioria das
vezes relacionados com a distribuicdo de diferentes grupos no mesmo local (Schietti et al 2014).
Grupos diferentes de plantas responderem ao mesmo fator ndo significa que respondam da

mesma forma. No primeiro capitulo desta tese (Emilio et al. 2014 — ARTIGO 1) eu e meus
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colaboradores mostramos condigdes de solo restritivas para o desenvolvimento de raizes estdo
negativamente relacionadas com a dominancia (area basal) de arvores e positivamente
relacionadas com a dominancia de palmeiras. Além disso, mostramos que razdes diferentes
podem estar relacionadas com a resposta dos diferentes grupos; palmeiras sdo diretamente
afetadas pelas propriedades fisicas do solo, enquanto a resposta das arvores as propriedades

fisicas do solo é mediada pela dindmica da floresta.

Condic¢des ambientais ndo sdo independentes entre si e a compreensdo dos processos
por trés dos padrdes observados passa pelo entendimento sobre quais preditores ambientais sdo
importantes e por que. As propriedades fisicas quimicas e fisicas dos solos sdo determinadas
pelo material de origem e grau de desenvolvimento pedogenético (Quesada et al 2010). A
pedogenese do solo esta relacionada com clima e relevo que por sua vez também influenciam a
disponibilidade de agua para as plantas. A disponibilidade de dgua esta relacionada com a
estrutura da floresta (Jirka et al 2009). A estrutura do dossel determina a entrada de luz no sub-
bosque e controla a produtividade florestal em diferentes locais da Amaz6nia (Stark et al 2012).
Estrutura da vegetacdo e composicdo floristica parecem estar ligadas aos mesmos fatores
ambientais através das escalas. Em escala local, os principais determinantes da estrutura da
vegetacdo s@o os mesmos fatores relacionados aos maiores eixos de variagdo na composicao de
espécies nestes locais (Castilho et al 2006, Toledo et al 2011, Costa et al 2005, Kinupp &
Magnusson 2005, Schietti et al 2014) e 0 mesmo acontece em grande escala (Emilio et al 2010).
O entendimento dos padrdes floristicos e estruturais das florestas da Amazbnia tem sido
historicamente enviesado para caracteristicas ambientais facilmente mensuradas (e.g. fertilidade
e textura dos solos), enquanto outras condigdes ambientais que requerem maior investimento
(e.g. hidrologia) tem sido amplamente negligenciadas. No segundo capitulo desta tese
analisamos padr@es de riqueza e composicdo de espécies de palmeiras em escala regional em
relacdo ao modelo ambiental mais completo analisado até entdo que inclui todos preditores

ambientais identificados previamente como importantes para o grupo (Eiserhardt et al 2011).

Mais do que os padrdes de diversidade em florestas tropicais, precisamos conhecer 0s
processos que geraram esses padrdes para entender como as florestas vao responder a mudangas
naturais ou antropicas. Ainda existe muita controvérsia a respeito dos mecanismos associados
com a origem e manutencdo da biodiversidade em florestas tropicais. Isso por que diferentes
mecanismos podem ser importantes para evitar exclusdo competitiva e permitir que um grande
nimero de espécies coexista (Wrigth 2002). A idéia de que os padrbes de diversidade das
florestas tropicais somente poderiam ser gerados por nicho e sele¢do foi recentemente desafiada
pela proposicdo da teoria neutra (Hubbell 2001). Esta teoria propde que muito da diversidade
em florestas tropicais pode ser explicada somente por limitacdo de dispersdo e deriva ecoldgica,

sem levar em consideracdo processos relacionados a nicho ou selecdo (Hubbell 2001, Rosindell
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et al 2011). A teoria como originalmente proposta ndo ignora a existéncia de nicho e selecéo,
mas prescreve uma menor importancia ao efeito regulatério do nicho sobre a abundéancia
relativa e diversidade de espécies (Hubbell 2001). No terceiro capitulo desta tese, mostramos
gue a riqueza local de palmeiras estd fortemente relacionada com a sobreposicdo de nicho
hidrolégico entre as espécies e que as palmeiras que compdem o pool regional de espécies estdo
mais segregadas no nicho hidrolégico do que o esperado pelo acaso (Emilio et al. 2013 —
Capitulo 3). Este capitulo discute a importancia de eixos ambientais sutis para a riqueza,
coexisténcia e evolucao do grupo na Amazonia e também para o entendimento dos processos de
origem e manutencéao da biodiversidade em florestas tropicais.



OBJETIVOS

O principal objetivo desta tese foi contribuir para o entendimento dos padrbes e
processos relacionados com a diversidade e processos ecossistémicos na Amazbnia. Os

objetivos de cada capitulo foram:

Capitulo 1: Determinar os fatores e processos relacionados com a particdo do espago por

palmeiras e arvores nas florestas da Amazonia.

Capitulo 2: Explorar a relagdo entre dominancia, substituicdo e abundancia relativa de espécies
de palmeiras a gradientes de solo, topografia, clima, hidrologia, estrutura da vegetacdo e

distUrbios naturais .

Capitulo 3: Testar hipoteses sobre 0s mecanismos que permitem a coexisténcia de espécies em

escala local e regional em florestas tropicais.



ARTIGO 1

Soil physical constraints as a limiting factor of palm and tree basal area in Amazonian
forests

EMILIO, T., QUESADA, C.A., COSTA, F. R. C., MAGNUSSON, W. E., SCHIETTI, J., FELDPAUSCH,
T. BRIENEN, R. J. W, BAKER, T. R., CHAVE, J. et. al. Plant Ecology and Diversity (Special Issue

Ecosystem Dynamics of Amazonian and Andean Forests) vol 7 (1): 2014.



Abstract

Background: Trees and arborescent palms adopt different rooting strategies and responses to
physical limitations imposed by soil structure, depth and anoxia. However, the implications of
these differences for understanding variation in the relative abundance of these groups have not

been explored.

Aims: We analysed the relationship between soil physical constraints and tree and palm basal
area to understand how the physical properties of soil are directly or indirectly related to the
structure and physiognomy of lowland Amazonian forests.

Methods: We analysed inventory data from 74 forest plots across Amazonia, from the
RAINFOR and PPBio networks for which basal area, stand turnover rates and soil data were
available. We related patterns of basal area to environmental variables in ordinary least squares

and quantile regression models.

Results: Soil physical properties predicted the upper limit for basal area of both trees and
palms. This relationship was direct for palms but mediated by forest turnover rates for trees.
Soil physical constraints alone explained up to 24% of palm basal area and, together with
rainfall, up to 18% of tree basal area. Tree basal area was greatest in forests with lower turnover
rates on well-structuredsoils, while palm basal area was high in weakly structured soils.

Conclusions: Our results show that palms and trees are associated with different soil physical
conditions. We suggest that adaptations of these life forms drive their responses to soil structure,

and thus shape the overall forest physiognomy of Amazonian forest vegetation.

Keywords: ecological limiting factors, life-forms, palm-dominated forests, quantile regression,

soil structure, tropical forest, vegetation types



Introduction

Amazonian forests play an important role in the global carbon cycle but how much
carbon is stored in these ecosystems is still uncertain. Variation in biomass is directly related to
variation in stand basal area and stand-level wood density. Mean stand-level wood density is
dependent both on species composition (Baker et al. 2004) and environmental factors (Patifio et
al. 2009), such as soil fertility and climate. The environmental correlates of basal area are less
clear. There is important site-to-site variability (Malhi et al. 2006) that appears to be less
correlated with broad-scale regional predictors than with local predictors such as disturbance or

the presence (or absence) of limiting soil properties.

Soil and climate have been widely investigated to understand forest structure and
composition in Amazonia (Laurance et al. 1999; Roggy et al. 1999; Malhi et al. 2006; ter Steege
et al. 2006; Quesada et al. 2012) and elsewhere (Paoli et al. 2007; Slik et al. 2010). Soil physical
conditions in particular, such as water-holding capacity, drainage, and physical structure, are
important factors that affect tree growth, mortality and floristic composition in the tropical
forests worldwide (Dietrich et al. 1996; Ferry et al. 2010; Gourlet-Fleury et al 2011; Quesada et
al. 2012). However, their influence in determining large-scale patterns of forest structure and

composition in the tropics is poorly known.

Structural dominance by palms (and other life forms, such as lianas and bamboos) has
been used in the Brazilian forest classification system (IBGE 2012) to distinguish forest types
(see Appendix 1, Emilio et al. 2010), and to develop improved allometric equations for biomass
calculation in the Brazilian Amazon (Nogueira et al. 2008). Palm-dominated forests cover 20%
of Brazilian Amazonia (IBGE 1998) and large extensions of other Amazonian countries. Given
this widespread occupation of forest by palms, understanding how palms vary in abundance
could help to better understand basal area and biomass variation across Amazonian forests. At a
single site in the Amazon, Castilho et al. (2006) reported that tree biomass was higher in well-
drained clay soils while arborescent palm biomass was higher in poorly drained, sand-rich soils.
This suggests that soil physical conditions may have different effects on these two plant life
forms. The aim of this study was to investigate the relationships between soil physical

properties and the basal area of both trees and palms across Amazonia.

In addition to the direct effect that soil physical properties may exert on plant roots, soil
physical constraints can also indirectly affect forest basal area by increasing turnover. Quesada
et al. (2012) showed that Amazonian forests have greater turnover rates where soil properties
constrain root development (e.g. shallow impediment layers, high bulk density, anoxic horizon).
At local scales, the proportion of stems that die uprooted or snapped off by other falling trees is

generally greater in sandy and waterlogged soils (Toledo et al. 2011). The dominant modes of
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mortality may also vary depending on whether the plant is a tree or a palm. In Ecuador,
dicotyledoneous trees mostly died uprooted and shapped while arborescent palms mostly died

standing and snapped (Gale and Barfod 1999).

The differences in the response of plant life forms, such as palms and trees, to soil
physical properties and disturbance are likely to be related to differences in their physiological
and morphological adaptations, particularly growth strategies and the root system. Palms lack
vascular cambium and do not show secondary growth. To compensate, primary tissues
continually increase in their mechanical strength with gradual lignification of fibrous and
parenchymatous tissue, resulting in stronger stems as palm height increases (Tomlinson 2006).
The absence of secondary growth in palms may be advantageous against wind damage, but
prevents dormancy, implying that they must have special adaptations (e.g. aerenchyma,
pneumatophores) to deal with seasonally stressful conditions (Tomlinson 2006). In contrast,
cambial dormancy is a common strategy in many tree species (Zuidema et al. 2012) and allows
them to occupy seasonally unfavourable environments, such as seasonally dry or waterlogged
forests, with or without morphological adaptations to such conditions.

Palms and dicotyledonous trees also differ in their root systems. Trees develop roots
that can reach depths of up to 10 m to access water (Nepstad et al. 1994). The development of
deep roots provides mechanical stability and helps trees to prevent water deficit where soils are
deep and well-structured. Palms do not have extensive root systems, but they compensate this
disadvantage by developing high root water pressures (Davis 1961). This may confer a
competitive advantage in shallow or compacted soils. In soils that limit root development, trees
may be more susceptible to anchorage problems, especially if associated with steep topography
(Gale and Barfod 1999; Toledo et al. 2011). In contrast, palms are more stable than trees due to
their stem anatomy (Tomlinson 1990) that allows them to remain strongly anchored to the
ground, even without deep roots. In addition, palms have smaller canopies and large leaves
instead of woody branches. Palm leaves are less carbon expensive to rebuild than tree branches,
so their loss if hit by a falling branch or tree may be expected to have relatively minor impact on
the structure and stability of the plant, and its carbon balance. Hence, palms appear to be better

adapted to grow in highly dynamic forests.

In summary, we would expect that trees are at an advantage in deep, well-drained soils
where their extensive root systems provide good anchorage and are able to extensively exploit
soil resources. On the other hand, palms may outcompete trees in shallow, poorly drained soils,
since they may be able to cope better with water saturated soil and limited rooting space.
Therefore, one could expect that the responses of palms and trees to soil physical properties

shows opposite patterns, and this could result in a significant shift in the relative contribution of
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trees and palms to forest structure across Amazonia as a function of soil properties. So far, no
attempt has been made to understand what could explain the relative contribution of arborescent

palms and trees to forest structure and physiognomy across Amazonia.

Here, we take advantage of a unique compilation of permanent study plots across
Amazonia to analyse the relationship between soil physical constraints and basal area of trees
and palms in order to better understand how soil physical limitations affect the structure and
physiognomy of Amazonian forests. We also explore the relationship among precipitation, soil

fertility and forest turnover and basal area variation in trees and palms.
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Methods
Vegetation data

We compiled forest-structure data from the RAINFOR Forest Plots database (Lopez-Gonzalez et
al. 2011, downloaded from http://www.forestplots.net) and the PPBio database (Pezzini et al. 2012,
downloaded from http://ppbio.inpa.gov.br). We used data from 74 Amazonian plots that have both plant
and soil data. Most plots are 1 ha in area (see Table 1 for plot dimensions and data sources). In each of
these plots, all stems (trees and palms) with a diameter at breast height (DBH) > 10 cm were measured and
identified to at least family level. The basal areas of trees and arborescent palms were calculated and used

as response variables in regression analyses.
Soil sampling and determination of chemical and physical properties

Soil sampling and analysis was undertaken by PPBio/HIDROVEG and RAINFOR projects (Malhi
et al. 2002), using equivalent protocols (PPBio/HIDROVEG: http://ppbio.inpa.gov.br/manuais;
RAINFOR: www.geog.leeds.ac.uk/projects/rainfor/projdocs.html). One soil pit was dug in the dominant

soil type, where soil descriptions were made. In addition, samples were taken at five to 10 complementary
points with a hand-held auger adapted to collect undisturbed soil samples (Eijkelkamp Agrisearch
Equipment BV, Giesbeek, The Netherlands). Sampling points followed a random stratified distribution so
as to obtain representative soil collections of each area. The soils were sampled up to 2 m deep, but
chemical data reported here are for surface samples only (0-30 cm), while the entire profile was considered

for soil physical properties. For a detailed description of the methods see Quesada et al. 2010).

Effective cation exchange capacity (Ig) is used here as a proxy for general soil fertility since there are
strong relationships between Ig (hereafter called fertility), soil P and total elemental composition (Quesada
et al. 2010). Samples were analysed for exchangeable cations by the silver-thiourea method (Pleysier and

Juo 1980), and the sum of concentrations for exchangeable Ca, Mg, K, Na and Al are reported.

Soil descriptions followed a standard protocol (Jahn et al. 2006), with special attention to the
measurement of effective soil depth, depth to C horizon (where possible), horizon distribution (i.e
identification and depth of visible soil diagnostic horizons), colour, distribution of rocks, concretions (i.e.
presence of coarse, hard material in the soil as petroplinthite, gravel, or other hardened material), ironstone
layers or other hardpans, redox features, root distribution, drainage capacity, soil hardness, soil structure
(i.e. aggregate distribution, type and stability), organic matter content and topographic position of the pit.
Three bulk density samples were collected from the pit walls at the same depths as for the soil samples (0 -
5,5-10, 10 - 20, 20 - 30, 30 - 50, 50 - 100, 100 - 150, 150 - 200 cm).
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For quantifying the magnitude of root-limiting soil physical properties (hereafter soil physical
constraints), we used the same approach as in Quesada et al. (2010; 2012), assigning sequential scores to
different levels of physical limitations. This was done by reading the field descriptions of soil and
assigning each category a score (Table 2; see details in Quesada et al. 2010). These scored categories
provide information on topography, soil depth, soil structure and anoxic conditions in a semi-quantitative
form. To aid interpretation, here we inverted Quesada’s original scale for soil depth and structure, so that
shallower, poorly structured soils had lower scores, while deeper, well-structured soils had higher scores
(Table 2). We used each soil physical constraint characteristic as an independent explanatory variable in
regression analyses.
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Table 1. Basal area (BA) and environmental data from 74 Amazonian forest plots used in this study.

Soil physical constraint scores

Altitude  Plotarea  Palm BA Ps'lAm Tree BA TBr;e Soil Soil Soil Precipitation Turnover
Plot code Latitude Longitude Topography IE rates
(mas.l) (ha) (m? hat) (%) (m? hat) (%)  anoxia depth*  structure* (m™year™) Forest class (%)

ALF-01R -9.59830 -55.93690 269 1.00 0.18 2.42 7.27 97.58 0 0 4 1 2356 2.04 173
ALF-02R -9.57840 -55.91760 277 1.00 3.79 14.15 22.99 85.85 0 0 4 2 2356 2.23

ALM-01R  -11.80000  -71.47000 400 2.00 4.04 13.41 26.08 86.59 2 2 4 1 2395 6.57 233
ALP-117 -3.95000 -73.43000 114 0.44 231 8.07 26.32 91.93 0 3 3 1 2784 3.62 TF-3 3.09
ALP-12R -3.95000 -73.44000 125 0.4 0.34 1.32 25.37 98.68 3 0 1 1 2784 2.46 TF-2 205
ALP-217 -3.95000 -73.44000 114 0.48 1.15 4.49 24.48 95.51 3 3 4 3 2784 0.4 TF-3 2.58
ALP-22R -3.95000 -73.44000 125 0.44 2.04 7.49 25.18 92.51 0 3 4 1 2784 5.13 TF-2 212
ALP-30% -3.95000 -73.43000 130 1.00 0.21 0.94 221 99.06 0 0 4 3 2784 0.49 TF-1 127
BOG-017 -0.70000 -76.48000 257 1.00 1.32 4.39 28.78 95.61 0 3 1 2 3133 12.47 265
BOG-02R -0.70000 -76.47000 284 1.00 1.94 7.74 23.12 92.26 0 4 1 2 3133 8.48 3.80
CAX-01R -1.74000 -51.46000 15 1.00 0.01 0.03 33 99.97 0 0 4 4 2206 1.81 TF-11 0.86
CAX-02R -1.74000 -51.46000 15 1.00 0.02 0.07 28.47 99.93 0 0 4 4 2206 1.56 TF-11 174
CAX-067 -1.72000 -51.46000 20 1.00 0.02 0.05 36.79 99.95 0 0 4 4 2206 2.28 TF-12 1.27
CRP-017  -14.54000  -61.50000 350 1.00 0 0.00 19.05 100.00 0 3 3 3 1364 7.66 3.03
CRP-027 -14.54000 -61.50000 350 1.00 0.18 0.76 23.62 99.24 0 2 3 3 1364 5.22 3.13
CUZz-01®  -12.50000  -68.97000 190 1.00 1.75 7.44 21.77 92.56 2 0 3 0 2098 8.69 FAT-2 253
Cuz-02% -12.50000 -68.97000 190 1.00 4.01 14.10 24.42 85.90 2 0 3 0 2098 8.07 FAT-2 2.43
CUZz-03®  -12.50000  -68.96000 190 1.00 3.22 12.62 22.29 87.38 3 0 3 0 2098 6.82 FAT-1 268
CUZ-04% -12.50000 -68.96000 190 1.00 3.96 14.27 23.8 85.73 2 0 3 0 2098 8.12 FAT-1 2.90
DKE-02° -2.95000 -59.94000 85 1.00 0.11 0.54 20.41 99.46 0 0 4 4 2197 175

DKE-03° -2.95000 -59.93000 100 1.00 0.04 0.17 23.39 99.83 0 0 4 3 2197 1.13

DOI-01R  -10.57000  -68.31000 203 1.00 1.26 4.95 24.18 95.05 1 0 3 0 1902 2.92 200
DOI-02R -10.55000 -68.31000 203 1.00 0.06 0.38 15.54 99.62 3 0 2 0 1902 5.62 4.32
ELD-017 6.11484 -61.41159 210 0.25 0 0.00 31.82 100.00 0 2 4 4 2522 111 0.91
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Palm

Tree

Soil physical constraint scores

Altitude  Plotarea  Palm BA BA Tree BA BA Soil Soil Soil Precipitation Turnover
Plot code Latitude Longitude Topography IE rates
(mas.l) (ha) (m?ha't) (%) (m?ha't) (%)  anoxia depth*  structure*  (mm year™?) Forest class (%)

HCC-22R -14.53000 -60.73000 747 1.00 222 8.79 23.04 91.21 0 0 3 3 1479 4.74 260

R
ELD-02 6.11470 -61.41155 180 0.25 0 0.00 37.57 100.00 0 2 4 4 2522 0.76 0.54
ELD-03® 6.40059 -61.08833 380 0.25 0 0.00 16.64 100.00 0 2 0 1 2522 207 181
ELD-04R 6.08836 -61.40058 350 0.25 0 0.00 27.16 100.00 0 2 0 1 2522 3.27 1.36
FMH-017 5.17000 -58.69000 98 1.00 0 0.00 42.35 100.00 0 0 4 3 2822 1.09 0.49
FMH-02% 5.17000 -58.69000 122 1.00 0 0.00 36.26 100.00 0 0 4 3 2822 1.00 128
FMH-03% 5.18000 -58.70000 115 1.00 0 0.00 31.92 100.00 0 0 4 3 2822 034 0.89
HCC-21R  -14.53000  -60.74000 729 1.00 1.66 6.73 23.01 93.27 0 0 2 1 1479 7.68 376

P
IPM-82 -5.63000 -62.19000 67 1.00 171 8.00 19.66 92.00 1 0 3 2 2574 244

P
IPM-83 -5.64000 -62.18000 67 1.00 111 4.46 23.79 95.54 1 1 4 2 2574 3.29
IWO-03R 4.53000 -58.78000 100 1.00 0.04 0.11 35.28 99.89 0 0 4 3 2248 0.78 0.40
IWO-12% 4.73000 -58.72000 61 1.00 0.1 0.40 24.72 99.60 1 0 4 1 2405 1.80 2.91
JAS-027 -1.06981 -77.61631 452 1.00 2.18 8.31 24.05 91.69 0 3 2 2 3645 3.05 289
JAS-03% -1.07713 -77.60966 384 1.00 1.06 3.75 27.19 96.25 0 2 3 2 3645 2.66 211
JAS-04% -1.07323 -77.61223 430 1.00 2.39 6.55 34.11 93.45 0 3 2 2 3645 3.24 1.05
JEN-11R -4.88000 -73.63000 151 1.00 0.2 0.77 25.66 99.23 0 1 4 4 2642 1.98 TF-1 177
JEN-12R -4.90000 -73.63000 122 1.00 1.17 4.76 23.43 95.24 2 0 2 3 2642 145 TF-1 1.04
JEN-13R -4.92000 -73.53000 145 1.00 458 19.69 18.68 80.31 3 0 3 2 2642 178 206
LFB-01® -14.58000 -60.83000 245 1.00 0.95 3.56 25.72 96.44 0 0 4 4 1479 1.25 2.70
LFB-02®  -14.58000  -60.83000 227 1.00 1.14 3.93 27.89 96.07 0 0 4 4 1479 1.52 273
LSL-01R -14.40000 -61.14000 189 1.00 0.4 221 17.68 97.79 4 0 2 3 1460 2.08 251
LSL-02R  -14.40000  -61.14000 190 1.00 0.48 1.89 24.93 98.11 3 0 3 3 1460 2.55 139
MNU-03®  -11.90000 -71.40000 312 2.00 4.08 14.63 23.8 85.37 0 0 2 0 2477 153 3.74
MNU-04R  -11.91000 -71.40000 312 2.00 3.8 14.50 2241 85.50 1 2 3 1 2477 363 252
MNU-05]  -11.88000 -71.41000 312 2.00 2.09 6.24 31.42 93.76 3 0 4 1 2477 8.52 1.01
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Palm

Tree

Soil physical constraint scores

Altitude  Plotarea  Palm BA BA Tree BA BA Soil Soil Soil Precipitation Turnover
Plot code Latitude Longitude Topography IE rates
(mas.l) (ha) (m?ha't) (%) (m?ha't) (%)  anoxia depth*  structure*  (mm year™?) Forest class (%)
MNU-06%  -11.89000  -71.40000 312 2.25 5.04 16.34 25.81 83.66 3 0 4 1 2477 8.59 240
MTH-01R -8.88000 -72.79000 246 1.00 2.92 14.96 16.6 85.04 0 4 3 2 1655 8.04 2.03
NOU-02% 4.08000 -52.67000 110 1.00 0.04 0.12 33.14 99.88 0 0 4 4 3280 157 127
NOU-107 4.08000 -52.67000 110 1.00 0 0.00 23.23 100.00 0 0 4 4 3280 1.74 201
NOU-12% 4.08000 -52.67000 110 1.00 0.6 1.97 29.84 98.03 0 2 4 4 3280 213 185
NOU-17% 4.08000 -52.67000 110 1.00 0.47 131 35.33 98.69 0 2 3 2 3280 240 102
NOU-21% 4.08000 -52.67000 110 1.00 0.24 0.77 31.03 99.23 0 2 4 3 3280 132 127
POR-01R  -10.82000  -68.78000 268 1.00 1.26 4.11 29.39 95.89 0 2 3 1 1720 141 201
POR-02R  -10.80000  -68.77000 268 1.00 1.94 8.78 20.15 91.22 0 2 1 2 1720 1.32 261
suc-01®° -3.25000 -72.91000 107 1.00 1.09 3.92 26.75 96.08 1 3 4 2 2813 3.77 TF-1 212
SUC-028 -3.25000 -72.90000 98 1.00 0.7 2.53 26.93 97.47 0 4 4 1 2813 371 TF-1 264
SuUC-03° -3.25000 -72.92000 118 1.00 0.03 0.11 26.62 99.89 3 0 3 1 2813 6.23 TF-1 231
TAM-01R  -12.84000  -69.29000 205 1.00 6.66 23.58 21.58 76.42 0 1 4 1 2523 2.96 FAT-3 264
TAM-027  -12.83000  -69.29000 210 1.00 6.1 20.90 23.09 79.10 0 0 2 0 2391 3.56 FAT-3 201
TAM-04%  -12.84000 -69.28000 210 0.42 2.18 7.13 28.41 92.87 3 0 3 1 2523 4.14 SwW 2.67
TAM-057  -12.83000 -69.27000 220 1.00 0.5 1.90 25.78 98.10 1 0 3 1 2391 4.47 TF-2 2.61
TAM-067  -12.84000  -69.30000 200 1.00 7.5 22.45 25.91 77.55 1 3 3 0 2523 5.67 FAT-3 239
TAM-077  -12.83000 -69.26000 225 1.00 0.49 2.02 23.74 97.98 0 1 4 2 2391 3.38 TF-2 2.67
TIP-037 -0.64000 -76.15000 221 1.00 0.44 1.67 25.95 98.33 3 0 3 0 2987 7.83 3.30
YAN-01R -3.44000 -72.85000 132 1.00 0.64 2.18 28.77 97.82 1 3 4 1 2786 9.21 3.12
YAN-02R -3.43000 -72.84000 109 1.00 0.42 1.36 30.53 98.64 1 2 4 3 2786 5.72 165
ZAR-01R -4.01000 -69.91000 126 1.00 0.71 4.22 16.1 95.78 1 0 3 3 2837 0.71 114
ZAR-02% -4.00000 -69.90000 126 1.00 1.7 8.79 17.64 91.21 0 0 3 2 2837 3.51 110
ZAR-03% -3.99000 -69.90000 130 1.00 0.4 1.82 21.58 98.18 0 1 3 2 2762 1.93 1.41
ZAR-04% -3.99000 -69.91000 146 1.04 0.63 243 25.3 97.57 0 1 3 2 2762 2.60 1.22

* Soil depth and structure scores inverted from Quesada et al. (2010).

P Data downloaded from http://ppbio.inpa.gov.br; R data downloaded from http:// www.forestplots.net.
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Table 2. Soil physical constraint scores modified from Quesada et al. (2010).

Soil physical constraint rating categories Score!
(1) Effective soil depth (soil depth, hardpans)
Shallow soils (< 20 cm) 0
Less shallow (20 to 50 cm) 1
Hardpan or rock that allows vertical root growth; other soils between 50 and 2
100 cm deep.
Hardpan, rocks or C horizon >100 cm deep 3
Deep soils >150 cm 4
(2) Soil structure
Very dense, very hard, very compact, without aggregation, root restrictive 0
Dense, compact, little aggregation, lower root restriction 1
Hard, medium to high density and/or with weak or block like structure 2
Loose sand, slightly dense; well aggregated in sub angular blocks, 3
discontinuous pans
Good aggregation, friable, low density 4
(3) Topography
Flat 0° 0
Gently sloping 1° to 8° 1
Gently undulating 8° to 19 2
Steep 20° to 44° 3
Very steep >45° 4
(4) Anoxic conditions
Unsaturated conditions 0
Deep saturated zone (maximum of high saturation >100 cm deep); deep redox 1
features
Deep saturated zone (maximum of high saturation 50 cm deep); redox features 2
Seasonally flooded; soils with high clay content and very low porosity and/or 3
dominated by plinthite
Constantly flooded; patches of stagnated water 4

1 Soil depth and structure scores inverted from Quesada et al. (2010).

18



Forest turnover

Forest turnover was calculated as the proportion of stems (trees and palms combined) entering
and leaving the plot per year. Annual mortality and recruitment rates were estimated separately
using standard procedures, based on logarithmic models. These models assume a constant
probability of mortality and recruitment through each inventory period (Swaine et al. 1987;
Phillips et al. 2004), and they were corrected for census-interval following the recommendations
by Lewis et al. (2004). We then considered the mean value of mortality and recruitment over the
entire period as the forest turnover rate for each plot, which we present as a percentage of all

stems present.
Data analysis

We used ordinary least square regressions (OLS) to examine the relationships between
tree basal area, palm basal area, environmental predictor variables, and turnover rates.
Environmental variables included the soil chemical and physical properties described above,
and annual precipitation obtained from the interpolated WorldClim dataset (Hijmans et al.
2005), which varied from 1333 to 4113 mm year™ across our study area. The interpolations of
WorldClim dataset for Amazonia are based on the few meteorological stations that are available
for this region (Hijmans et al. 2005). However, as the stations are well spaced, the interpolation

could well represent the large scale precipitation trends that we analysed.

To select the model that best explained tree and palm basal area variation, we carried
out an exhaustive search including all predictor variable combinations, using additive linear
models. Interactions between soil physical constraints, rainfall and soil fertility, were also
tested. Akaike’s Information Criterion (AIC) was adopted as a measure of goodness of fit. AIC
penalises parameter-rich models to prevent over-fitting. This procedure is preferable to
sequential searching protocols in avoiding Type-I error because the models are not explicitly
compared through statistical tests (MacNally 2000). We then ranked our 74 models from best
(i.e. lowest) to worst (i.e. highest) AIC value. The AAIC of a model is the difference between
the AIC of a model to that of the best model. Models with AAIC < 2 were considered as
informative as the best model and the importance of explanatory variables in these models was
determined according to their frequency of occurrence in the subset of the best models
(Richards 2005). After the best models were chosen, path analysis was used to determine the

direct and indirect effects of the environmental variables on palm and tree basal area.

Given that soil physical constraints are highly related to forest turnover, some authors
have as assumed a causal the relationship between them (Quesada et al. 2012). Nevertheless, to

untangle the complex relationships between soil properties, stem turnover and forest basal area,
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simple direct relationships may not adequately describe the system, as both direct and indirect
effects may occur. Therefore, we also built a path model that included the best environmental
predictors selected by the AAIC criteria, combined with the turnover rate to better understand

the direct and indirect effects of soil physical properties on palm and tree basal area.

We performed quantile regressions (QR) in addition to OLS, as basal area variation was
not homogeneous in relation to the environmental variables in some cases. Quantile regression
(Koenker and Bassett 1978) is a method for estimating relationships between variables for all
portions of a probability distribution without ignoring any part of the data. This method is robust
to outliers and skewed distributions (Cade et al. 1999). In addition, fitting higher percentiles of
response variables as a function of the independent variable should estimate the upper limit set
by the measured independent factors. This approach was undertaken mainly because, if an
independent variable can be considered a limiting factor, the models estimated for the upper
quantiles should have better predictive values than OLS models (Cade and Noon 2003). To
evaluate for which cases QR should be a better predictive model than OLS, we carried out the
joint test of equality of slopes described by Koenker and Basset (1982). This test evaluates if the
slopes of QR and OLS differ from each other. If so, the distribution is heteroscedastic and the
QR model should be considered instead of the OLS model. We used the QR fitted for each
independent variable separately and the quantiles with tau = 0.25, tau = 0.50 and tau = 0.90, for
this test.

We also attempted to understand the variation in forest physiognomy in response to soil
physical constraints. We adopted the forest classification of Anderson et al. (2009), who used a
region-growing technique and non-supervised classification algorithm to classify forest plots
from Landsat 7/ETM+ and SRTM images and determine forest physiognomy at a local-scale
resolution, and a vegetation map provided by IBGE (1998) for the palm-dominated forests map
presented in Figure 4. The local scale forest classification was used only for small windows
surrounding the ALP, CAX, CUZ, JEN and TAM study areas (Table 1), as it could not be
generalised to other areas. As far as we know, there is no vegetation map available for the entire
Amazon with an appropriate resolution to allow us to distinguish palm-dominated from other
terra-firme forests across all study areas. The Brazilian RADAMBRASIL vegetation map
(Brasil 1978) is not useful to distinguish vegetation types at the local scale because only the
dominant vegetation classes at a scale of 1:250,000 were mapped (Emilio et al. 2010). For other
Amazonian countries, available vegetation maps are not comparable or the vegetation-class
resolution is too coarse. Anderson et al. (2009) distinguished seven forest types in the
RAINFOR sites, including one-third of the plots included here. For this study, we grouped
Anderson’s vegetation units into four classes: terra-firme forests where large palms do not

contribute greatly to the forest canopy (TF), terra-firme forests where large palms do contribute
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greatly to the forest canopy(TFP), Mauritia swamps (SW), and forests over alluvial terraces
(FAT). There are few examples of the SW and FAT categories and it is difficult to formally test
the relationship between soil conditions and forest structure. Therefore, we only explored these

relationships graphically without use of formal statistical methods.

Statistical analyses were carried out by using the R statistical platform (R Development
Core Team 2011) and the quantreg package (Koenker 2011). Maps were prepared with ArcGis
9.0.
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Results

In our dataset, trees accounted for most of the basal area in terra-firme Amazonian
forests (94 + 6%). However, palms contributed up to 23% of basal area in some areas in the
western Amazon (Table 1) with Iriartea deltoidea being the dominant arborescent palm species;

Oenocarpus bataua dominated in the central Amazon and Guiana Shield.

Simple OLS regressions showed that palm and tree basal area exhibited different
responses to the same environmental variables (Figure 1). Tree basal area was significantly
positively related to soil depth and annual precipitation, while palm basal area showed no
relationship to these variables. Palm basal area was related to soil fertility (r* = 0.10, P = 0.004)
while tree basal area did not show a significant relationship with soil fertility. Soil structure was
the only environmental variable significantly related to both tree and palm basal area, and it
defined the upper boundary of palm and tree basal area in opposite ways. Palms attained greater
total basal area in less structured soils while tree basal area was greater in better structured soils.
Soil structure alone explained up to 26% of the variance in palm basal area and up to 10% of the

variance in tree basal area in simple OLS regressions.
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Figure 1. Simple relationships between basal area, soil physical properties and precipitation.
Solid lines represent mean values predicted by ordinary linear regression (OLS, which here also
coincide with the quantile regression, tau = 0.5). The dotted lines represent the values predicted
0.25 and tau =

by the linear quantile regressions, tau = 0.9. The same model (linearised
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Gaussian in (c), and linear for the others) was adopted for the ordinary linear and quantile
regressions. Lines are shown only when the OLS model is significant at the 0.05 level. The r’-

and P-values of each OLS are presented at the top of each graph.

Multiple linear models showed essentially the same relationships as the simple OLS
models (Table 3). For palms, models including topography, soil depth and fertility were as
informative (AAIC<2) as the simple soil-structure model. The inclusion of other environmental
variables in the model for palm basal area only very weakly increased and, in some cases, even
decreased explanatory power. For trees, best models included soil structure, with the P-value for
this factor significant in almost all models. Precipitation was the second best variable in the tree
basal area model. Models that included both soil structure and precipitation explained up to 23%
of tree basal area variance. Topography and soil fertility did not contribute significantly to any

model.
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Table 3. AlC-ranked linear regression models with AAIC<2. We evaluated 72 models, including
simple models of each explanatory variable (soil anoxia, soil depth, soil structure, annual
precipitation and fertility), all 57 combinations of the explanatory variables in additive models,
and five interaction models with precipitation and each of the other five explanatory variables. All
top-rated tree and palm models include soil structure and exclude soil anoxia.

Model R? P AlCc AAICc
palm BA ~ structure*** 0.28 <0.0001 190.90 0.00
palm BA ~ depth™+ structure*** 0.29 <0.0001 191.90 1.00
palm BA ~ topography™+ structure**=* 0.28 <0.0001 192.80 1.90
palm BA ~ structure*** + fertility ™ 0.28 <0.0001 192.81 1.91
tree BA ~ depth™+ structure*+precipitation** 0.23 0.0003 200.48 0.00
tree BA ~ depth™+ structure* 0.14 0.0044 201.54 1.06
tree BA ~ depth™+ structure*+precipitation**+fertility™ 0.23 0.0008 202.32 1.84

*** P<0.0001; **, P<0.001; *, P<0.01; ns, P>0. 01

Palm basal area variation was heterogeneous along the soil structure axis (Figure 1).
This variation was not reduced significantly in the multiple OLS regressions by the addition of
soil anoxia, topography, soil fertility or precipitation as predictor variables (Table 3). Neither
the interactions between soil structure and precipitation nor between soil structure and soil
fertility was significantly related to palm basal area variation (P>0.1 for interaction term in all
models). Tree basal area was related to both soil structure and precipitation in the multiple OLS
regressions . Like palms, variation in tree basal area was heterogeneous along the soil-structure
axis and variation could not be explained by interactions between explanatory variables in the

multiple OLS regressions.

Soil structure explained a large fraction of the variation in stand turnover rates (r* =
0.23, P <0.001). All low-turnover stands (0-2%) had a low proportion of palms and a high
proportion of trees (Figure 2). Tree basal area decreased significantly with increasing turnover
(r* = 0.21, P<0.001), while palm basal area was greatest at intermediate levels of turnover (2-
3%). The relationship between palm basal area and turnover rates appeared to be non-linear and
a linearised Gaussian model provided a significant fit (r* = 0.24, P<0.001). However, this non-
linear pattern was strongly driven by one plot (DOI-02) with particularly high disturbance rates.
When we exclude this plot, the quadratic term of the linearised Gaussian regression became
non-significant and linear regression provided a more appropriate fit to our data. The simple
OLS regression between palm basal area and stand turnover rate was significant (r*> = 0.11,

P=0.005) and suggested that palm basal area increased with increasing turnover rates.
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Figure 2. Relationship between forest stand-turnover rates and (a) palm basal area and (b) tree
basal area for 60 forest plots for which turnover rate data was available. Dashed lines represent

values predicted by quantile regression (tau = 0.9).

A more complete picture of the relationship between basal area, soil structure and
turnover rate was obtained by path analysis (Figure 3). Palm basal area was not directly affected
by turnover rate, as the simple regressions above had suggested. When we accounted for the
effect of soil structure on turnover rates, the relationship between palm basal area and turnover
rate became non-significant. Conversely, tree basal area remained significantly related to
turnover rate, but the significant relation to soil structure was lost. Our path analysis showed
that the previously observed response of tree basal area to soil structure was indirect and
mediated by forest turnover rates which were, in turn, mediated by soil structure. Despite the

fact that palm and tree basal area presented opposite response patterns to soil structure and
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turnover rates, our model showed that palm basal area was not significantly affected by tree
basal area.
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Figure 3. Diagram of direct and indirect effects of soil structure and forest turnover on palm and
tree basal area. Arrows point to response variables. Standardised regression coefficients are
shown along the lines. Continuous lines indicate significant coefficients and dashed lines non-

significant ones.

At larger scales, the distribution of palm basal area at the plot level was congruent with
mapped large-scale forest physiognomies: plots with greater palm basal area occurred in and
around palm-dominated forests, while plots with lower palm basal area occurred mainly in
regions where mapped palm-dominated forests are uncommon (Figure 4a). At local scales,
physiognomies with high palm dominance occurred mainly over less structured soils (Figure
4b). The soils under alluvial terrace and Mauritia-dominated swamps were less structured than
those under terra-firme sites (Figure 4b). Higher soil structure variation was observed in terra-
firme forests, where soil structure varied from well-structured friable classes that do not impose
much resistance to root penetration to more root restrictive soils. In agreement with the results
suggested by our models, palm-dominated forests (forest over alluvial terraces, Mauritia-
dominated swamp, palm-dominated terra-firme) were mostly found on poorly structured soils
(Figure 4b). Although our models detected a relationship between tree basal area and soil depth,

there were no clear differences in soil depth between forest physiognomies.
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Figure 4. (a) Spatial distribution of palm basal area in 74 forest plots, superimposed on the

Brazilian map of palm-dominated forests (modified from IBGE 1998). (b) Soil structure
variation between forest physiognomies for ALP, CAX, CUZ, JE and TAM sites (n = 23). Soil

structure index follows Quesada et al. (2010) and forest classification follows Anderson et al.

(2009). Lower values for the soil structure index indicate less structured soils (see Table 1 for a

complete description). FAT - forest over alluvial terrace, SW - Mauritia-dominated swamp,

TFP - palm-dominated terra-firme (Anderson’s TF 2 and 3), and TF - terra-firme forest.
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Discussion
Basal area partitioning and soil physical constraints

The observed relationship between soil physical constraints and the partitioning of
forest basal area between trees and palms suggest that soil-structure constraints establish the
upper limit to the basal area of palms and trees in Amazonian terra-firme forests. Soil structure
was related in opposite ways to the basal area of trees and palms. In addition, the effect of soil
structure on basal area was direct for palms but mediated by forest turnover rates for trees.
Palm-dominated terra-firme forests occurred over less structured soils, while terra-firme forests

without canopy-palm dominance occurred more frequently over well-structured soils.

Identifying the specific role of different physical constraints imposed by soils and
topography on root development is difficult as geomorphology and soil conditions are related
throughout pedogenesis. For example, in the Amazon region, topography tends to vary
regionally, often following local geological history. Where dissected relief occurs, soils tend to
be rejuvenated by erosion and thus conditions associated with early pedogenetic development
prevail (i.e. limiting physical conditions such as high bulk density and shallow depth), as can be
found in the Andes foothills in Peru and Ecuador (BOG plots). Where more stable, flat
geomorphology dominates, soil conditions are determined by geological history. If the soils are
old and well-drained, a highly weathered soil will occur, such as those occurring on the plateaux
of the Manaus region in Central Amazonia (DKE plots). However, if sediments are young
and/or poorly drained, then undeveloped soils occur, as can be found at the Purus—Madeira
interfluvial zone (IPM plots). In addition to this general trend, there is large variation in soil
physical properties at smaller scales, resulting in a wealth of possible combinations to tease

apart the specific causal factors.
Mechanisms for basal area partitioning

Our best models consistently selected soil structure as a predictor of basal area, but not
the other variables or their interactions. At small scales (i.e. plot level) topography and soil
conditions interact and potentially increase the stress caused by limited anchorage and rooting
space. Other properties, such as soil structure, depth and hydrological properties also interact to
limit water movement and water availability. However, the relative importance of soil structure
compared to topography and soil anoxia in our final models suggests that the process underlying
the partitioning of basal area distribution between palms and trees may not be directly related to
drainage. Our results are more consistent with the hypothesis of self-maintaining forest dynamic
feedback mechanisms initiated by edaphic conditions, originally proposed by Quesada et al.

(2012). This hypothesis suggests that in forest stands where soils are deep and well-structured as
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a result of millennia of soil weathering, lack of root anchorage will not shorten trees lifetimes
(Quesada et al 2012). Trees growing in these soil conditions are also on average taller
(Feldpausch et al. 2011), which may affect below-canopy light levels and palm abundance. In
contrast, in areas where soils are less developed (i.e., western Amazonia, see Quesada et al.
2010), they are usually less weathered and thus more fertile, but they also have physical
proprieties, such as shallow impediment layers, high bulk density, and anoxic horizons that
restrict root development and anchorage (Quesada et al. 2010). In these sites, mortality rates are
higher and disturbances more frequent, resulting in more dynamic forests. Also, trees are on
average shorter (Feldpausch et al. 2011), tend to grow faster as a result of the more fertile soils
and increased light availability from more open canopies, invest less in wood density, die faster
(Phillips et al. 2004), and are more likely to die broken or fallen than standing (Chao et al.
2009). This is in accordance with our data, which show that palm-dominated forests occur more
frequently in western and southern Amazonia (Figure 4) where soils show higher levels of soil
physical limitation to root development (Quesada et al. 2010) and forests have higher dynamism
(Phillips et al. 2004; Quesada et al. 2012). This finding suggests that, in these environments,
palm morphological adaptations may be more advantageous than those of trees. This means that
soil physical constrains may not only select for different tree growth strategies but also

influence life-form partitioning in Amazonian forests.
Plant functional strategies

While soil structure is an important limiting factor for both trees and palms,
morphological and physiological differences result in trees and palms reaching maximum basal
area at opposite ends of the soil structure gradient. The absence of secondary growth in palms
makes them more susceptible to vascular system disruption. Unlike trees, palms cannot build
new Xxylem vessels when embolism damages part of their vascular system (Tomlinson 1990).
Therefore, palms must adopt more conservative water-balance strategies, such as rapid stomatal
closure when evaporative demand is greater than the soil water content can supply (Sperry
1986; Renninger and Phillips 2010). This strategy may cause palms to grow slower than trees.
Annual mean adult growth in height varies between 0.08 and 0.8 m in palms (Henderson 2002).
We are not aware of studies that registered the growth in height for adult trees in tropical forest,
but juvenile tropical trees can grow in height between 0.7 to 1.5 m per year on average (Clark
and Clark 2001). This is equivalent to the mean annual juvenile growth rate of the palm specie
Euterpe precatoria Mart. (Zuidema 2000) that is one of the species with the highest adult
growth rates registered for Amazonian palms (Henderson 2002). This slower growth may result
in a competitive disadvantage for palms, so that trees, when not affected by unfavourable soil
conditions, can outperform palms. However, the unbranched crown architecture and hence small

canopy volume associated with high stem mechanical resistance will probably increase the
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ability of palms to succeed in more dynamic places where soils are also less favourable for

trees.

Beyond the differences in life form, differences among species in functional strategies
could also help explain the observed differences in basal area. Some palm species may
outperform others in their ability to persist and thrive in areas of high turnover (Montufar et al.
2011). Iriartea deltoidea Ruiz & Pav., Attalea butyracea (Mutis ex L.f.) Wess.Boer,
Oenocarpus bataua Mart., Euterpe precatoria Mart., Socratea exorrhiza (Mart.) H.Wendl. and
Astrocaryum murumuru Wallace each contributed at least 10 times more to basal area than any
other palm species recorded in our plots. Four of these dominant species (I. deltoidea, O bataua,
E. precatoria and S. exorrhiza) develop stilt roots. The sparsely distributed stilt roots of S.
exorrhiza allow individuals to physically move across the forest floor - changing their original
rooting position as the plant grows — likely conferring an advantage to this species in a dynamic
environment by avoiding fallen trunks and by acquiring light (Bodley and Beanson 1980). In its
adult phase, the ability of S. exorrhiza to develop a second set of stilt roots may favour this
species, allowing it to re-emerge from coarse woody debris commonly present after disturbance
(Avalos 2004). The clumped stilt root architecture of E. precatoria, O. bataua and I. deltoidea
does not allow for that kind of disturbance avoidance. However, at least in the case of E.
precatoria, stilt roots improve trunk stability and may help the stem to develop extreme
‘slenderness’, with unusually high height-diameter relationships (Avalos and Otarola 2010). As
with buttresses in many trees, stilt roots in palms reduce effective bole length and therefore
reduce the risk of structural failure due to buckling (Young and Perkocha 1994). In shallow, less
structured and/or hydromorphic soils, the presence of stilt roots and buttresses thus help prevent
tree and palm uprooting. Deep roots can also provide anchorage, but shallow or hydromorphic
soils restrict the root growth and prevent their development. Stilt roots may therefore confer an
advantage to species with this adaptation over those species that rely only on deep roots for
anchorage. In addition, the ability of stilt-root palms to generate new adventitious roots at the
stem base (Tomlinson 2006) may allow these palms to obtain water and nutrients more

efficiently than buttressed trees in these environments.
Geographical patterns of palm dominance

Biogeography may also play an important role in palm-species distribution at large
spatial scales (Eiserhardt et al. 2011) and also in overall palm basal area in each region.
Biogeographical factors may also interact with soil factorseven in the absence of clear
biogeographical boundaries for Amazonian palms. The species pool of palms, soil constraints
and disturbance regime in each region should interact to define the relative contribution of

palms to overall forest basal area. In our study plots, Iriartea deltoidea and Attalea butyracea
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were the most abundant arborescent palm species, so it is not surprising that the spatial pattern
of palm basal area distribution shown here substantially coincides with the spatial distribution of
these two species. These two species were very abundant in our study plots probably because
our survey effort was concentrated along the periphery of the Amazon basin. Along the eastern
and northern edges of the Amazon basin, oligarchic forests dominated by other palm species
occur. Euterpe oleracea stands are common over fluvisols in the Amazonian estuaries of Para
and Amapa states in Brazil, Attalea speciosa stands occur near to the Amazon borders in the
Brazilian states of Maranh@o (north), Piaui (north-east), and Goias (central Brazil) in forest sites
subject to intensive disturbance, Oenocarpus bataua forms extensive aggregations in seasonal
swamp forests on gleyic podzols in central and western Amazonia and dense stands of Mauritia
flexuosa occur over dystric histosols of the Orinoco, Ucayali and Marafion Rivers (Peters et al.
1989). All these oligarchic forests are associated with young (fluvisols, histosol), low physical
quality (gleyic podzol) soils or high disturbance forests, consistent with our hypothesis that poor
soil-structure and more dynamic forests lead to higher palm basal area. Furthermore, our data
also show that, within the same region, greater palm basal area is usually attained on the more
poorly structured soils (Table 1). Together, these data lead us to suggest that, even though
different palm species may be dominant in regions with distinct species pools and

biogeographical history, palm dominance is also affected by local soil physical constraints.
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Conclusions

Trees attained highest basal area in deep, well-structured soils that experienced high
rainfall. On the other hand, trees may fail to persist in all available physical space in areas where
limiting soil characteristics occur, making space for other life forms. Our study indicates that
palms are an important life-form and they occupy forest space where soils are less developed
and less structured. In order to understand the complex puzzle of variation in forest structure
across the vast Amazon Basin and beyond, we must identify the various potential environmental
and historical controls on forest ecosystems. Our study identified one piece of this puzzle by
demonstrating that (1) soil physical constraints establish the upper bound for palm and tree basal
area, (2) life forms with contrasting rooting strategies, such as palms and trees, achieve greater
basal area at opposite ends of the soil-structure gradient, (3) forest dynamism may be reflected
by the differences between palm and tree basal area, and (4) distinct combinations of palm and
tree basal areas imposed by soil structure and/or disturbance regimes may be large enough to be
observed in forest physiognomy. What remains to be understood is what determines the
variation in basal area below the limits imposed by soil physical constraints, and how other life
forms, such as herbs, bamboos and lianas deal with soil-rainfall environmental-niche envelopes.
A more complete understanding of this will help develop more realistic models of forest
response to changing land use and climatethat take into account the fact that there are more than

just trees and rainfall in Amazonian forests.
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Summary

1.

3.

4.

Most tropical plant communities have some degree of dominance, as recognized in the
S-shape of relative species abundance plots. Despite the recognition of the importance
of dominance for floristic composition in megadiverse tropical forests, the mechanisms
are poorly understood. Moreover, floristic variation patterns and associations to
environmental gradients are usually described without recognition of the influence of
large variations in species abundance for subtle and abrupt changes.

In order to understand the roles of dominant species in generating floristic variation
responses to the environment and possible causes of dominance, we used the tropical
palm family as model. From palm inventory data we described patterns of species
turnover, relative abundance and individual species distribution in relation to climate,
hydrology, soil chemistry, vegetation structure, topography and natural disturbance
regime. Additionally, we explore the causes of dominance in our species pool by
relating dominance to environmental range and population structure.

Sharp boundaries in composition were related only with the occurrence of prolonged
flood in our dataset. The majority of species found in inundated forest are found in low
abundance in non-inundated forests and exclusive species are rare. Within non-
inundated forests, differences in species turnover and relative abundance are related to
different environmental gradients, but both are strongly related to soil fertility and
hydrology.

A strong dominance pattern was detected with nearly 20% of the species accounting for
90% of the individuals. Dominant species are spread within varying growth forms and
are related to different sets of environmental conditions. Surprisingly, dominant species
do not have wider environmental ranges, but intermediate ones. Dominance is sustained
by a proportionally higher number of juveniles and dominant species may not be able to

keep large populations in both extremes of the environmental gradients.
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5. Synthesis. Variation in abundance may be the main cause of abrupt and subtle floristic
variations even at regional scales where species turnover is expected to be high. Ability
to occupy a wider range of environments does not guarantee that species will become
dominant. To become dominant species have to combine this attribute with others (e.g.

high recruitment success) that allow them to sustain large populations along most of

their distribution.

Key-words. dominance, floristic variation, environmental range, soil, hydrology, disturbance,

vegetation structure, Lepidocaryum tenue, Arecaceae, Tropical forests
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Introduction

The relationship between abundance, distribution and environmental range of species was early
recognized. The nature of this relationship was generalized by Brown (1984) who linked local
abundance with species range by showing that common species will present a wider
environmental range than rare ones. One of the predictions of this theory is that within species,
the population density tends to be greatest in the center of its range thus resulting in two
expectations. First, local abundance will not be related to species range when discontinuous
changes in one environmental variable abruptly change its abundance. Second, local abundance
will not be related to species range when more subtle environmental patchiness causes

multimodal (i.e. with more that one abundance peak) patterns of abundance.

Not surprisingly, these two exceptions are currently recognized as the drivers of floristic
variation in tropical forests in Amazonia and elsewhere. Abrupt changes in floristic composition
are related to discontinuities in environmental conditions (Higgins et al 2010) and continuous
changes with more subtle environmental heterogeneity (Tuomisto et al. 1995, Svenning et al
2001, Condit et al. 2002, Tuomisto et al. 2003). Despite obvious links between the two,
mechanisms underlying floristic patterns and species abundance variation are not well
understood for Amazonian forests, as demonstrated by the decade long debate over the
existence of oligarchies on Amazonian tree communities (Pitman et al 2013). Pitman and co-
workers (2001) challenged tropical forest ecologists showing that in sites that harbor more than
thousands of species, most of the trees belong to a small set of species that are common among
sites that are as far as 1400 kilometers. Following this finding, many criticisms were raised, but
some important hypotheses about their causes were not properly tested yet (Pitman et al 2013).
The main criticism of the previous tests of range-abundance hypothesis is that the range of
species along edaphic and topographic gradients does not necessarily represent the complete
environmental range of these species (Pitman et al 2013). While this hypothesis is not subjected
to robust tests, the mechanisms linking individual species abundance variation to floristic

composition in megadiverse forests will be unclear.
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There is no easy explanation for why some species dominate over others in a forest that harbor
thousands of locally co-occuring species (Duivenvooden et al 1994, Balslev et al 1998) and
more than 10 thousand tree species in the entire basin (Hubbell et al. 2008, ter Steege et al
2013). Classical monodominance (i.e. > 60% of canopy-level trees belonging to the same
species) in tropical forests is hypothesized to be attained when a group of traits linked with
positive feedbacks in abundance (i.e. the occurrence of a trait will increase the advantage of
other trait and species abundance) occur together under low exogenous disturbance conditions
(Peh et al. 2010). On the other hand, high number of coexisting species in tropical forests is a
result of different mechanisms acting to avoid competitive exclusion and dominance by few
species (Wright 2002). It is likely that the conciliation of those opposite forces will result in the
broadly recognized corollary “common species are rare and rare species are common” found in

the relative species abundance distribution of many tropical forests (Hubbell et al 2001).

From the ten most hyper-dominant species in Amazonian forests, six belong to the palm family
(ter Steege et al 2013). Palms are also an important structural element contributing up to 20% of
forest basal area (Emilio et al 2013) and dominating at least 20% of Amazonian forests (IBGE
1998). Their geographical ecology worldwide was recently revised (Eiserhardt et al 2011) and
five main environmental drivers - climate, hydrology, soil chemistry, vegetation structure and
topography - of species richness, composition and distribution where highlighted. The relative
importance of each factor varied with the scale, some scale-predictors combinations were not
evaluated yet and an analysis that includes as many of these predictors as possible is claimed to
avoid biased inference (Eiserhardt et al 2011). Using the palm family as model, we tried here to
understand the patterns of floristic variation and dominance in relation to the most complete set
of ground and remote sensed measured variables, which include natural disturbance regime and
at least one environmental predictor of the five main environmental drivers of palm species
richness, composition and distribution. Additionally, we explore the causes of dominance in our

species pool by relating dominance with environmental range and population structure.
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Methods

Study area

The study was conducted in the interfluve between the Purus, Madeira and Solimdes Rivers, in
the state of Amazonas, Brazil (Fig. S1). The study was carried out in mature lowland forests
(but see Levis et al 2012) along the BR-319 Highway in 11 previously established sites of the
Brazilian Biodiversity Research Program (PPBio). The study area crosses headwaters and
higher order tributaries of the Purus and Madeira Rivers, two major Amazon River tributaries.
Most of the headwaters located in the area are intermittent, drying out in the dry season between
July and November to the north of the transect, and between June and October in the southern
part. The number of months with less than 100 mm of precipitation varies from one to four, and
precipitation between 1,500 and 2,700 mm/year according to the WorldClim dataset (Hijmans et
al. 2005). The soils are predominantly Plinthosols, with some patches of Acrisol, Gleysols and
Fluvisols in river terraces (Brasil 1978). Soil texture is mostly loamy and poorly-drained close
to the headwaters, but well-drained soils are found in higher areas near higher order permanent
streams. The terrain is flat or gently undulating (elevation 20-70 m a.s.l. based on Shuttle Radar
Topography Mission — SRTM images) and some areas located close to streams may be
inundated in the wet season. The water table is shallow throughout the entire region, varying

from 0-7 m deep for most sites throughout the year (T. Emilio & J. Schietti unpublished data).

Sites are about 50 km from each other and are spread over 600 km. Each site contains ten plots,
at least 1 km from each other (Fig. S1 inset). We simultaneously collected information about
palm-species composition, ground and remote-sensed environmental variables for all of these
plots. For the floristic analysis presented here we used the 101 plots sampled for vegetation and
for the environmental analyses we used all 84 plots for which the complete dataset was
available at the time of the preparation of this manuscript. More details about the study sites are

available from http://ppbio.inpa.qov.br/sitios/br319/.

Palm survey data
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In each of the 250 x 2.5 m (~0.065 ha) plots all palms above 0.3m height were counted and
identified to the finest taxonomic level. Ontogenetic stage of each individual was assigned in the
field based on size and reproduction evidences. For clonal species, each stem was counted as
one individual. The identification was done using the most up to date literature at that time
(Henderson 1995, Henderson 2000, Henderson 2011a, 2011b) and a previously available
photographic guide for the palms of the region (Emilio 2007). Plant vouchers were collected for
most of the species and the identification checked with the aid of specialists and comparisons
with herbarium collections at INPA and NYBG. The individuals identified only to genus (1.3%)

were excluded from the analyses.

Environmental data

Climate

The density of rainfall gauges in Amazon is very low and data interpolated from them may be
not very precise for this region depending on the scale of the interest (Hijimans et al 2005).
Alternatively, remote sensed data have been shown to be a viable alternative. Rainfall obtained
from TRMM (Tropical Rainfall Measuring Mission) satellites images is highly correlated with
the rainfall directly measure from rainfall gauges in Amazon (Anderson et al 2013). As the
resolution of this satellite is relatively high (0.25 degrees), we believe that data obtained from
that source will be a more precise estimate of rainfall variation at regional scale than the
interpolate surface of WorldClim (Hijimans et al 2005) and other interpolations from the scarce

network of rainfall gauges in Amazon.

Monthly precipitation from January of 1998 to December of 2010 was integrated from TRMM

satellites images (3B43 product version 6 and 7) with 0.25 degree resolution. More information

about TRMM 3B43 product is available at http://trmm.gsfc.nasa.gov/3b43.html. From this data
we calculated the mean annual precipitation, number of months with precipitation below 50 mm
and accumulated precipitation in the driest quarter of the year. These three climatic proxies were

used as climatic predictors.
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Hydrology

In areas with superficial groundwater (as our study sites), the water table is expected to
contribute to soil moisture in the dry season (Fan & Miguez-Macho 2010) and cause soil
saturation in the wet season (T Emilio & J Schietti unpublished data). Based on that, we adopted
the water table level as the hydrological predictor. To measure water table depth, a 7m-deep dip
well was installed in each plot. Measurements were taken between March 2011 and July 2013.
The dipwell consisted of a 5.5 cm diameter plastic pipe with holes drilled in the lower portion
(30 cm) to permit water flow. The holes were covered with a thin polyester mesh to avoid
obstruction by mud, and the end of the wells capped to prevent entry of rainwater and litter. A
lateral orifice equilibrated the air pressure in the pipe. The water table depth was manually
monitored every four months using a measuring tape. For analysis we used the measurement
taken in March 2011 that represents the water table level in wet season with the most

comprehensive number of plots monitored until now.
Soil

Variations in physical and chemical properties of the soil are related to innumerous plants
processes and vegetation patterns. In Amazon, there are strong north-south gradients in soil
properties that are related to forest dynamism, productivity and composition (ter Steege 2006,
Aragdo et al, 2009, Quesada et al 2012,). Soil physical and chemical properties were analyzed in
a compound sample derived from 24 subsamples from the first 30 cm depth of soil collected
along the central line in each of the 84 plots. The samples were air-dried, sieved through a 2 mm
sieve and bulked to produce composite samples. Percent of clay, silt, and sand (particles <0.002,
0.002-0.05, and 0.05- 2 mm, respectively) were estimate by the hydrometer method
(EMBRAPA 2011). Available Ca* and Mg** were extracted by KCI 1N method; Available K*
and P by Mehlich’s I extraction solution, and read by atomic spectrometry. Sum of Ca*, Mg*?
and K' is the content of exchangeable bases (Sh). Na® concentration was below the
spectrometer detection level and do not contribute here for Sh values. Analyses were conducted

on the Plant and Soil Thematic Laboratory at INPA.
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We used potassium (K*) and phosphorous (P) as soil chemical properties predictors together in
our models because of the different rule that these two nutrients can play on plants. Phosphorous
is strongly related to forest productivity and is hypothesized to be the major limiting factor of
plant growth in Amazonia. Potassium is more related to plant responses to water deficit given its

important role on stomata regulation.

We used the clay content as a predictor of soil physical properties as it is related to the drainage
potential of the soils (Marshal et al 1996). The choose of clay content over other soil texture
fractions (i.e. silt or sand fractions) was mainly due to its tendency to vary more locally while
the other fractions show a general trend to increase or decrease in regional scale (T Emilio
unpublished data). However, as we were aware that clay content is a complex environmental
variable that may be related to other chemical properties of the soils, we included in our
alternative models other correlated chemical parameters that could be causal factors instead of
clay content, such as Aluminum concentration. The amount of Aluminium in soil solutions is
also largely controlled by clay content and mineralogy (Andersson 1988). Exchangeable
Aluminium in high concentration is toxic for plants and could be an important growth limiting

factor in acid soils (Andersson 1988) as the ones of our study site.

Vegetation structure

Biomass gain and light in Amazon forests are related to variations on canopy structure that are
accurately predicted using LiDAR (Light Detection and Ranging) metrics (Stark et al 2012).
Canopy rugosity and accumulated leaf area density obtained from LiDAR metrics (J Schietti
unpublished data) were used as vegetation structure predictors. Ground-based LiDAR data were
collected walking a uniform velocity thought the central line (i. e. the reference transect along
the longest axis of the plot) of each plot with the sensor pointed to the canopy. The canopy
rugosity was calculated from the mean standard deviation of canopy height (Parker & Russ
2004) for 1.8 meters wide intervals. Leaf area density was calculated from vertical profile
returns adjusting for shadowing of canopy elements further from the sensor by the nearer

elements using MacArthur & Horn (1969) correction method.
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Topography

Topography is an important factor for plant diversity patterns even in relatively flat lowlands
areas where it probably reflects local patterns of soil moisture (Moeslund et al 2013). The
variation in elevation in our study area is very low (~50 m in 600 km) and increases from north
to south. Hence, differences in elevation are more likely to represent geographic variation than
topography by itself. Alternatively, slope metrics vary both locally and between large patches of
geomorphology. Slope is related to soil drainage and also may better represent the role of
topography on soil hydrology and was used here as our topographical predictor. Slope
measurements obtained in ground were used as topographic predictors. Ground measured slope
was obtained each 50m along the central line of each plot with a clinometer. The standard

deviation of the six measures taken for the plot was used for the analysis.

Historical disturbance

Blowdowns are an important and widespread source of large scale disturbance in Amazon forest
(Nelson et al 1994). We observed one blowdown event during our field work, but others may be
identifiable in the area in satellite images (J. Schietti unpublished data). Locally, the effect of
this kind of disturbance may be catastrophic and large blowdowns may be detectable in satellite
images for up 20 years (Nelson et al 1994). The density of blowdowns coincide with zones of
heaviest rainfall and was shown to be strongly correlated with the number of days with
precipitation > 20 mm (Espirito-Santo et al. 2010). Considering that the effect of blowdowns
events may accumulate along the years generating a mosaic of primary and secondary forests
with different ages, we included frequency of storms in our models as a proxy for historical
disturbance. The frequency of storms was indexed by the number of days with precipitation >
20 mm in the year 1999, for which satellite images with higher temporal resolution were
available. Daily precipitation was integrated from NOAA (National Oceanic and Atmospheric
Administration) satellite images with 4 km resolution and 10.7 mm band from NOAA satellites

8 (see Espirito-Santo et al. 2010 for methods details).
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Data analysis

The dimensionality of species distribution data for our 84 plots was reduced using the Non-
Metric Multidimensional Scaling (NMDS) ordination technique. Exploratory analysis showed
that when the upmost dominant species were included in the ordination, the first axis captured
almost only the variation of this species abundance and the inference models for the ordinations
reflect only the environmental associations of this species. In order to capture the floristic
variation pattern of the remaining species, we decided to exclude the dominant species from
ordinations and from the analysis comparing ordination results with individual species
distribution results. As this ordination based on the entire dataset show a clear separation
between inundated and non-inundated plots, we did an additional ordination including only the
non-inundated plots (N = 93). The following analyses were done only with a subset of non-
inundated plots (N = 84) as the remaining inundated plots are too few for inferential analysis
including multiple predictive factors. An outlier plot (M06_TS_0500 - swamp plot with water
table level above ground the entire year) with high leverage value was excluded after the
exploration of the partial regression plots. Another eight plots for which at least one of the
environmental predictors was missing were also excluded. Ordinations were carried on using
species presence/absence and abundance data in order to understand the patterns of species
composition turnover and relative abundance distribution, respectively, and hereafter will be
referenced using these terms. Species abundances were relativized by the total number of
individuals in each sample unit to minimize the chance of two sites being considered similar
only by having the same overall abundance. Dissimilarities were calculated using Sorensen
index for presence/absence and Bray-Curtis index for abundance data (Legendre & Legendre

1998).

One axis of NMDS was able to capture a large fraction of the variation in composition based on
species turnover and relative abundance (75% and 66%, respectively) and were used for the
following inferential analyses. From the the six main drivers of palm distribution - climate,

hydrology, soil chemistry, vegetation structure, topography and historical disturbance —we
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selected one or more measured variables that we judge that better represent the limiting
conditions in our study area to build the model. The abundance of a clonal hyper-dominant
species (Lepidocaryum tenue) that is suspected to affect other species’ occurrence and
abundance was also included in the models. As we did not adopt a model selection approach
(sensu Burnham & Anderson 2002), to assess the effect of variable selection over the
community response to environmental gradients we set up models with different combinations
of environmental variables and compared the results of the different models looking to the
adjustment of the model, significance and the direction of the relationships with the predictors.
We did this keeping all the original variables but one, which was replaced by another variable

representing the same environmental driver.

To assess if palm community response to environmental predictors is equivalent to the
summation of hyper-dominant species responses, we adjusted the same environmental model
used for community composition based on species turnover and relative abundance individually
to the five to 10 upmost dominant species and also to the 30 species that occurred in more than
20 plots (those models will be hereafter referred as individual species distribution models).
From this we calculated the number of individuals (regardless of the species) that were related
to each of the environmental factors that were significant at community level. We did this
assuming that if a species is significantly related to a given predictor, all their individuals will
be related to this predictor. Hence, the number of individuals responding to a given factor was
given by the sum of the abundance of all species that were significantly related to this predictor.
We calculated this metric considering all 30 species that occurred in at least 20 sites that we
considered as the minimum to set up the multiple regressions, but also including only the five or
10 upmost dominant species. The relationship between the number of palm individuals
responding to a given predictor for all species and only for the dominant ones in individual
species distribution models was related to the relative contribution (standardized b) of the same

predictor in the species turnover and relative abundance models using linear regressions.
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To account for the nested design (plots within sites), in addition to the ordinary least square
(OLS) we also adjust linear mixed-effect models (LMM) to palm species turnover, relative
abundance and individual species distribution models using sites in the model as random effect
(Zuur et al. 2009). L. tenue abundance (except for L. tenue models), precipitation in dry season,
water table depth, slope variation, soil clay, soil phosphorous, soil potassium and canopy
heterogeneity were used as predictors in the multiple regression OLS models and as fixed

effects in the LMM model.

To test if dominance is related to species environmental range we first calculated for each
species their multidimensional environmental range. We did this by calculating the area of the
polygon whose vertices where defined by the species range in the eight environmental gradients
included in our best model. The range in each individual gradient was estimated subtracting the
minimum from the maximum value in the gradient where the species were found. Then, we
positioned each individual gradient range from the same origin point in different directions (N,
NE, E, SE, S, SW, W, NE) and calculated the vertices position related to each gradient range
using basic trigonometric procedures. By linking the vertices sequentially we obtained the
minimum convex polygon for which the area was assumed to be the multidimensional species
range over environmental gradients. We repeated this procedure for the all species for which we
built individual species distribution models (i.e. 30 species that occurred in at least 20 sites in
our dataset). As differences in occupancy may affect the detected range, for the species that
occur in more than 20 sites we estimated the range from the mean of multidimensional range
calculated over 10.000 of random samples including only 20 sites. The multidimensional range
for each species was use as dependent variable in linear and quantile regressions to test the

dominance-range hypothesis.

The analyses were undertaken in the R environment (R Core Team 2013) using the packages
vegan (Oksanen et al 2013) for ordinations and Ime4 (Bates et al. 2013), MuMIn (Barton 2013)
and languageR (Baayen 2011) for linear mixed-effect models and quantreg for quantile

regressions (Kroenker 2011).
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Results

In our 101 plots we registered 81,090 palm individuals with height above thirty centimeters and
52 species (see Table S1 for species names and voucher numbers). Juvenile palms comprise
70% of all individuals, while seedlings and adults contribute with around 15% of the individuals
each. Half of the individuals belong to a single species (Lepidocaryum tenue Mart.) and 40% to
other nine species (Fig. S2): Oenocarpus bataua Mart., Astrocaryum gynacanthum Mart.,
Euterpe precatoria Mart., Iriartella setigera (Mart.) H. Wendl., Attalea maripa (Aubl.) Mart.,
Attalea speciosa Mart., Attalea microcarpa Mart., Bactris acanthocarpa Mart. and Geonoma

oligoclona Trail. The other 10% of the individuals are distributed in the remaining 42 species.

Between 6 and 1,715 palms may occur in a single 0.1 ha plot, but densities higher than 600
individuals/0.1 ha were observed only in plots where L. tenue occurs (Fig. S3). The overall
abundance of other palm species is apparently constant, but the proportion of individuals

belonging to other species decreases with the increasing of L. tenue abundance.

Palm species composition is related to the occurrence of flooding. Plots with prolonged flooding
events (inundated plots) show strong floristic separation from non-inundated plots (Fig. 1A).
Environmental distances within and between non-inundated and inundated plots are not
different, but inundated plots share a proportionally lower number of species and individuals
than terra firme plots (Fig. 1B). Only one of species present in inundated forests (Astrocaryum
jauari Mart.) did not occur in non-inundated forests (cf. Table S1). However, half of the shared

species occurs in higher density in inundated than in non-inundated forests.
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Figure 1. Floristic variation patterns. (A) Separation of inundate from nun-inundate plots in a
two NMDS ordination axes built from species relative abundance. (B) Relationship between

florist and environmental distance for inundated and non-inundated plots.

As we have only few plots on inundated forests, in next section we only explore the
environmental relationships within non-inundated forests. Species turnover between non-
inundated plots is strongly related to L. tenue abundance, which together with dry season
precipitation, water table depth, terrain inclination and soil potassium explain 49% of palm
species turnover (Fig. 2A; Table S2). However, when we consider the community composition
based on relative abundance of species, L. tenue abundance is not a significant factor and a
partially different set of predictors - soil clay, canopy heterogeneity, storm frequency, water
table depth, soil phosphorous and soil potassium - explain together 43% of palm species

composition (Fig 2B. Table S2).
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Figure 2. Floristic composition variation in relation to envinmental conditions. Left panel. Partial regression plots for palm community composition based on

species relative abundance relationships. Right panel. Partial regression plots for palm species turnover.
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The sensitivity of species turnover and relative abundance to alternative environmental models
is also different. In species turnover models, the relationship with hydrology, soil chemistry, and
topography factors remains significant in most of the alternative models (see Table S3). The
relative abundance models are less stable and only the relationship with forest structure remains
the same in all alternative models. The other environmental factors loose significance or change
the direction of the relationship depending on which variable is used to build the model (Table

s4).

The instability of relative abundance models could be related to the weight of species individual
responses to environmental predictors given that no congruent pattern in individual species
response to environmental factors was observed. The co-variation between species responses to
the predictors is very weak and each species is responding to a different set of factors (cf. Table
S1). Eighteen species responded to at least one of the predictors and twelve were not related to
any of them. None of the individual species models shown significant relationships for the all
six environmental factors that were significant in the overall community model. However, the
relative importance of each environmental predictor for species turnover and relative abundance
could be predicted by metrics derived from individual species distribution models. The relative
importance of a given environmental predictor for species turnover was related to the number of
species that individually respond to this factor (Fig. 3A). The relative importance of a given
environmental predictor for species relative abundance was more related to the number of
individuals belonging to species that are significantly related to those environmental predictors
(Fig 3B). As hyper-dominant species comprise most of the individuals, the estimate of number
of individuals responding to the predictor calculated only from the 5 or 10 upmost abundant

species do not change this result (cf. gray and white points in Fig. 3).
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Figure 3. Link between floristic composition and dominance given by the relationship between
the relative importance of environmental predictors in species turnover model and (A) the
number of time of a given predictor is significant in individual species models; (B) the number
of individuals belonging to the species significantly related to a given predictor in individual

species models.

Dominant species hold a proportionally higher number of juveniles and seedlings in the
population (Fig. 4A) and occupy a medium to high range of environmental conditions (Fig. 4B).
The environmental range predicts the upper limit of species abundance, but despite the fact that

abundant species occupy a broader environmental range, not all species with large
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environmental ranges show up as dominant species. The proportion of adults in the populations
varies between species and growth-forms (Fig. 4A) and, as the environmental range, imposes

the upper limit of species abundance.
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environmental range corrected for abundance-occupance bias and species abundance. The linear
regression is showed in both graphs by the continuous line and quantile regressions (tau = 0.9)

by dashed lines.
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Discussion

Environmentand variation in palm species abundance

Different mechanisms are expected to influence local and regional diversity. Regional diversity is
mainly controlled by processes related to species sorting (e.g. speciation, immigration, extinction),
whereas local diversity is more controlled by processes related to changes in species abundance (e.g.
stochastic local extinction, interspecific competition and predation) and both scales are linked by
environmental filtering and dispersal limitation (Stropp et al 2009). As such, floristic differences at
local scale are expected to be more related to differences in species abundances, while floristic
differences at regional scale to be more related todifferences in species identity. Surprisingly, we
found that a sharp boundary in floristic composition in regional scale was mainly due to differences in
species abundances, in response to a strong environmental limitation imposed by flooding. Palm
species occurring in flooded forests represented a subset of species occurring in non-inundated forests,
except for one species (Astrocaryum jauari), recognized by its association with seasonally flooded

forests (Henderson et al 1995).

Long periods of flooding and high water column (as observed in inundated forest plots) are likely to
act as environmental filter by causing soil inundation and foliage submersion. Soil inundation may
lead to the decay of the root system by inhibiting root growth and/or inducing root mortality, so when
the water drains, plants may be more susceptible to drought (Kozlowski 1997). In inundated plots, a
several meters deep water column can last many months and submerge young and adult plants.
Amazonian floodplain species are adapted to deal with this situation, escaping from submergence or
tolerating it (Parolin 2002). Astrocarym jauari is one of that species and is well-adapted anatomically
and physiologically to hypoxic conditions and maintain a positive carbon balance via alternative
metabolism when the leaves are submerged (Schliiter et al., 1993). We are not aware of studies that
explored the flood adaptation of other species that occurred in our inundated forests, but we suspect

that at least one more species (Euterpe precatoria) may be adapted to tolerate flooding given the
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adaptations observed in another species of the same genus (Menezes-Neto et al 1995). Low
photosynthetic rate and/or the increasing of drought sensitivity after root loss after long periods of
flooding may result in negative carbon balance. For species not adapted to flooding, this balance may
be so negative for some individuals that will result in their death. The increase in mortality rates may
have a minor negative effect over some species, but may exert a strong effect in others preventing they
establishment, reproduction and permanently excluding them from inundated forests. We believe that
this mechanism may be the cause of the patterns observed here. However, this hypothesis will benefit
from a better knowledge of physiological and anatomical adaptations in other palm species together

with the monitoring of their population dynamics between inundated and non-inundated forests.

Palm species turnover, relative abundance and environmentalvariation

Within non-inundated forests other environmental gradients will be related to variations in species
abundance and floristic composition. Palm species and community relationships with environmental
variables have been studied across many sites in Amazonia and elsewhere. Eiserhardt et al. (2011)
reviewed the findings of most of these studies, identified the main predictors across scales and
concluded that for a stronger inference all previously identified predictors should be included in the
same model. This was what we did here. From this, we find that all the previously identified predictors
were important for the palm floristic variation, but some of them were more important for species
turnover and other for species relative abundance. Palm species turnover was strongly related to water
availability (given by precipitation dry season, terrain inclination, water table depth) and soil fertility
(given by phosphorous and potassium concentrations). This is to be expected if niche-related processes
are related to species sorting. Indeed, regional species pool segregation along hydrological gradients is
related to local species coexistence in Amazonian palms (Emilio et al 2013 — ARTIGO 3). We do not
have evidence for palm species segregation along soil fertility niche dimensions, instead a weak effect
(Normand et al., 2006; Costa et al., 2009) of soil chemistry in palm composition or an
indistinguishable effect from soil hydrology (Vormisto et al. 2000; Poulsen et al., 2006) are more

common than a significant effect (Vormisto et al 2004) and a test of palm species segregation along
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edaphic gradients is required for a better understanding of the mechanisms underlying species turnover

along soil gradients.

Palm community composition based on relative abundance is related to soil fertility and hydrology,
but also with canopy structure and historical disturbance. The same factors that are expected to affect
species sorting affect species abundance. In the Purus-Madeira interfluve, plant growth and
survivorship seems to be related to soil chemical properties, hydrology and natural disturbance
gradients. Stand biomass and wood production are positively related to soil phosphorous/potassium
content; tree height and wood production are negatively related tosoil hydrology (Cintra et al 2013;
Schietti et al 2013a, 2014). Besides growth, mortality may also be related to soil hydrology. Biomass
turnover increases with the increasing of anoxia in the soils (Cintra et al 2013). Other important
sources of mortality in the region may be natural disturbance gradients imposed by soil physical
constraints (Quesada et al 2012) or blow-downs (Espirito-Santo et al 2010). Root-restrictive soil
conditions together with high frequency of storms prevent the individual trees to attain high individual
biomass (Schietti et al 2013b) and younger forest stands were observed in more root-restrictive soil
conditions (Cintra et al 2013). Forest structure is linked to all these processes giving rise to the
gradient of forest opening noticeable from north to south of the interfluve (Brasil, 1978; J Schietti
personal communication). The interplay between soil, hydrology and disturbance will result in a
mosaic of environmental conditions that allow for species with different traits to attain dominance.
This is in agreement with our finding that each individual palm species is responding to a different set
of predictors and with the hypothesis that not all species are dominant for the same reason (Pitman et

al 2013).

On the causes and consequences of palm species dominance

Arecaceae family holds 5 times more hyperdominant species in Amazonina tree flora than expected by
chance (ter Steege et al 2013). The dominance of palm family over dycotiledoneous tree families in
Amazon forests may be related to their functional strategies for dealing with soil physical constraints

and disturbance regime (Emilio et al 2013 — ARTIGO 1). However, the mechanisms that lead to the
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dominance of one species in relation to other within the family remain unknown. Pitman et al (2001;
2013) present three main reasons why some species could become dominant in tropical forests. They
argue that those species that combine high reproductive investment and success, long distance
dispersal abilities and tolerate wide range of environmental conditions will be the dominant ones. For
palms, all three reasons are very likely. Palms may produce large amount of fruits and seeds, one
single arborescent palm may produce up to 2 thousand fruits per year (Miller et al 2002). Palms fruits
are edible and a vast variety of animals - including humans - may disperse them (Zona & Henderson
1989). Seeds can stay dormant in the environment for months (or even years) until find a favorable
condition to germinate (Neves et al 2013). Palm species in general also tolerate a wide range of
environmental conditions from deserts to swamps (Dransfield et al 2008) and the most widespread
Amazonian species tend to be generalist in terms of habitat (Ruokolainen & Vormisto 2000).
However, our results suggest that large environmental ranges together with recruitment success are
more likely to be related to palm species abundance than high reproductive investment and long-

distance dispersal.

The most dominant species in our dataset belong to species varying in size from small to large palms
(c.f. Fig. 4A). As such, their seed production also varies deeply. The difference in fruit production
between palm growth-forms varies one or two orders of magnitude and the reproductive investment is
not proportional to recruitment success in palms (C. Freitas unpublished data). Therefore, we do not
believe that reproductive investment plays a role in palm species dominance, but recruitment success
does. Dominant species are the ones that hold higher amounts of juveniles and seedlings to provide
replacements for a much smaller amount of adults. As most of the populations are made up of
juveniles, we interpret this as evidence that seedlings of those species are having more success in

establishment than seedlings of other species” populations.

The effect of environmental range on palm species dominance is far from negligible and may interact
with dominant species population dynamics in a way to keep the abundance of the species high at
landscape level. Dominant species occupy a wider range of environmental conditions than non-

dominant ones, but being a habitat generalist alone does not allow a given palm species to be
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dominant. The effect of long distance dispersal on palm species dominance was not addressed here e
remains to be tested. However, we do not expect a major role of long-distance dispersal on dominance
since within dominants there are species whose seeds are not dispersed farther than 4 meters from the
mother plant (e.g. Bactris acanthocarpa; Silva & Tabarelli 2001) and species that can be dispersed to
more than 2 km from the nearest palm clump (e.g. Attalea maripa as Maximilliana maripa; Fragoso

1997).

One palm species - Lepidocaryum tenue - account for 50% of all sampled palm individuals. L. tenue is
a clonal species whose reproduction relies more heavily on vegetative propagation by stoloniferous
rhizomes than by seed germination. L. tenue is able to produce ramets when it is still juvenile and each
adult ramet may produce up to a hundred of ramets during their lifespan (Navarro et al 2011). Sexual
reproduction occurs when individuals are around 60-68 years old (and near 60 ramets have been
produced vegetatively), but sexually produced seedlings are scarce in the population due to low seed
germination rates (Navarro et al 2011). High investment in vegetative reproduction may be a good
strategy to colonize microsites faster than other species as soon as they become available and avoid the
damage caused by fallen trees and branches. The cost of this strategy for L. tenue may be related to the
lower leaf production rate of this species (Navarro et al 2011) in comparison with other palms
(Henderson 2002). So when colonization advantage and disturbance resilience do not confer a real

benefit, other species may outperform and exclude L.tenue.

Another of the topmost dominant species in our study - Iriartella setigera - also develops stolon-like
rhizomes, but normally only 2-4 and generaly when the first axis is dying (Kahn & Medja 1987).
Other dominant small palms present cespitose growth. In a smaller degree, the cespitose growth
strategy may also confer colonization advantage because plants do not have to rely on a single apical
meristem (Salm et al., 2007) and can be more efficiently established from small initial populations for
being less dependent on sexual reproduction (Balslev et al 2011). The remaining dominant palm
species (except by Attalea microcarpa) are large sized palms. Large sized palms are widespread and
tend to be habitat generalists (Ruokolainen & Vormisto 2000). Better dispersal abilities is the

explanation found by Ruokolainen & Vormisto (2000) for this pattern since it is expected that taller
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plants will have a broader seed rain and can be dispersed by a wide range of animals and better scape
from density-dependent mortality close to co-specific plants. The causes underlying population growth
and maintenance in large, cespitose and clonal palms are distinct. However, all cases pointed for the
role of colonization over competition in generating a less steep population pyramid that sustains palm
species dominance in Amazonian forests. Apparently there is trade-off between the number of
different environmental conditions that one species can occupy and their ability of sustain large
populations in these conditions that prevent the existence of that kind of “superspecies”, but this

hypothesis remains to be tested.

The high dominance of some palm species has important consequences for floristic variation. First,
because direct competition between species may lead to the increase of dominant species and decrease
of non-dominant ones. Second, because high dominance may change the forest structure and light
environment and affect other species distribution as well, positively (i.e. facilitation) or negatively (i.e.
competition). The variation in abundance of the upmost dominant species in our dataset (L. tenue) was
the most important factor explaining palm species turnover. At least five species were individually
influenced by L. tenue abundance, most of them belonging to the 10 upmost dominant species. I.
setigera and G. deversa were positively related to L. tenue abundance. The abundance of O. bataua, A.
gynacanthum and O. minor was negatively related to L. tenue abundance. Competition or facilitation
may be mediating the relationship between L. tenue abundance and other species abundance. However,
as correlative approaches do not allow us for assure the causes of this co-variation, experiments are
required to certify that this pattern is not due to unmeasured environmental associations common to
the co-occuring species. We consider the finding of less than 10% of sampled species significantly
related to L. tenue abundance conservative. This because other species that normally occur in lower
abundance and are sensible to L. tenue abundance may not be present in enough numbers in our

dataset to allow for inferential tests.

The importance of dominance mechanisms and patterns is important not only for understanding the
actual patterns of floristic variation, but also to predict the future patterns. Changes in rainfall amount

and distribution are expected in the forthcoming years due to climate change (Malhi et al 2008) and
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also changes in Amazon land cover (Davidson et al 2012). Increasing in the dominance of important
tropical forest life-forms is occurring through the years (Phillips et al 2002) and changes in
environmental conditions and disturbance regimes in the future are expected to affect species
abundance in different scale. One example of this is the invasion of forest fragments by L. tenue,
which is completely absent in the continuous forest near Manaus, but account for 90% of the palm
stems in adjacent small fragments (Scariot et al 2001). Other examples of increasing species
dominance due to direct or indirect anthropogenic changes are known for changing species abundance
and generating dominance patterns and the consequences of this for future plant associations deserves

further attention.

Linking species dominance, rarity and floristic variation

The recognition of sharp boundaries between inundated and non-inundated forest in the Amazon is far
from new (Terborg & Andressen 1998), but the major role environmental mediated abundance
variation is noteworthy. Environmental mediated variations in species abundance are responsible for
both; continuous and sharp floristic differences on vegetation. We suggested that sharp differences in
species composition are related to strong environmental limitation that select more adapted/tolerant
species and exclude or drop the abundance of less adapted/tolerant ones. The most limiting factor (here
prolonged flooding), was superimposed to the other gradients and separate sites in distinct
communities regardless of the similarity between them in the other environmental conditions as
expected from Liebig's law of the minimum (i.e. the availability of the most abundant resource will be
only as good as the availability of the least abundant resource). Abundant species in inundated forests
could be rare in non-inundated forests and vice versa, showing the importance of environmental

variation to dominance and rarity patterns between forest habitats.

Dominance patterns in tropical plant communities have long being recognized (Hubbell et al. 2001),
but the link between dominance mechanisms, environmental and floristic variation remain largely
obscure. A recent analysis of a comprehensive basin-wide tree inventory database demonstrated that

most of Amazonian trees belong to a few hyper-dominant species (ter Steege et al 2013). We believe
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that this finding will broadly stimulate the debate of causes and consequences of plant species
dominance in tropical forests. We believe that our main contributions for this topic are: (1)
demonstration that the range-abundance relationship is not linear and niche breadth has to interact with
highly successful demographic strategies to allow plant dominance and (2) evidence that
environmental relationships recovered from ordinations - either presence-absence and relative
abundance based - are not different from the joint response of the upmost dominant species to
environmental gradients and rare species signature are silently dismissed. The implication of these
findings is that the reasons of why some species are rare may be linked to the reasons why other
species became dominant. These reasons are certainly related to plant demography. Dealing with the
absolute lack of knowledge about rare species is one of the main challenges of basic and applied
ecology nowadays and deserve more focuses attention (Hubbell 2013). Rare species distribution may
be linked with a complete different set of predictors than dominant species, and in the search for the
predictors of both ecologically important groups, interactions between plants species could not be

dismissed.
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9  Table S1. Species list (ordered by overall abundance), voucher numbers, growth-form (sensu Balslev et al. 2011), habitat density and the results of individual

10  species models.

Non-inundated

INPA Inundated-forest (terra-firme) forest
. Herbarium abundance/ Environmental predictors
Species name Growth-form . abundance/ R
access mean density . (p<0.05)
number (n=8) mean_densny
(n=93)

Lepidocaryum tenue Mart. 240720 Small Palm 0/0 44735/481.02 - ns

L. tenue, inclination, soil clay, canopy
Oenocarpus bataua Mart. nc Large tall-stemmed Palm 0/0 11196/120.39 0.64  heteogeneity
Astrocaryum gynacanthum Mart. 248637 Small Palm 14/1.75 4025/43.28 0.48 L. tenue, soil clay, soil phosphorous
Euterpe precatoria Mart. nc Large tall-stemmed Palm 180/22.5 3544/38.11 0.28  storm frequency
Iriartella setigera (Mart.) H. Wendl. 240736 Small Palm 0/0 2345/25.22 0.48 L.tenue
Attalea maripa (Aubl.) Mart. nc Large tall-stemmed Palm 3/0.38 2160/23.23 0.68  storm frequency

precipitation on dry season,inclination,
Attalea speciosa Mart. nc Small Palm 16/2 2024/21.76 0.64  canopy heteogeneity
Attalea microcarpa Mart. 240737 Large acaulescent Palm 0/0 1466/15.76 0.37 ns
Bactris acanthocarpa Mart. 240718 Small Palm 0/0 809/8.7 0.47 ns

precipitation on dry season, water table
Geonoma oligoclona Trail. 219963 Small Palm 0/0 799/8.59 0.57  depth, inclination
Geonoma maxima (Poit.) Kunth 240740 Small Palm 3/0.38 587/6.31 0.43  water table depth, soil potassium
Bactris hirta Mart. 240749 Small Palm 0/0 571/6.14 0.55 inclination
Socratea exorrhiza (Mart.) H.
Wendl. nc Large tall-stemmed Palm 0/0 498/5.35 0.18 canopy heteogeneity
Leopoldinia pulchra Mart. nc Small Palm 478/59.75 13/0.14
Bactris elegans Barb. Rodr. 248638 Small Palm 0/0 466/5.01 - ns
Astrocaryum acaule Mart. 240733 Large acaulescent Palm 65/8.13 396/4.26 - ns

nc: voucher not collected; collection without herbarium * number
ns: non significant model
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Cont. Table S1.

INPA Int;(r)n?:\stted- Non-inundated
. (terra-firme) forest . .
Species name Herbarium Growth-form abundance/ abundance/ Rc Environmental predictors
access mean ) (p>0.05)
. mean density
number density (n = 93)
(n=8)
Oenocarpus minor Mart. 240727 Small Palm 0/0 435/4.68 0.49 L. tenue
Oenocarpus bacaba Mart. nc Large tall-stemmed Palm 0/0 386/4.15 0.27  precipitation on dry season, soil clay
Bactris acanthocarpoides Barb. Rodr. nc Small Palm 0/0 313/3.37 0.57  precipitation on dry season
Large-leaved stemmed

Astrocaryum murumuru Mart. nc Palm 27/3.38 281/3.02 0.13 ns
Geonoma baculifera (Poit.) Kunth nc Small Palm 111/13.88 180/1.94
Bactris tomentosa Mart. 240746 Small Palm 2/0.25 235/2.53 - ns
Bactris maraja Mart. 248636 Small Palm 33/4.13 193/2.08 0.22  inclination
Attalea insignis (Mart.) [Drude 240731 Large acaulescent Palm 206/25.75 1/0.01 - ns
Bactris simplicifrons Mart. 240715 Small Palm 0/0 205/2.2 - ns
Bactris oligocarpa Barb. Rodr. & Trail 219961 Small Palm 0/0 180/1.94 0.31  soil clay, soil phosphorous
Geonoma deversa (Poit.) Kunth 220005 Small Palm 0/0 177/1.9 0.37 L. tenue, soil phosphorous
Geonoma stricta (Poit.) Kunth 240714 Small Palm 0/0 177/1.9
Bactris syagroides Barb. Rodr. & Trail 220002 Small Palm 0/0 142/1.53
Bactris trailiana Barb. Rodr. nc Small Palm 67/8.38 65/0.7 - ns
Astrocaryum aculeatum G. May nc Large tall-stemmed Palm 0/0 127/1.37
Mauritia carana Wallace * Large tall-stemmed Palm 0/0 123/1.32
Pholidostachys synanthera (Mart.) H.
E. Moore 246353 Small Palm 0/0 114/1.23
Bactris balanophora Spruce 240722 Small Palm 0/0 112/1.2 0.48  water table depth, soil clay
Syagrus spl 220001 Medium-sized Palm 0/0 110/1.18

nc: voucher not collected; * collection without herbarium number

ns: non significant model
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12

13

14

Cont. Table S1

Non-inundated

INPA Inundated-forest (terra-firme) forest . .
. Herbarium abundance/ Environmental predictors
Species name Growth-form . abundance/ Rc
access mean density ) (p>0.05)
number (n=8) mean_densny
(n=93)

Geonoma macrostachys Mart. 240712 Small acaulescent Palm 1/0.13 102/1.1 - ns
Desmoncus parvulus Bailey 240748 Climbing Palm 37/4.63 64/0.69 0.20 soil clay, soil phosphorous
Mauritiella aculeata (Kunth) Burret nc Medium-sized Palm 0/0 85/0.91 - ns
Bactris killipii Burret 240717 Small Palm 3/0.38 75/0.81 0.36 inclination, soil clay

240716,
Geonoma leptospadix Trail 240726 Small Palm 0/0 68/0.73
Bactris cf. turbinocarpa Barb. Rodr. 240729 Small Palm 0/0 62/0.67
Desmoncus mitis Mart. nc Climbing Palm 30/3.75 3/0.03
Syagrus inajai (Spruce) Becc. 240708 Medium-sized Palm 0/0 32/0.34

219992,
Bactris aubletiana Trail 220007 Small Palm 0/0 23/0.25
Desmoncus giganteus Henderson nc Climbing Palm 15/1.88 8/0.09

248639,
Bactris gastoniana Barb. Rodr. 240743 Small acaulescent Palm 1/0.13 21/0.23
Astrocaryum jauari Mart. 246328 Large tall-stemmed Palm 18/2.25 0/0
Iriartea deltoidea Ruiz & Pav. nc Large tall-stemmed Palm 0/0 15/0.16
Mauritia flexuosa Mart. * Large tall-stemmed Palm 0/0 14/0.15
Bactris bifida Mart. nc Small Palm 0/0 8/0.09

Large-leaved stemmed

Elaeis oleifera (Kunth) Cortés nc Palm 0/0 6/0.06
Oenocarpus distichus Mart. nc Large tall-stemmed Palm 0/0 4/0.04

nc: voucher not collected; * collection without herbarium number

ns: non significant model
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15  Table S2. Results of floristic composition models

Model Relative contribution of the predictors
Precipitation Water .
(percentage of L. tenue cipriati . SoilClay  Soil p* Soil K Canopy Storm
R2 in Dry Table Inclination .
explanatlon over p abundance Season Depth (0_3_12‘7 Sd) (7-(3/'32-3 (0.4-6.8 (0.02-0.09 Heterogenelty Frequer]cy
floristic (0-11491nd) 1 36 597 mm) ©-7m) 0) mg/kg) cmol/kg) (2.8-7.8m) (42-60 days)
variation) oLS
Presence-
0.31 0.47 0.36 0.28 -0.05 -0.18 -0.12 -0.01 -0.01
Absence 0.66 <0.001 (<0.001) (<0.001) (<0.001) (<0.001) (0.418) (0.014) (0.128) (0.824) (0.127)
(49%)
Abundance 066 <0001 0.08 0.05 -0.17 -0.07 -0.53 -0.19 0.17 -0.32 -0.22
(43%) : : (0.308) (0.519) (0.021) (0.248) (<0.001) (0.011) (0.032) (<0.001) (0.006)
MIXED MODEL
Presence-
Absence 0.67™ 0.21 0.27 0.15 0.13 0.06 0.01 0.15 -0.01 -0.12
0.67° (0.003) (0.145) (0.026) (0.014) (0.214) (0.755) (0.016) (0.880) (0.439)
(50%)
Abundance 0.67" 0.08 0.05 -0.17 -0.07 -0.53 -0.19 0.17 -0.32 -0.22
(44%) 0.67° (0.308) (0.519) (0.021) (0.248) (<0.001) (0.011) (0.033) (<0.001) (0.006)

16 * for the models we used the log version of this variable
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17  Table S3. Results of alternative species turnover models

Relative contribution of the predictors

Precipitation Water Soil . )
Original  Alternative gz L GC Dy Table mclintion  chy NPT SIS
variable variable (0- 1149 ind) (1386?%5702@ (E())_e7prtnt; (0.3-12.7 sd) (7.(())/-32.3 ma/ko) cmollkg) (2.8_79.8 o y (42_20 days))/
Aluminum 0.3 0.44 0.35 0.33 -0.05 -0.17 -0.13 -0.02 -0.07
(0962 colikg) 0.64  <0.001  (0.001) (<0.001) (<0.001) (<0.001) (0.473)  (0.024) (0.111) (0.756) (0.356)
. Soil silt 0.33 0.41 0.33 0.35 0.12 -0.15 -0.16 0.02 -0.06
Soil clay (132-76.5 %) 0.65 <0.001  (<0.001) (<0.001) (<0.001) (<0.001) (0.153) (0.039) (0.052) (0.776) (0.461)
Soil sand 0.33 0.43 0.34 0.33 -0.04 -0.15 -0.15 -0.01 -0.07
(6.0-65.79%) 0.64  <0.001  (<0.001) (<0.001) (<0.001) (<0.001) (0.581)  (0.048) (0.072) (0.916) (0.419)
Bases 0.25 0.39 0.37 0.32 -0.12 -0.22 0.01 0.00 -0.07
Soil K saturation N () (<0.001) (<0.001) (<0.001) (0.107)  (0.006) (0.936) (0.954) (0.392)
(0.06-0.53
cmol/kg)
Annual 0.24 0.49 0.35 0.36 -0.05 -0.12 -0.15 -0.06 -0.22
o precipitation 0.61  <0.001 (0.018) (<0.001) (<0.001) (<0.001) (0.532) (0.161) (0.097) (0.408) (0.022)
Precipitation  (2301-2798 mm)
on dry season Dry season 0.27 -0.52 0.28 0.28 -0.1 -0.14 -0.13 0.01 0.00
length 073 <0001  (<0.001) (<0.001) (<0.001) (<0.001) (0.097) (0.046) (0.06) (0.857) (0.968)
(0-2 months)
Canopy Forest 0.25 0.42 0.30 0.29 -0.11 -0.21 -0.13 0.14 -0.09
heterogeneity density 0.67  <0.001 (0.004) (<0.001) (<0.001) (<0.001) (0.116)  (0.006) (0.14) (0.058) (0.242)
(2.8-4.6)
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Table S4. Results of alternative species relative abundance models

Relative contribution of the predictors

Precipitation ~ Water Soil . )
Original - Alternative e dinee NPV Table nclinador= - clay - SRET SN SR S
variable variable (0- 1149 ind) (13?3-6%5702@ (E())_e7prtnt; (0.3-12.7 sd) (7.(3/-03)2.3 ma/ko) cmollk) (2.8_79.8 o y (42_20 days))/
Aluminum 0.12 0.11 -0.09 -0.074 -0.429 -0.107 0.202 -0.359 -0.205
(0.9-6.2 cmol/kg) 0.58 <0.001 (0.194) (0.213) (0.288) (0.326) (<0.001) (0.195) (0.029) (<0.001) (0.025)
) Soil silt 0.24 0.07 -0.17 -0.09 0.11 -0.01 0.1 -0.32 -0.16
Soil clay (13.2.76.5%) 040 <0.001  (0.035) (0.533) (0.089) (0.313) (0.293) (0.914) (0.376) (0.004) (0.146)
Soil sand 0.18 0.14 -0.15 0.14 0.22 -0.07 0.16 -0.44 -0.21
(6.0-65.7%) 0.43 <0.001 (0.101) (0.197) (0.122) - (0.107) (0.035) (0.467) (0.14) (<0.001) (0.053)
Bases 0.21 0.23 -0.23 -0.03 -0.54 -0.21 0.02 -0.27 -0.27
Soil K saturation 060 <000l (0023 (0.008) (0.004) (0.727) (<0.001)  (0.013) (0.844) (0.001) (0.003)
(0.06-0.53
cmol/kg)
Annual 0.07 0.08 -0.17 -0.07 -0.52 -0.18 0.17 -0.33 -0.25
precipitation  0.66 <0001  (0.417) (0.504) (0.022) (0.27) (<0.001)  (0.019) (0.048) (<0.0001) (0.007)
Precipitation  (2301-2798 mm)
on dry season  Dry season 0.08 -0.07 -0.18 -0.09 -0.53 -0.19 0.17 -0.32 -0.21
length 0.66  <0.001  (0.328) (0.353) (0.017) (0.208) (<0.001) (0.015) (0.032) (0.001) (0.01)
(0-2 months)
Canopy Forest 0.16 0.18 -0.18 -0.04 -0.55 -0.24 0.2 -0.27 -0.25
heterogeneity density 063 <0001  (0.089) (0.037) (0.023) (0.545) (<0.001)  (0.002) (0.02) (0.001) (0.003)
(2.8-4.6)
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Hydrological control of species coexistence and richness in Amazonian palms
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Abstract

The mechanisms that allow large numbers of species to coexist in the tropics are still unclear. Here, we
used the palm family as a model to evaluate the importance of niche-related processes for species
coexistence and richness in tropical plant communities. We asked the following questions: (1) Is the
palm species regional pool segregated along hydrologically defined niche axes? (2) Has the affiliation
of species to hydrological niche axes been conserved throughout palm evolution? (3) Can regional
species niche segregation/overlap along hydrological axes explain local patterns of species coexistence
and richness? To address these questions we carried out palm species surveys and monitored water
table depth in 41 plots distributed along a 600 km transect in Central Amazonian lowland forest. We
estimated hydrological niche axes and tested for niche segregation/overlap using randomization
procedures. Additionally, we compiled phylogenetic data and tested for niche conservatism using
Blomberg’s K. Our results showed that palm species segregation along a hydrological niche axis from
soil saturation to dryness was higher than expected by chance, that this segregation was strongly
positively related to local species richness, and that there was no phylogenetic conservatism in the
species’ hydrological niche affiliation. From the latter, we conclude that Central Amazonian palm
species’ hydrological niche segregation reflects repeated adaptive evolutionary diversification across
the palm phylogeny. Hydrological segregation thus appears to be an important mechanism for
explaining diversification, as well as species coexistence, in palms and potentially also in other

species-rich tropical plant groups.
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Introduction

To avoid competitive exclusion, plant species may segregate along environmental niche axes,
such as soil fertility and availability of water or light. Segregation along some of these niche axes may
allow species coexistence and has been demonstrated in both temperate and tropical plant communities
[1, 2]. The niche separation expected from classical competition theory (i.e. species will stably coexist
if they occupy different niches) is more common on temperate and low diversity forests that in highly
diverse ones [3]. The potential difference in coexistence mechanisms between tropical and temperate
forests could be related to the strength of inter-specific competition in these communities. In low
diversity communities, the probability of interaction between two species is high, while in tropical
forests it is more likely that diffuse competition takes place [4]. If individuals are competitively
equivalent there is no directional selection and low divergence of traits is expected. Individual
equivalency is the base of the controversial Unified Neutral Theory proposed by Hubbell [5] to explain
the predominant diversity patterns in tropical forests based on ecological drift. The search for non-
neutral processes has been the main stream of much of tropical research in the last decade [6]. But
even after so much effort on that, the implications of non-neutral processes to explain species richness
remain as conjectural as they were just after Unified Neutral Theory was first proposed [7]. Studies
that were able to reveal niche differentiation focused in the discrimination of subtle values of basic
environmental resources for plants [2, 8] or in gradients that constrain plant performance [9, 10].
However, none of these has succeeded in demonstrating that species richness in tropical plant
communities is linked to segregation along niche axes as has been shown before for temperate plant
communities [9].

At least in part, the limited number of studies about niche segregation in tropical plant
communities is due to the large number of species which can interact. In a single hectare plot of
tropical forest, there may be up to a thousand plant species coexisting [11, 12]. It is easy to imagine
that many more than three niche dimensions will be necessary to explain the coexistence of a large
number of plant species, unless a very fine segregation occurs. Fine segregation is likely to occur in
tropical plants since there is evidence of very subtle variation in the way plants deal with the same
resources in closely related species [13]. Besides that, seasonal variation in resource availability could
also increase the number of possible niche dimensions that constrain plant performance [14]. Facing
all these unfolding possibilities, niche-based community assembly could still be able to explain a large
amount of tropical species coexistence and richness.

The identification of proper niche axes is a challenge because the absence of segregation along
one niche axis does not mean that significant partitions do not occur along other unidentified niche
axes [3]. Even if one could use all of the ecological datasets now available for evaluating this question
we would be still far from a complete screening of niche axes for virtually any plant species. As an
alternative, taxonomic or functional subsets of important plant groups could give us insights into the
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mechanisms of niche partitioning in tropical species-rich communities. Recently, the palm family
(Arecaceae) has been used as model group for understanding the evolution of tropical forests [15].
This is because palms are restricted to tropical and subtropical regions and are among the most
conspicuous plant groups in tropical forests. The palm family is species-rich with more than 2,400
species actually recognized [16], 151 of them occurring in the Amazon region [17], of which from 1 to
28 species may co-occur in a 0.25 ha plot [18]. The taxonomy [16] and phylogeny [19] of palms is
relatively well known, making the family a useful group for the study of coexistence mechanisms in
tropical forests.

Water-energy gradients are strongly related to palm-species richness [20, 21] and net
diversification in continental scales in the Americas [22]. The diversification of at least one species-
rich lowland palm genus (Astrocaryum) has been suggested to be associated with changes in the South
American drainage systems [23]. Palm-species distribution and community composition of palms have
been repeatedly associated with water-related gradients at different scales. In a recent revision,
Eiserhardt et al. [24] concluded that climate emerges as an important factor for species distributions at
broader scales, while soil, topography and vegetation structure are important at finer scales. Evidence
of past and actual relationships between water gradients and palms suggest that hydrologically defined
niche axes could be major determinants of palm species richness and coexistence.

The importance of hydrologically defined niches for species coexistence in temperate species
rich regions has been shown for European meadow and African fynbos communities [9, 25]. Later,
Silvertown et al. [26] reported no evidence of niche conservatism (i. e. retention of ancestral ecological
traits along their evolution) related to species segregation along hydrological niches in the European
meadows. They explain this apparent contradiction by proposing — and also testing afterwards [27] -
that the niche axes that allow species coexistence (a niches) have to be labile while the niche axes that
allow species to occupy the different habitat (B niches) have to be conserved. Since deeply conserved
traits are related to remote origins in evolutionary time, this hierarchical interpretation of niche
structure predicts that coexistence is more related to recent events of speciation than with competitive
exclusion based on deeply conserved traits in species rich plant communities. Here, we show species
segregation along hydrological niches, absence of niche conservatism and convergent species
segregation in species-rich genera of the tropical palm family Arecaceae which partially support this
hypothesis. Despite the absence of phylogenetic signal, we observed a trend in richness decay with the
increasing of niche overlap, which is evidence for competitive effects on coexistence patterns. To
provide evidence for these conclusions, we addressed the following questions: (1) Is palm species
regional pool segregated along hydrologically defined niche axes? (2) Has the affiliation of species to
hydrological niche axes been conserved or labile throughout palm evolution? (3) Can regional species
niche segregation/overlap along hydrological axes explain local patterns of species coexistence and

richness?
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Methods

Study area

The study was conducted in the interfluve between the Purus, Madeira and Solimdes Rivers, in the
state of Amazonas, Brazil (Fig. 1). The study was carried out in mature lowland forests along the BR-
319 Highway, in 10 previously established sites of the Brazilian Biodiversity Research Program
(PPBI0). The staff of the Research Program in Biodiversity (PPBio) contacted owners prior to install
the studies sites in their private land and obtained their agreement. The study area crosses headwaters
and higher order tributaries of the Purus and Madeira Rivers, two major Amazon River tributaries.
Most of the headwaters located in the area are intermittent, drying out in the dry season between July
and November to the north of the transect, and between June and October in the southern part. The
number of months with less than 100 mm of precipitation varies from one to four, and precipitation
between 1,500 and 2,700 mm/year according to the WorldClim dataset [28]. The soils are
predominantly Plinthosols, with some patches of Acrisol, Gleysols and Fluvisols in river terraces [29].
Soil texture is mostly loamy and poorly-drained close to the headwaters, but well-drained soils are
found in higher areas near higher order permanent streams. The terrain is flat or gently undulating
(elevation 20-70 m a.s.l. based on Shuttle Radar Topography Mission — SRTM images) and some
areas located close to streams may be flooded in the wet season. The water table is shallow throughout
the entire region, varying from 0-7 m deep for most sites throughout the year (T. Emilio & J. Schietti
unpublished data). High to low precipitation, soil with low hydraulic-conductivity, flat terrains and a
shallow water table create a mosaic of hydrological conditions which were convenient for testing our

hypothesis about hydrological control of palm coexistence and richness.
Palm survey data

In each of the 250 x 2.5 m (~0.065 ha) plots all palms above 0.3m height were counted and identified
to the finest taxonomic level viable. For clonal species, each stem was considered as one individual.
The identification was done using the most up to date literature at that time [17, 30, 31, 32] and a
previously available photographic guide for the palms of the region [33]. Plant vouchers were
collected for most of the species and the identification checked with the aid of specialists and
comparisons with herbarium collections at INPA and NYBG. The individuals identified only to genus
(1.3%) were excluded from the analyses. All necessary permits were obtained for the described field
studies. Our field studies did not involve endangered or protected species. The permit to collect
botanical specimens (26079-1) and execute scientific research in the protect areas (24728-1) was given

to TE by ICBIO (Brazilian regulatory body concerned with protection of wildlife).
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Figurel. Map of the study area.

Sites are about 50km from each other and are spread over 600 km. Each site contains ten plots, at least
1km from each other. We simultaneously collected information about water table depth and palm-
species composition in these plots. For the analyses presented here we used a subset of 41 plots for
which the water table depth data was available from March of 2011 to July of 2012. More details
about the study sites are available from http://ppbio.inpa.gov.br/sitios/br319/.

Hydrological niche axis

Water table depth was used to represent the hydrological niche axes because it determines soil
saturation/flooding and acts as a water source in the dry season. Soil flooding causes decay in root
systems and induces multiple physiological dysfunctions in plants [34]. Shallow water table levels lead
to soil saturation at the rhizosphere level even without the occurrence of surface flooding. Nearly 70%
of root biomass is found in the upper 30 cm of soil [35] and soil saturation above this boundary may
cause as much damage as soil flooding to plants. Water table level can also be related to water

acquisition by plants, especially in dry season when rainfall events are less frequent. The potential
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contribution of groundwater to plant water uptake decreases with water table depth [36] and model
simulations for the Amazon basin suggest that evapotranspiration could be around 1mm/day higher in
dry season due to the contribution of the shallow water table to soil moisture [37]. Hence, both shallow
and deep water tables can affect plant performance by defining the lower and upper boundaries of soil

saturation and dryness.

Most palm roots are also located in the first 30 centimeters of soil [38], based on which we assumed
that a water table shallower than 0.5 m will potentially saturate the palm rhizosphere and defined this
as the soil saturation boundary. The lower boundary is somewhat arbitrary, since we do not know how
deep the water table needs to be to influence palms’ water uptake, and the water table is not the only
source of water for palms. Precipitation rapidly changes soil moisture in the first 2-3m of soil profile
[39] where the water uptake by Amazonian trees is concentrated according to tracer studies [40].
Direct access to groundwater by plant roots is expected if the water table is above 2-3 m [37]. When
the water table is below this, the water uptake will rely more on water available from rainfall. The
deepest water table levels at our study site occur in the dry season and a shallow water table could act
as a water source for plants in that season. Since palms lack deep tap roots, we assumed that the water
table is less likely to influence soil moisture when it is more than 3 m deep, and defined this as the soil
dryness boundary.

To measure water table depth, a 7m-deep dip well was installed in each plot. Measurements were
taken between March 2011 and July 2012. The dip well consisted of a 5.5 cm diameter plastic pipe
with holes drilled in the lower portion (30 cm) to permit water flow. The holes were covered with a
thin polyester mesh to avoid obstruction by mud, and the end of the wells capped to prevent entry of
rainwater and litter. A lateral orifice equilibrated the air pressure in the pipe. The water table depth was

manually monitored every four months using a measuring tape.

From the soil saturation/dryness boundaries and water table monitoring we calculated the number of
months that each of our plots stayed in soil saturation and soil dryness during our fifteen months of
water table measurements. The response of plants to soil saturation and dryness may not be
independent from each other. Seedlings of flood-tolerant species display variable physiological
responses to drought that indicate desiccation avoidance [41]. However, after flooding plants may be
less tolerant to drought because absorption of water by their depleted root systems cannot adequately
replenish their transpirational losses [37]. To consider both gradients (saturation and dryness) at the
same time we performed a Principal Component Analysis (PCA) between the soil saturation and soil
dryness axes. The first PCA axis (PCA1) captured 69% of the correlation between the two axes and
was used in the further analysis of niche segregation. This axis represents hydrological conditions
from soil saturation to dryness with lower values of PCAL axis representing the number of months in
dryness and higher values PCAL better representing the number of months in saturation (Figure S1).
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As saturation and dryness are not the only possible hydrological states (remember that only conditions
above 0.5 m are considered saturation and only conditions bellow 3 m are considered dryness) and the
correlation between saturation and dryness are not high (Fig S1A) we judged that a better approach
was reduce the dimensionality of these axes to one using PCA. This is equivalent to the procedure
adopted by Silvertown et al (1999) that demonstrated niche segregation along similar gradients in
English meadows, but instead of using arbitrary hydrological envelopes, we decided to reduce the
dimensionality of our data using an ordination technique. Species optimum along hydrological niche

axes

From the palm surveys we selected all species that occurred in more than three plots and more than
one site, and calculated their optima in relation to the hydrological axes. We considered as species
optimum the mean value of the gradient calculated from all individual of the species. This is
equivalent to calculate the weighted average of the species in the gradient - as in an indicator species
analysis - and after that, divide by the total number of individuals of the specie. We used the species
optimum in relation to soil saturation and dryness only to position all species in relation to these two
hydrological axes and visualize whether there was a trade-off in the species optimum segregation. The
combined hydrological axis (PCA1l) was used for the following niche segregation and niche

conservancy tests.
Niche segregation/overlap test

To estimate the amount of niche segregation in our community we calculated pairwise values of

Pianka’s index of niche overlap [42] given by:

Oy = 0 =¥ (pij -Pi) / N pii” - Tpic)

Where pj; . pix represents the proportion of resource i used by the species j and k. The individual values
along the combined hydrological (PCA1) axis were considered as resource states for the calculations
of Pianka’s index. The combined hydrological axis (PCAl) gave us 12 possible hydrological
conditions. For each one of those 12 conditions (or resource states in Pianka’s nomenclature) we
calculated the proportion of the 12 conditions that was occupied by each species. Since most of the
dryness and saturation states occurred more than once in plots, we estimated the proportion of
resources used from the mean abundance of the species in a given resource state. Using these
proportions we calculated Pianka’s index of niche overlap for all species pairs. We did this for all pairs
of species that occurred in more than 10% of our plots (31 spp) and then calculated the mean of all
pairwise niche overlap values to obtain the mean overall niche overlap between all species pairs along
the combined hydrological axis (PCA1). To test for niche segregation, we compared the observed
mean overall niche overlap with different null models to assess if these values represent higher
segregation than expected by chance following the recommendations of Gotelli & Graves [43]. The
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null expectation about how the mean niche overlap will be in species pool where there is no
segregation depends on the definition of segregation (Table S1). Both, niche breadth and abundance
variation may cause differences in Pianka’s index of niche overlap. Because of that we used four null
models which give different weight to niche breadth and abundance variation to assess if the
segregation that we observed in relation to the combined hydrological axis (PCAL) could be produced
by any of the mechanisms presumed by these algorithms. Technically, the RAs differ in the degree of
data retention in the matrix of resource utilization. RAl samples abundances from a uniform
distribution and randomizes zero state positions. RA2 samples abundances from a uniform distribution
as RAL, but retains zero states positions. RA3 keeps the original abundances but shuffles the non-zero
abundance positions. RA4 keeps original abundances and shuffles both zero and non-zero abundance
positions. These differences imply different sensitivities of the null models depending on the presence
of specialization, abundance distribution and guild structure. Winemiller and Pianka [44] explored the
performance of RA3 and RA4 using detailed simulations with different idealized community
structures and concluded that the RA3 null model was more sensitive to patterns of internal guild
structure and utilization of core resources, while RA4 was better for discriminating between random
versus overdispersed patterns of resource exploitation in the absence of guild structure. To generate
each null model, the resource matrix was produced following the four randomization algorithms 1000
times. For each run, the mean overall niche overlap of the random community was calculated to
generate the null distribution of niche-overlap. The observed value of mean overall niche overlap was

then compared with the distributions generated by the four null distributions.

In addition to the mean overall niche overlap, we also calculated the plot-based mean niche overlap.
For this, we used the same pairwise Pianka’s niche overlap index calculated before, but for each plot
we included in the mean calculation only the pairs of species that co-occurred in that plot. This mean
niche overlap within each plot allowed us to test for a relationship between niche overlap and the
number of co-occurring species by plots using it in a linear regression against the number of species

co-occurring species in each plot.
Phylogenetic signal

Phylogenetic data is available for all 11 genera present in our inventories, but only for 18 of our 31
species. From the current available phylogenetic data, we constructed a phylogenetic tree for the 31
taxa identified to species level that were present in more than one site and three of our plots. The
relationships were constructed based on a dated phylogeny by Couvreur et al. [25]. For the genera with
species level phylogenies available [23, for Astrocaryum; 46, for Geonoma and 47, for Bactris],
polytomies were solved, taking into account the species relationships in the most parsimonious trees.
We assumed Couvreur’s dating and calculated new dates for species nodes based on the branch length
from the species resolution phylogenies. The species that had not yet been covered by any
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phylogenetic study at that time (Table S2) were added to the tree in a random position within their
genus. This procedure was repeated 1000 times to generate a number of partially random trees to
account for the effect of phylogenetic uncertainty. We then calculated the Blomberg’s K index of
phylogenetic signal [48] for each of the trees in relation to the species optimum position in relation to
combined hydrological axis (PCA1) 1000 times. Blomberg’s K assumes that the evolution of the trait
occurs under the Brownian motion model and values of Blomberg’s K smaller than one indicate trait

lability while values greater than one suggest trait conservatism.

The analyses were undertaken in the R environment [49] using the packages ape [50], picante [51],

geiger [52], phylobase [53] and vegan [54].
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Results

In our 41 plots we registered 36,744 palm individuals and 52 species. Twenty-two of these occurred in
less than 3 plots or at only one site and were excluded from our analyses. The remaining 31 taxa (see
Table S2 for species names and voucher numbers) were clearly segregated along the combined
(PCA1) hydrological gradient (Fig. 2). Palms were found in all plots, but only a smaller subset of
species could colonize the extremes of this hydrological gradient (Fig.3). Importantly, only one of the
analyzed species, Astrocaryum acaule Mart., had its hydrological optimum towards the very extreme
(wetter part) of the gradient (Fig. 3).The complete hydrological gradients varied from 0-15 months of
soil dryness and from 0-10 months of soil saturation, with palm species optima located in a small
subset of conditions, namely 5-10 months of soil dryness and 0-2 months of soil saturation. Despite
this clumping of optimum values, the overlap of palm species along the hydrological gradient was
smaller than expected by chance (Fig. 2), indicating that palm species are segregated along the

hydrological niche axis.
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Figure 2. Figure 2. Hydrological niche segregation/overlap in Central Amazonia palm species. (A)
Regional scale species segregation along hydrological axes of soil saturation and dryness. Species
were positioned along these axes according to the summation of the weighted relativized abundances
in the hydrological axes. Each one of the 31 two-letter codes represents one palm species (see table S2
for species codes). Saturation = number of months with water table depth above 50 cm from the
ground. Dryness = number of months with water table depth below 3 m from the ground. (B)
Comparison between observed palm species mean niche overlap in the combined hydrological axis
(PCAZ1) and the expected mean niche overlap distribution according to four randomization algorithms.
The observed niche overlap was lower than expected by chance (segregation) in comparison to all null
models (see table S1 for details): RAL, relaxed niche breadth and abundance; RA2, retained niche
breadth and relaxed abundance; RA3, relaxed niche breadth and retained abundance; RA4, retained

niche breadth and abundance.
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I Astrocaryum acaule
I Astrocaryum murumuru
I Geonoma deversa
I Attalea microcarpa
I Mauritiella aculeata
I Desmoncus parvulus
I Bactris hirta
I Socratea exorrhiza
I Bactris elegans
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I Euterpe precatoria
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I Bactris maraja
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| Bactris killipii
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Figure 3. Relative abundance of Central Amazonian palm species along the hydrological gradient
ordered by their abundance in each level of the hydrological condition. Species in the bottom-left of
the figure are affiliated to dryer conditions and in the top-right are affiliated with wetter conditions.
The black bars show the position species in relation to the combined (PCAL) hydrological axis
obtained from the summation of the weighted relativized abundances of the species in relation to this

axis.
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Hydrological niche position was not conserved across the palm species phylogeny, as there was no
phylogenetic signal in species’ optima along the soil dryness, soil saturation, or the combined
hydrological (PCA1) gradients (Fig. 4). Importantly, hydrological niche segregation is also evident
within each of the five species-rich genera represented, notably Astrocaryum and Geonoma (Fig. 4C-
H).
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Figure 4. Hydrological niche lability and diversification patterns in Central Amazonia palm species
(A) Phylogenetic distribution of hydrological niche optima. The taxa in grey were randomly placed
1000 times to generate 1000 partially random trees (one of these is illustrated here) used for the niche
conservantism tests. The position of each taxa in relation to the combined hydrological axis (PCAL)is
represented besides the taxa name, and shows niche lability (i.e. character states are not more similar
in closely related species). (B) Distribution of Blomberg’s K values for 1000 partially random trees.
Blomberg’s K smaller than one indicates trait lability, while values greater than one suggest trait
conservatism. Note that for none of the trees is there evidence for niche conservatism. (C-H) Species

segregation along hydrological axes within each genus (see table S2 for species codes).
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Not all species present in the Central Amazonian regional species pool co-occurred locally, with the

number of species per 0.065 ha plot varying between 10 and 24. This local species richness was

strongly linked to plot-based mean niche overlap (cf. Fig. 5), with species richness declining with

overlap in the combined hydrological gradient (PCA1; p<0.001, r* = 0.41).There was a tendency for

species richness to increase with an increasing number of months with dry conditions (r> = 0.1; p =

0.047), but no relation with the number of months with saturated conditions (r* = 0.04; p = 0.239) or

with the combined hydrological gradient (PCAZ1; r* = 0.09; p = 0.056).
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Figure 5. Relationship between the number of co-occurring palm species (alpha-diversity) and plot-

based mean niche overlap along the combined (PCA1) hydrological axis. The small graphs show the

direct relationship between the number of species and the three hydrological axes.
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Discussion

Palm species show significant niche segregation in relation to hydrological conditions of soil dryness
and saturation. Palm species segregation along the hydrological niche axis is a product of repeated
evolutionary diversification along this niche axis within palm clades. Surprisingly, the segregation
along the hydrological axis is not a result of strong restriction or specialization of palm species. Most
species occur along the entire hydrological gradient, but they concentrated their abundance in different
portions of this gradient. The segregation of species’ optima seems to be enough to prevent species
exclusion from regional species pool, and allows for the coexistence of a number of palm species at
this scale. At local scales, palm species coexistence could also be explained by hydrological niche
segregation. A higher number of palm species are able to coexist locally when they are more
segregated along hydrological axes at regional scales. Together, our results show that subtle spatio-
temporal hydrological gradients are important for species evolution and coexistence in Amazonia and
that segregation along environmental niches is likely to contribute to richness patterns in species rich

communities in the tropics also.
Mechanisms of species segregation along hydrological gradients

Hydrological gradients may represent both resource and conditions for plant development. Plants may
use and compete for soil water since it is fundamental for several eco-physiological processes.
However, they can also be affected by extreme soil water conditions (e.g. flooded sites) and then
compete for spots with more favorable conditions. In our hydrological gradient both situations are
possible. More than 12 months with a water table below 3 m means that the water availability on upper
soil layers relies on rainfall and hydraulic redistribution. In our transect, rainfall could be less than 100
mm per month in 2-4 months per year. This means that even in soils with low hydraulic conductivity,
soil water could be a valuable resource for plants to compete for. In the extremes of this gradient, soil
water conditions could limit the occurrence of plants. If there is no water available in soils, plants have
to close the stomata and stop photosynthesis to avoid desiccation and/or damage to plant vessels [55].
If this situation persists for a long time, the negative carbon balance may lead to the death of the plant.
The same could occur when soils are subjected to long-term soil saturation since increasing soil
toxicity and anoxia may also prevent gas exchange [34]. So, the hydrological gradient here could
represent two different roles: (1) a condition gradient of anoxia/drought which limit the occurrence of
some species and favor others with special adaptations or (2) a resource gradient of water availability
for which species may compete. Here we show that the balance of these two roles also changes over
time, since the same place may experience both anoxia and drought, but also a gradient of changing

water availability between these two extremes.
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We do not believe that palms experience a severe drought stress in our gradient, but saturation stress
seems to be a common situation since we observed saturation in at least 25% of our plots. In fact, ten
out of 31 species do not occur in the wettest part of our gradient, while only two species do not occur
in the driest part (cf. Fig. 3). Morphological adaptations to deal with soil saturation such as lenticels
and pneumatophores were observed in Euterpe precatoria Mart., Iriartella setigera (Mart.) H. Wendl,
Lepidocarym tenue Mart., Mauritiella aculeate (Kunth) Burret, Socratea exorrhiza (Mart.) H. Wendl.,
and some Astrocaryum, Bactris and Geonoma species, but not in the 10 species that do not occur in
more saturated soil conditions. Even if some of the species were found in the extremes of the
hydrological axes, only Astrocaryum acaule had its optimum in a very extreme condition. This
reinforces the idea that the more suitable hydrological conditions are the same for all plants - i.e.
absence of anoxic conditions and enough available water - but some species may be displaced to less
favorable conditions and evolved to deal with harsh conditions in order to occupy the available places.
In that sense, our results resemble the seminal experiment of Ellemberg [56] which shows that plants
growing in monoculture tend to show the same optimum, but when they grow in mixture poor

competitors’ optima are displaced to less favorable conditions of water table depth.
Palm diversification along past and future hydrological gradients

Palm species segregation along the hydrological niche axes is a product of repeated evolutionary
diversification along these niche axes within palm clades. Different ancestral genera may have evolved
to colonize different parts of hydrological niches and after that they diversified again to conquest other
parts of the hydrological gradient. The segregation in monospecific genera coupled with the absence of
hydrological niche conservatism in palm phylogeny that we observed is in agreement with that
expected by this scenario. The absence of hydrological niche conservatism at species level could also
be explained by the random noise that results from adding species without phylogenetic data at
random positions in the tree. We addressed the uncertainties about taxa position testing for
phylogenetic signal in hundreds of phylogenetic trees where those taxa were placed at different
positions. Phylogenetic signal was found in none of the tested trees. Hence it is unlike that we will find
a different result when a more complete phylogeny becomes available. Freitas et al. [57] showed using
simulations that when the phylogenetic signal is strong, the addition of randomly placed species to an
incomplete phylogeny did not affect the detection of phylogenetic signal. However, when this signal is
weak the phylogenetic signal could be masked by this solution. The failure to detect a weak
phylogenetic signal by our methods cannot be dismissed, but is very unlikely that we failed to detect a
strong phylogenetic signal. Furthermore, the repeated pattern of species segregation within different
genera observed here makes us believe that the hypothesis of convergence of different species to
occupy the same hydrological niches is more probable than non-detected weak hydrological niche

conservatism.
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Dated phylogenies for Bactris, Geonoma and Astrocaryum genera suggest that evolution of species
rich Amazonian palm genera is related to the evolution of the Amazon River drainage system [23, 46,
47]. Higher diversification rates in palms [46] occurred after the date associated with the drainage of
Pebas Lake, when a large part of western Amazon is supposed to have changed from a wetland to a
forested system. The landscape evolution initiated by the drainage of the Pebas Lake created new
hydrological habitats in the entire Amazon region [58]. Genus diversification may have been largely
influenced by the novel hydrological conditions. The observed pattern of species segregation in
hydrological niches of saturation and dryness may have derived from the diversification events in
species rich Amazonian genera that happened at this period. Given that hydrological changes in the
past could have caused the evolution of palms to occupy different parts of the hydrological gradient,
hydrological changes in the future may have the same effect. With climate change increased variability
in precipitation, soil moisture and surface water will enhance the importance of groundwater for the
maintenance of natural ecosystems. Here we show that both co-existence and species diversification
are related to a balance in subtle soil hydrological gradients created by groundwater fluctuations.
Expected changes in this delicate balance can both; deeply change the composition of actual plant

communities and/or drive a new cycle of extinction/diversification within palm clades.
Hydrological control on coexistence and richness

For tree communities in tropical forests, no more than 20% of alpha diversity could be explained by
environmental factors at local and/or regional scales [59]. The large amount of local diversity
unexplained by environmental conditions was interpreted as evidence in favor of neutral processes as
main drivers of high diversity, as predicted by Hubbell [5]. Here we show that almost half of the local
co-occurrence of species (i. e. alpha diversity) could be explained by the overlap in their hydrological
niche axis. This was around 30% more than the amount of richness that could be explained by the
hydrological condition per se. It is not negligible that extreme hydrological conditions may prevent
some species from occupying some sites. Indeed, highest number of species coexisting in the same
plot was attained in the absence of soil saturation and/or dryness. However, high or low species
numbers can be found anywhere along the hydrological gradient as well. We did not observe decay in
the number of co-occurring species as the number of months of soil saturation, dryness or both
increased, as expected from environmental limitation as a direct main driver of local species richness.
Instead, we found that more palm species could coexist locally when there is less hydrological niche

overlap.

The classical Pianka’s niche overlap hypothesis [60] predicts that if competition is important for the
stable coexistence of species, the number of co-occurring species will decay with increasing niche
overlap. However, if competition is strong enough to prevent coexistence by complete segregation of
species one could expect the opposite pattern (Fig. 6). The contraction of niche breadth caused by
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increasing specialization to different parts of the gradient (and therefore segregation) may prevent
species co-occurrence at all and in extreme situations lead to mono-dominance. Pianka’s niche overlap
hypothesis predicts the relationship between alpha-diversity and niche overlap from moderate
segregation to complete overlap, but not between complete and moderate segregation. The number of
species will be maximum and be equal to regional species pool when the there is enough segregation
to prevent competition exclusion, but enough overlap to allow for species coexistence. Higher amounts
of overlap will result in competitive exclusion and decrease of alpha-diversity as predicted by Pianka’s
Niche Overlap Hypothesis. In the opposite direction, higher amounts of segregation will also decrease
alpha-diversity (cf. Fig 6) but because the specialization to occupy different parts of the gradient
prevents species coexistence. Strong specialization caused by repeated diversification occurs for many
taxa in the Amazon and was suggested as one of the explanations for high Amazonian diversity [61,
62, 63]. Interestingly, the direct consequence of strong specialization is that it is only observable in
scales in which species do not co-occur. High specialization will result in higher regional diversity, but
may not be evoked as a cause of local species richness and coexistence for the reasons explained
above.
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segregation MEAN NICHE OVERLAP overlap

Figure 6. Conceptual model of the implications of increasing niche overlap for alpha diversity. The
number of species will be maximum and equal to the regional species pool when the there is enough
segregation to prevent competition exclusion, but enough overlap to allow for species coexistence.
Right side: higher amounts of overlap will result in competitive exclusion and decrease of alpha-
diversity as predicted by Pianka’s Niche Overlap Hypothesis. Left side: higher amounts of segregation
occur by specialization and decreases alpha-diversity because species restriction to different parts of

the gradient will prevent species coexistence.
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Our results suggest that segregation in hydrological niches of soil saturation and dryness is important
for palm species coexistence and is strongly related to the local species richness. But is the
hydrological control of coexistence and richness in tropical forests restricted to palm family? We
believe not. Species composition of other plant groups was shown to be largely explained by local soil
hydrology related metrics [64] meaning that species segregation along hydrological axes could be also
reasonable for other groups. Our species pool here was of 52 palm species. From that, between 22 and
10 species could co-occur locally and 41% of the local co-occurrence was explained by hydrological
niche overlap. Vascular plant species counts shows that the number of species that could co-occur in a
single hectare of Amazonian forest could be as large as a thousand species [11, 12] and this number
challenges any attempt at simple extrapolation of our conclusions for the entire Amazonian flora.
However, if not all species compete with all species, but only with a limited set of them in each
environmental axis one could expect that niche segregation could explain large amounts of species
coexistence also for the complete vascular flora, but this hypothesis remains to be tested. The
increasing availability of large datasets which has in recent years enabled testing of hypotheses about
continental patterns of species richness and diversification could also help us to better understand the
local patterns of species richness and their impressive variation, and shed light on mechanisms of

species coexistence in tropical forests.
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Table S1. Randomization algorithms (Adapted from Goteli & Graves 1996), assumptions and segregation definition for the four null models adopted.

Randomization algorithms (RA)

Null model assumptions

Segregation definition

RAlL

Niche breadth relaxed
(zero states position randomized)

+

Abundance relaxed

(abundance sampled from an uniform
distribution)

RA2

Niche breadth retained
(zero states position retained)

+

Abundance relaxed

(abundance sampled from an uniform
distribution)

This model assumes that there are no constraints for species
occurrence and abundance. All simulated species can occur
anywhere and all abundance states are equiprobable.

This model assumes that the absences may be generated by
processes other than competitive exclusion (i.e. eco-physiological
or biogeographic limits). Hence, the simulated species are
constrained to occupy only the sites where they originally occur,
but there are no constraints for the species abundance and any
abundance state is equiprobable as in RAL.

Segregation is detected when species are more dispersed
along the resource/condition axis than expected by a
equiprobable species abundance distribution .

Segregation is detected when species are more dispersed
along resource/condition axis than expected by
equiprobable species abundance distribution only in the
resource/condition states where they originally occurs.
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RA3

Niche breadth relaxed

(zero states position randomized)

+

Abundance retained
(abundance randomized from observed data)

RA4

Niche breadth retained
(zero states position retained)

+

Abundance retained

(abundance randomized from observed data)

This model assumes that there are no constraints for species
occurrence as in RA1L, but the species abundance states are not
equiprobable and some species may be more abundant than others.

This model assumes that the absences may be generated by
processes other than competitive exclusion (i.e. eco-physiological
or biogeographic limits). Simulated species are constrained to
occupy only in the sites where they originally occur as in RA2, but
as in RA3 not all abundance states are equiprobable and some
species may be more abundant than others.

Segregation is detected when species are more dispersed
along resource/condition axis than expected by a non-
equiprobable (following observed abundance) species
abundance distribution.

Segregation is detected when species are more dispersed
along resource/condition axis than expected by a non-
equiprobable (following observed abundance) species
abundance distribution only in the resource/condition
states where they originally occurs.
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Table S2. List of species names, species codes and herbarium access number. Phylogenetic data source
for each species is given in superscript letters before each species name. For the genera with only one
species in our species list, we used genus level phylogenetic data instead species level for construct our
trees.

INPA Herbarium

Species name Species code
access number

R2Astrocaryum acaule Mart. Aa 240733
R2Astrocaryum aculeatum G. May Au nc
R2Astrocaryum murumuru Mart. Au nc
R2Astrocaryum gynacanthum Mart. Ag 248637
"Attalea maripa (Aubl.) Mart. Am nc
"Attalea microcarpa Mart. Ac 240737
CAttalea speciosa Mart. As nc
FBactris acanthocarpa Mart. Ba 240718
"Bactris acanthocarpoides Barb. Rodr. Bc nc
"Bactris balanophora Spruce Bb 240722
"Bactris elegans Barb. Rodr. Be 248638
"Bactris hirta Mart. Bh 240749
"Bactris killipii Burret Bk 240717
FBactris maraja Mart. Bm 248636
"Bactris oligocarpa Barb. Rodr. & Trail Bo 219961
"Bactris syagroides Barb. Rodr. & Trail Bs 220002
“Bactris tomentosa Mart. Bn 240746
"Bactris trailiana Barb. Rodr. Bt nc
"Bactris cf. turbinocarpa Barb. Rodr. Bu 240729
“Desmoncus parvulus Bailey Dp 240748
CEuterpe precatoria Mart. Ep nc
RlGeonoma deversa (Poit.) Kunth Gd 220005
RlGeonoma macrostachys Mart. Gm 240712
RlGeonoma maxima (Poit.) Kunth Gx 240740
"Geonoma oligoclona Trail. Go 219963
RlGeonoma stricta (Poit.) Kunth Gs 240714
“Iriartella setigera (Mart.) H. Wendl. Is 240736
“Lepidocaryum ténue Mart. Lt 240720
“Mauritiella aculeata (Kunth) Burret Ma nc
"Oenocarpus bacaba Mart. Oc nc
“Oenocarpus bataua Mart. Ob nc
"Oenocarpus minor Mart. Om 240727
“Socratea exorrhiza (Mart.) H. Wendl. Se nc

nc: voucher not collected; C: phylogenetic data from Couvreur et al. 2011; R1: phylogenetic data from Roncal et al. 2011 ;
R2: phylogenetic data from Roncal et al. 2012 ; E: phylogenetic data from Eiserhardt et al. 2011 ; n: phylogenetic data was
not available for this species
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SINTESE

Diferentes fatores afetam a resposta de plantas a fatores ambientais, mas o mesmo
fator também pode afetar plantas por diferentes mecanismos. No primeiro capitulo desta tese,
mostramos que diferencas dominancia estrutural de palmeiras arborescentes e arvores em
grande escala esta associada com as propriedades fisicas dos solos via diferentes mecanismos.
Em solos que apresentam restricbes ao enraizamento, arvores apresentam capacidade de
ancoragem diminuida e se tornam mais susceptiveis a quedas e sdo desfavorecidas nestas
condicdes. Palmeiras sdo adaptadas para manter a estabilidade independente do enraizamento
superficial caracteristico das monocotileddneas e, diferentemente das arvores, sdo favorecidas
em condigdes de solos com propriedade fisicas mais restritivas. A relacdo entre area basal de
arvores e propriedades fisicas do solo é negativa e mediada pela resposta das arvores ao
dinamismo da floresta. J& a relacdo entre area basal de palmeiras e propriedades do solo é

direta e positiva.

O padrdo observado de relacdo entre propriedades fisicas do solo e a area basal de
arvores e palmeiras pode ser visualizado tanto em escala local, como continental. As
propriedades fisicas do solo estdo associadas ao seu grau de desenvolvimento pedogenético.
Grande parte da diversidade de propriedades fisicas do solo pode ser encontrada huma mesma
regido, o que explica a ocorréncia do padrdo em escala local. No entanto, solos fisicamente
mais restritivos sdo mais comuns na Amazonia ocidental. Isso faz com palmeiras sejam mais
dominantes nas florestas nesta regido, podendo contribuir com até 20% da area basal total. A
maior dominancia de palmeiras no oeste da Amazbnia coincide espacialmente com a
distribuicdo mapeada das florestas dominadas por palmeiras no Brasil. Isso é uma importante
evidéncia de que o controle do solo sobre a dominancia da floresta reflete em padrdes em
escalas maiores que resultam na fisionomia das florestas que reconhecemos hoje. Duas
principais conclusbes sdo derivadas deste trabalho: (1) mecanismos relacionados a
dominancia de palmeiras e arvores definem a fisionomia de uma parcela significativa da
Amazobnia e (2) palmeiras ndo sdo arvores e ndo devem se consideradas como tal ja que os
seus mecanismos de dominancia e determinantes ambientais diferem dos das arvores. Ignorar
as diferencas entre as formas de via ajuda a esconder os verdadeiros determinantes dos

padrbes observados para ambos 0S grupos.

Propriedades fisicas do solo parecem estabelecer o limite superior da dominéncia de

palmeiras arborescentes nas florestas da Amazbnia, mas outros mecanismos Vvao gerar
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diferencas na abundancia de palmeiras abaixo deste limite. No segundo capitulo desta tese,
exploramos os determinantes ambientais da abundancia de palmeiras e como estas relagdes
influenciam os padrdes de dominancia entre espécies e a composicédo floristica do grupo. Para
ISS0, restringimos a nossa escala de estudo para uma faixa de aproximadamente 600 km que
corta a por¢édo setentrional do interflavio Purus-Madeira, dois dos principais afluentes do Rio
Amazonas. Para esta regido, consolidamos um extenso banco de dados contendo informacdes
ambientais que associamos a inventarios de espécies palmeiras com diferentes portes e formas
de crescimento (i.e. arborescentes, acaulescentes, escandentes e herbaceas). Os principais
gradientes ambientais explorados por este estudo — clima, hidrologia, propriedades quimicas
do solo, estrutura da vegetacdo, topografia e histérico de perturbacdo — foram previamente
identificados como importantes para a riqueza, composicdo e distribuicdo de espécies de
palmeiras. Existem alguns estudos na Amazonia associando a composicdo de espécies de
palmeiras com gradientes ambientais. No entanto, como cada estudo explora somente um sub-
conjunto de variaveis ambientais, generalizacdes sobre os mecanismos afetando a composi¢éo

de espécies ainda sdo raras e esta € uma das lacunas que este estudo visou preencher.

Diferencas abruptas na composicdo floristica na regido estdo relacionadas com a
ocorréncia de alagamento prolongado. A ocorréncia de florestas alagadas da regido é
relativamente comum. Florestas alagadas sdo encontradas em areas mais proximas aos
grandes rios, mas também em areas sujeitas ao alagamento distantes pelo menos cinco
quilometros de rios secundarios. A maioria das espécies encontradas nas florestas alagadas foi
também encontrada nas florestas ndo alagadas, mas em abundéncias diferentes. Espécies
encontradas em florestas alagadas estdo presentes em densidades bem mais baixas nas
florestas ndo alagadas. Espécies dominantes de florestas ndo alagadas se tornam raras nas
florestas alagadas. 1sso sugere que diferencas na composicdo estdo relacionadas com forte
limitacdo ambiental que seleciona espécies mais adaptadas/tolerantes e exclui ou diminuiu a
abundancia das menos adaptadas/tolerantes. 1sso demonstra a importancia do controle
ambiental sobre os mecanismos de raridade e dominancia em florestas tropicais. Em florestas
ndo alagadas, gradientes ambientais de solo, hidrologia e distirbio também estiveram
relacionados com os padrdes de variacdo na abundancia relativa das espécies, mas também

com a substituicao de espécies.

Um forte padrdo de dominancia foi observado, com 20% das espécies representando

90% da abundancia total de palmeiras. Espécies dominantes pertencem a variadas forma de
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crescimento e estdo relacionadas com diferentes conjuntos de condi¢des ambientais. Um dos
principais mecanismos usados para explicar a dominancia de espécies é a relagdo
amplitude:abundancia que prevé que quanto maior a amplitude (espacial ou ambiental) da
espécie, maior serd a sua abundancia local. Ao contrario do esperado, observamos que
espécies dominantes ndo tem distribuicbes ambientais amplas, mas sim intermediarias. 1sso
porque a dominancia é mantida por um grande nidmero de jovens nas populaces e mesmo
espécies dominantes sobre um amplo espectro ambiental podem ndo ser aptas a manter
populacdes grandes em ambos extremos de um mesmo gradiente ambiental. Os resultados
deste capitulo trouxeram ainda outro importante avanco para o entendimento dos padrdes
floristicos em florestas tropicais. Respostas ambientais individuais das espécies mais
abundantes ndo se distinguem das respostas da composi¢do floristica como um todo,
sumarizada usando técnicas de ordenacdo. Isso implica que os padrdes de variacdo das
espécies raras ndo estdo sendo captados nesta abordagem. Desconsiderando as espécies raras a
diversidade da Amazonia nao se distingue da de uma floresta temperada da América do Norte
ou Europa, para a efetiva conservacdo da diversidade floristica da Amazonia é importante
entender os padrdes de variacdo e mecanismos relacionados também pras especies raras. A
presenca (ou auséncia) de espécies raras nas florestas pode ndo ser independente da
abundancia das espécies mais comuns e o papel das interacdes planta-planta deve ser

considerado.

A hidrologia do solo foi o maior determinante da substituicdo de espécies e mudancas
na abundancia relativa das espécies. Sugerindo que a particdo do gradiente hidroldgico pode
estar relacionada com a diversidade e distribuicdo de espécies de palmeiras. O terceiro
capitulo desta tese avalia a existéncia de segregacdo de espécies de palmeiras ao longo de
gradientes hidrologicos, quais 0s processos evolutivos relacionados ao padrdo observado e
suas consequéncias para o padrdo de riqueza e coexisténcia de espécies de palmeiras na
Amazonia. A segregacdo de nicho é um importante mecanismo para explicar a coexisténcia de
espécies e consequentemente a riqueza de espécies em um local. Este € um mecanismo
amplamente aceito para florestas temperadas, mas em florestas tropicais a sua importancia
tem sido questionada basicamente por duas razdes: (1) plantas, diferentemente de animais,
dependem basicamente de agua, luz e nutrientes e a segregacao de espécies nestes trés eixos
ndo explicaria da imensa diversidade de plantas em florestas tropicais e (2) a natureza séssil
das plantas e o grande numero de espécies de plantas coexistindo localmente faz com que
dificilmente as espécies tenham oportunidades de interacdo suficientes para causar excluséo
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competitiva e seria mais provavel que a competicdo difusa (i.e. competicédo entre individuos)
fosse 0 mecanismo de competicdo preponderante em florestas tropicais. A segregacdo de
espécies em nichos hidroldgicos sutis pode ser responsavel por manter a coexisténcia de um
elevado nimero de espécies em pradarias da Inglaterra e em florestas de Fynbos na Africa.
Até 0 momento ndo existiam estudos mostrando que a segregacdo em gradientes ambientais
sutis poderia explicar a riqueza e coexisténcia também em florestas tropicais e quais 0s

mecanismos evolutivos envolvidos e este foi 0 objetivo do ultimo capitulo desta tese.

Espécies de palmeiras estdo mais segregadas em eixos de saturacdo e dessecacao do
solo do que esperado pela chance. O trade-off entre esses dois eixos de nicho hidroldgico
mostra que as espécies gque apresentam maior associagdo com areas mais Umidas sdo as
mesmas que estdo menos associadas a areas mais secas, e vice-versa. Cada espécie de
palmeira estda mais associada a uma condicdo hidroldgica e esta associacdo é algo que
aconteceu diversas vezes ao longo da evolucdo do grupo. Diferentes espécies de palmeiras,
originarias de diferentes ramos filogenéticos podem estar associadas tanto a condi¢bes
hidroldgicas de saturacdo como de dessecacdo. Esta é uma evidéncia de que a afiliacdo a um
nicho hidroldgico é um caractere labil (i.e. ndo conservado ao longo da evolucéo) que surgiu
independentemente varias vezes ao longo da evolugdo do grupo. Outra evidéncia para esse
processo € que o mesmo padrdo de diversificacdo ao longo dos eixos hidrolégicos de
saturacdo e dessecacdo pode ser observado independentemente para a maioria dos géneros de

Arecaceae e também para os géneros mono-especificos quando considerados conjuntamente.

Auséncia de conservacdo de nicho na presenca de convergéncia € o padrdo esperado
quando a competicdo interespecifica é uma importante forca reguladora da coexisténcia entre
as espécies. Se a competicdo esta relacionada com a coexisténcia de espécies, é esperado que
0 numero de espécies que coexistem localmente decresce com 0 aumento na sobreposicao
entre 0 nicho das espécies. A sobreposicdo de nicho hidrolégico entre as espécies que
estudamos foi capaz de explicar quase 50% da variacdo no nimero de espécies coexistindo
localmente. Conjuntamente, nossos resultados sugerem que a segregacdo de espécies de
palmeiras em gradientes hidrol6gicos € um importante mecanismo explicando a diversificagdo
e coexisténcia em palmeiras. Esta conclusdo ndo pode ser diretamente estendida para outros
grupos, mas a generalidade deste mecanismo nos leva acreditar que a segregacao em eixos
sutis de hidrologia e/ou outros gradientes ambientais pode também ser responsavel pelos

padrBes de co-ocorréncia e diversificagdo em outros grupos diversos de plantas tropicais.
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Conjuntamente, os resultados desta tese trazem colaboracgdes para o entendimento dos
padrdes de dominancia, distribuicdo e diversidade que véo de escalas continentais até escalas
de poucos metros. Demos os primeiros passos na ligagdo entre determinantes floristicos e
estruturais das diferengas de vegetacédo estabelecendo a ligagéo entre dominancia de formas de
vida e padrdo espacial de tipos de vegetacdo. Avancamos no entendimento do efeito de
gradientes ambientais na geracdo de diferencas abruptas e sutis na composicao floristica.
Testamos importantes hipdteses sobre 0s mecanismos causadores de dominancia em florestas
tropicais e estabelecemos a ligacdo dominancia e variagdo floristica. Por fim, explicamos
como gradientes ambientais sutis podem gerar tanto a diversidade de espécies observada em
escala regional, quando variacBes locais no ndmero de espécies coexistindo e

consequentemente a diversidade alfa das florestas tropicais.
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