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RESUMO

Nas areas alagaveis amazonicas, ainda relativamente integras, a vegetacdo encontra-se
adaptada ao regime regular de inundagdo, o qual determina a distribuicdo de espécies de
plantas. Além do efeito dos niveis da agua, as mudancas ambientais, em decorréncia do
aumento da temperatura e dos niveis de dioxido de carbono, podem ter efeitos marcantes
sobre a flora e a fauna nestas &reas. A oscilagdo do nivel das &guas torna estas areas frageis,
por isso, as mudancas ambientais sdo preocupantes, sendo necessario estimar a capacidade
adaptativa e a resiliéncia do sistema. Para isso, € fundamental encontrar marcadores
bioldgicos sensiveis e adequados que permitam desenvolver e propor estratégias de
conservacdo. O objetivo deste estudo foi fornecer um conjunto de informagdes sobre as
caracteristicas adaptativas morfolégicas e fisioldgicas de macréfitas aquaticas com diferentes
amplitudes de distribuicdo, visando entender como as modificacdes ambientais interferem
sobre esse grupo de plantas de fundamental importancia para a biota aquéatica. Foram
coletados dados morfolégicos, fisioldgicos e moleculares de 55 populacfes de Montrichardia
spp. distribuidas na Bacia Amazonica; e dados de distribui¢do provenientes de herbarios, com
0 intuido de compreender a ecologia das espécies em escala regional (Amaz6nia) e macro-
escala (Neotropical). Para simular o efeito das mudancas climéaticas sobre Montrichardia
arborescens foi realizado um experimento em microcosmo com duragdo de cinco meses.
Neste experimento foi avaliando a germinacdo e crescimento inicial das plantulas com a
elevacdo da temperatura (+1,5 a +4,5°C que o controle) e CO, (+200 a +800 ppm que 0
controle). Os diversos parametros ambientais e caracteres bioldgicos aferidos demostraram a
clara separacgdo das espécies M. linifera e M. arborescens. Entretanto, a analise genética feita
para as espécies ndo permitiu determinar a exata relacdo entre a variedade M. arborescens
var. aculeata e as outras duas espécies. O alto indice de diferenciagdo genética (RST) entre as
espécies M. linifera e M. arborescens, aliado a interpretagdo da rede de haplotipos, permitiu
confirmar a separacdo destas duas espécies, 0 que se mostrou compativel com a separagédo
morfoldgica propiciada pela analise do numero de nervuras apicais secundarias. Os fatores
hidroquimicos influenciaram a distribuicdo das espécies de Montrichardia em escala regional
(Amazonia). Enquanto M. linifera ocorre principalmente em rios de 4gua branca (varzeas), M.
arborescens ocorre em rios de agua preta (igapds) e riachos de terra-firme. Em uma macro-
escala (Neotropical), a precipitacdo e a temperatura foram os fatores que mais influenciaram a

distribuicdo das espécies. A simulacdo da elevagdo de temperatura e CO, nos microcosmos



permitiu inferir os efeitos das mudancas climaticas sobre M. arborescens. Esta espécie
apresentou uma menor acumulacéo de biomassa e menor taxa de transporte de elétrons quanto
exposta a niveis extremos de temperatura e CO,. Concluimos que as espécies do género
Montrichardia apresentam diferencas adaptativas morfoldgicas, fisioldgicas e genéticas
relacionadas aos parametros ambientais intervenientes em cada um dos locais amostrados
(varzea e igap0d), e que a elevacdo de temperatura e CO, influenciam a morfologia e fisiologia

de M. arborescens.



Distribution, ecophysiology and adaptive capacity of genus Montrichardia H. Crueg in

the Amazon Basin

ABSTRACT

In Amazonian floodplains, relatively integral system yet, the vegetation is adapted to
regular flooding regime, which determines the distribution of plant species. Besides the effect
of water levels, environmental changes, due to the increase in temperature and levels of CO,,
may have marked effects on the flora and fauna in these areas. The oscillation of the water
level makes these areas so fragile, and the environmental changes are worrying, being
necessary to estimate the adaptive capacity and resilience of the system. For this it is essential
to find suitable and sensitive biological markers in order to develop and propose conservation
strategies. The aim of this study was to provide a set of information about the morphological
and physiological adaptive traits of aquatic macrophytes with different amplitudes of
distribution, in order to understand how environmental changes affect this group of plants,
with fundamental importance to aquatic biota. Morphological, physiological and molecular
data of 55 populations of Montrichardia spp. distributed in the Amazon Basin were collected.
Data of distribution from herbaria was used to elucidate the ecology of the species at the
regional scale (Amazonia) and macro-scale (Neotropical). To estimate the effect of climate
change on Montrichardia arborescens an experiment was performed in microcosm with the
elevation of temperature and CO, for five months. The germination and growth of seedling
were evaluated. Various environmental parameters and biological characteristics measured
demonstrated the clear separation of species M. linifera and M. arborescens. However,
genetic analysis did not allow to understand the exact relationship between M. arborescens
var. aculeata and the other two other species. The degree of genetic differentiation (RST)
between the species M. arborescens and M. linifera, together with the interpretation of the
haplotype network, permitted to confirm the separation of these two species, which proved
compatible with the morphological separation provided by the analysis of the number of
secondary apical veins. The hydrochemical factors proved to influence the distribution of
Montrichardia species on a regional scale (Amazonia). While M. linifera occurs mainly in
white water rivers, M. arborescens occurs in black water rivers and upland streams. At a
macro-scale (Neotropical), precipitation and temperature were the most important factors

influencing the species distribution. The simulation of temperature rise and CO; in
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microcosms allowed us to infer the effects of climate change on M. arborescens. This species
showed a lower accumulation of biomass and lower rate of electron transport when exposed
to extremes of temperature and CO,. We conclude that the genus Montrichardia exhibit
morphological, physiological and genetic adaptive differences relating to environmental
parameters in each of the local environment (varzea and igapd), and that the temperature rise
and CO, influence morphology and physiology of M. arborescens.
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INTRODUCAO

A distribuicdo geografica de plantas é frequentemente limitada por fatores climaticos,
pela competicdo entre as espécies e por barreiras geograficas que impecam migragdes
(Sculthorpe 1967; Woodward & Williams 1987; Woodward 1988; Santamaria 2002). Quando
expostas a fatores ambientais proximos da sua faixa de tolerdncia as espécies apenas
sobrevivem, tendo suas taxas de reproducdo e crescimento diminuidas (Kasuga et al. 1999;
Camargo et al. 2003; Wang et al. 2003). Ja as barreiras geograficas impedem tanto o fluxo
génico, pela impossibilidade de troca de gametas, quanto a dispersdo das plantas, e com isso
impossibilitam a interacdo entre populagdes e a colonizacdo de novas areas (Slatkin 1987). No
caso das plantas aquaticas, uma distribuicdo compativel com essas grandes barreiras terrestres
entre os corpos hidricos seria esperada. Entretanto, cerca de 39% dos géneros que contem
macrofitas aquaticas sdo endémicos de alguma regido biogeogréfica (Chambers et al. 2008).
Em nivel mundial esse padrdo de distribuicdo se deve a facilitacdo da dispersdo propiciada
pelas navegacdes ha mais de cinco séculos (Cook 1985); em niveis regionais e locais, outros
fatores como a conectividade hidrica, ao menos sazonal, podem ser de grande relevancia
(Junk & Piedade 1997; Hoorn 2006).

A vegetacdo aquéatica na Bacia Amazodnica esta intimamente relacionada com os
corpos de agua que podem ter diferentes propriedades fisicas e quimicas de acordo com a
geologia da area de drenagem (Piedade et al. 2010). As espécies de macrdfitas aquaticas
podem habitar desde as varzeas férteis de agua branca, e também os pobres e acidos igapds de
aguas pretas e claras (Sioli 1954). Nesse contexto surge uma importante questdo: a
distribuicdo de macrofitas aquaticas na Amazbnia Bacia esta relacionada apenas as
propriedades da agua dos rios, como acidez e penetracdo de luz, ou responde ao gradiente
Oeste-Leste do declinio da fertilidade descrito para as florestas de terra firme da Amazonia
(Ter Steege et al. 2006)?

Ao longo do tempo, as mudancas ambientais interferem na distribuicdo das espécies,
pois a ocorréncia de uma espécie ndo esta associada somente as caracteristicas atuais do
ambiente, mas também aos eventos de mobilidade, exclusdo e ingresso de populacbes que
ocorreram em resposta a mudangas de fatores fisicos e edaficos ao longo do tempo

(Sculthorpe 1967; Hoffmann & Sgro 2011). Fatores estressantes, ou seja, condicOes



desfavoraveis para o crescimento e desenvolvimento das plantas, podem ocorrer sazonalmente
ou permanentemente em um determinado ambiente (Larcher 2000). Os fatores estressantes
induzem o desenvolvimento de respostas adaptativas nas plantas, que variam com a
intensidade do estresse e envolvem mudancas nas rotas do metabolismo primario, (Larcher
2000; Taiz & Zeiger 2004).

Atualmente, com as mudangas ambientais ocorrendo em escala global, notadamente a
elevacdo da concentracdo atmosférica de CO, (IPCC 2013), muitas espécies terdo de se
adaptar a essa dindmica, ou havera uma probabilidade cada vez maior de extingdo (Templeton
et al. 2001; Bellard et al. 2012). Além disso, mudancas no uso do solo na Amazdnia como a
construcdo de barragens e estradas, tém contribuido para a perda de biodiversidade (Feeley et
al. 2012) .

A biodiversidade deve ser considerada nos diversos niveis de organizacdo bioldgica,
que incluem genes, espécies, comunidades e ecossistemas (Meffe et al. 1997) e as atividades
humanas vém causado impacto em todos esses niveis da biodiversidade. Em geral o impacto é
mais visivel ao nivel de espécie, enquanto que o impacto sobre a diversidade genética de uma
espécie, por ser menos aparente, € muitas vezes ignorado (Templeton et al. 2001; Crispo et al.
2011; Pauls et al. 2013). Além disso, a diversidade genética, por ser o nivel mais baixo nesta
hierarquia da diversidade, tem um impacto direto sobre os niveis mais elevados por meio do

processo evolutivo.

As populacdes sdo conjuntos de individuos da mesma espécie que vivem em uma
mesma area, porém, isso ndo significa que populacGes de uma mesma espécie sejam
geneticamente ou espacialmente homogéneas (Silvertown & Doust, 1993). Elas apresentam
variadas diferencas estruturais. A estrutura genética depende da frequéncia génica e
genotipica; a estrutura espacial esta relacionada a variacdo de densidade; ja a estrutura etaria
depende do ndmero relativo de individuos jovens e adultos, enquanto que a estrutura de
tamanho depende do namero relativo de individuos grandes e pequenos (Silvertown & Doust
1993). Estudos sobre a distribuicdo espacial da variacdo genética dentro e entre as populacoes,
ou da estrutura genética de uma mesma populacdo tém facilitado muito a compreenséo da
especiacdo, adaptacdo e dinamica populacional (Zhang et al. 2005), aspectos de vital

importancia para a conservacao.

A estrutura genética da populagédo depende principalmente do fluxo génico e da deriva

genética (Hamrick 1982). O fluxo génico depende das migracOes entre populacdes locais,



havendo aumento da diferenciacdo genética dentro de uma popula¢do, mas causando uma
diminuicdo da variacdo genética entre populages (Wright 1932). Ja a deriva genética afeta a
frequéncia de um alelo na populacao devido a amostragem aleatoria de gametas, promovendo
com isso a diminui¢do da variacdo genética dentro de uma populacgéo local, mas aumentando
a diferenciacdo genética entre populacdes pequenas (Wright 1969). As atividades humanas
frequentemente resultam na diminuicdo da deriva genética e no aumento do fluxo génico de
muitas espécies, 0 que reduz a variagdo genética nas populac@es locais e evita a propagacao
de complexos adaptativos para fora da sua populacéo de origem (Crispo et al. 2011). Desta
forma, os processos adaptativos sdo perturbados local e globalmente dentro de uma espécie
(Silvertown & Doust 1993).

A deriva genética raramente ocorre independentemente da selecdo natural (Silvertown
& Doust, 1993), a qual seleciona os organismos com as melhores adaptacdes ao ambiente. A
selecdo natural é o Unico processo que pode resultar em mudancas adaptativas (Silvertown &
Doust 1993). Segundo Darwin (1859), trés condicGes sdo necessarias para que ocorra a
selecdo natural: (1) variacdo entre individuos; (2) heranca da variagdo; (3) diferencas de
aptiddo entre os variantes. Uma vez que essas condi¢des estejam presentes, genotipos com
fenotipos de maior aptiddo irdo se multiplicar mais rapidamente na populacdo que outros com
menor aptidao, havendo um potencial para mudancas adaptativas. Desta forma, 0s processos
ecoldgicos influenciam a estrutura genética das populacdes, por meio da sele¢do natural,
promovendo o aumento da variacdo genética (Silvertown & Doust 1993).

O conhecimento da estrutura genética de populacdes vegetais pode também ajudar a
explicar a evolucédo da alta diversidade vegetal encontrada nos tropicos (Eguiarte et al. 1992;
Hewitt, 2000; Hoorn et al., 2010). Segundo a Teoria de Equilibrio Instavel de Wright (1932) a
subdivisdo de uma populagdo em demes® pequenos, havendo baixo fluxo génico entre os
mesmos, poderia resultar em uma rapida diferenciacdo genética devida a deriva, levando a
uma eventual especiacdo simpatrica. Fedorov (1966) também defende que a alta diversidade
de espécies tropicais seria 0 produto de especiagcdo ndo adaptativa, resultante do acasalamento
de individuos que sdo relacionados por ascendéncia (endogamia) e deriva genética,
provocadas por baixas densidades de individuos coespecificos e autofecundacédo
predominante. Uma hipdtese alternativa, a de Equilibrio em Micro nichos, estabelece que a

diversidade em florestas tropicais resulte da adaptacdo das populagdes a nichos bastante

! Populaces locais pequenas que se intercruzam e partilham um conjunto de genes distintos.



especificos, definidos por fatores bidticos e abidticos (Dobzhansky 1950; Bawa 1990). Neste
caso haveria uma baixa endogamia e grandes tamanhos efetivos de populagdo, com 0 modo de
especiacdo sendo similar ao de uma diferenciacdo alopatrica de espécies com fecundacgédo

cruzada (alogamas) predominante (Eguiarte et al. 1992).

A alta capacidade reprodutiva de muitas plantas aquaticas na Amazénia pode estar
relacionada com as grandes flutuagdes do nivel da &gua, ocasionada pelo pulso de inundacéo a
que elas estdo sujeitas (Junk et al. 1989). A alta mortalidade de plantas durante a seca
favoreceu a selecdo genética para altas taxas de reproducdo que foram conseguidas
principalmente por reproducdo vegetativa (Junk & Mello 1990; Piedade et al. 2010). Diante
disto, a variedade dentro e até mesmo entre as populacdes € pequena. Por outro lado,
observacBes de campo mostram que ap6s uma grande seca h& emergéncia de plantulas
provenientes do banco de sementes (D’Angelo 2009), o que favoreceria a variabilidade

genética dentro e entre as populacdes.

As populacdes respondem a cada ambiente diferentemente, visando garantir maior
eficiéncia na aquisicdo de carbono e sucesso reprodutivo (Kozlowski 1997; Dias-Filho 2005),
resultando em individuos com diferentes fendtipos (Silvertown & Doust 1993). A plasticidade
fenotipica retrata a habilidade de um organismo alterar sua fisiologia e/ou morfologia em
decorréncia de sua interacdo com o ambiente (Bradshaw 1965; Schlichting 1986; Schlichting
& Pigliucci 1993; Stearns 1989; Scheiner 1993; Sultan 2000; Matesanz et al. 2012). Por
muito tempo acreditou-se que a plasticidade fenotipica limitaria o potencial para mudancas
evolutivas, por reduzir o impacto da selecdo natural na estrutura genética de populacdes
(Wright 1932). Entretanto, atualmente estdo sendo desenvolvidos novos métodos de estudos e
modelos matematicos de genética quantitativa que descreveram a relacdo entre a plasticidade
fenotipica e importantes processos bioldgicos, revisando esse paradigma (Reed et al. 2011;
Thibert-Plante & Hendry 2011).

A plasticidade fenotipica pode ser considerada um mecanismo gerador de
variabilidade fenotipica, uma vez que a selecdo natural age sobre fendtipos criando
oportunidades para que mudancas genéticas ocorram. Além disto, se as divergéncias
fenotipicas geradas dentro de uma populacdo forem mantidas por sele¢do disruptiva, havera
favorecimento para o surgimento de subespécies, racas ou populagdes geneticamente Unicas,
adaptadas ao seu ambiente local (ecotipos) (Via & Lande 1985; Thompson 1991). A
caracterizacdo de ecoétipos ou verificagdo de potencialidades para sua formagdo gera



importantes subsidios para maximizar a preservacdo da variabilidade genética, quando da
delimitacdo de areas de conservacdo, ou quando projetos de manejo sustentado da flora
silvestre estiverem sendo efetuados (Nanson 1993; Lortie & Aarssen 1996). Espécies com
grande potencial para plasticidade em caracteres ligados a sobrevivéncia apresentam
vantagens adaptativas em ambientes instaveis, heterogéneos ou de transi¢do, visto que as
mudancas produzidas podem facilitar a exploragao de novos nichos, resultando no aumento da
tolerancia as condigdes fisico-quimicas ambientais (Via 1993; Via et al. 1995). Desta forma,
espera-se que uma populacdo que ocupe um ambiente heterogéneo ou de transicdo, como é o
caso das areas alagéveis (zona de transicdo aquético-terrestre), apresente grande potencial
plastico em suas caracteristicas fisiologicas e/ou morfoldgicas (Junk et al. 1989; Fuzeto &
Lomdnaco 2000).

As planicies alagaveis sdo areas Umidas que alternam as fases aquética e terrestre ao
longo do ano (Junk et al. 1989). Por apresentarem esta alternancia de fases e porque seu uso e
funcBes ecoldgicas eram pouco conhecidos, por muito tempo as areas inundaveis foram
consideradas prejudiciais para a populacdo humana e sofreram inimeras intervencdes visando
sua modificacdo em todo o mundo (Junk 1997). Entretanto, nos dias de hoje as multiplas
funcGes desses ambientes sdo amplamente reconhecidas e grandes esforgos vém sendo

aglutinados visando seu uso sustentavel e conservacdo (Junk et al. 2014).

Nas areas alagaveis amazénicas ha uma grande diversidade vegetal, composta de
arvores, palmeiras, arbustos, herbaceas semi-aquaticas e aquaticas (Junk & Piedade 1997). O
pulso de inundacdo é o principal fator responsavel pela estruturacdo das comunidades vegetais
nestas areas (Junk et al. 1989). A adaptacdo das plantas ao regime de inundacdo ocorre em
resposta a interacdo entre frequéncia, magnitude e previsibilidade dos eventos que causam
mortalidade (Lytle & Poff 2004). As macrofitas aquéaticas enraizadas, por exemplo, estdo
sujeitas a estresses tipicos do ambiente aquatico, como a formacdo de ondas, escassez de
oxigénio, instabilidade do substrato, mas também a variagdo periddica do nivel da &gua, que

causa mudancas drasticas no ambiente (Junk & Piedade 1997; Piedade et al. 2013).

Para sobreviver nas &reas alagdveis as plantas precisam superar as restricGes
decorrentes da reducdo periodica do oxigénio disponivel e da intensidade de luz (Junk &
Piedade 1997). Dentre as espécies que ocorrem nesses ambientes, as macrofitas aquaticas séo
as mais bem adaptadas a inundacao, ocupando areas onde a cota do nivel do rio pode atingir

até 10 m de amplitude e a inundagéo pode ter uma duracdo de mais de 230 dias por ano (Junk



1989). As macrdfitas aquéaticas sdo capazes de colonizar ambientes com as mais diversas
caracteristicas fisicas e quimicas devido a grande plasticidade fisiologica que possuem.
Segundo Sculthorpe (1967) durante a evolucdo as plantas aquéticas retornaram do ambiente
terrestre para o ambiente aquatico, desenvolvendo assim progressivas adaptacfes para a vida
aquatica, que podem ser visualizadas pelos diferentes habitos de vida, tais como: submersas,
flutuantes, enraizadas com folhas flutuantes e emergentes. Cada um desses tipos bioldgicos

reage diferentemente as oscilagdes do nivel da agua (Humphries 1996; Thomaz & Bini 2003).

Os modelos cléssicos de distribuicdo e desenvolvimento da vegetacdo aquética
geralmente sdo baseados nas relacGes fisioldgicas entre as plantas e as condi¢cbes ambientais,
na sua tolerancia e na sua habilidade para crescer nestas diferentes condi¢Ges (Cancian et al.
2009). Os padroes de crescimento desses vegetais estdo relacionados principalmente com
luminosidade, temperatura, disponibilidade de nutrientes, pH, alcalinidade, salinidade,
velocidade da corrente, variacdo no nivel de agua e processos ecoldgicos, sendo que as
variaveis abidticas e bidticas atuam em conjunto sobre uma populacéo ou sobre um individuo
(Madsen et al. 1998; Riis et al. 2000; Murphy 2002; Barendregt & Bio 2003; Neiff & Neiff
2003; Henry-Silva & Camargo 2005).

As adaptacdes morfoldgicas, anatdémicas, fisiologicas e fenoldgicas de plantas
aquaticas sdo tidas como respostas as mudancas fisico-quimicas resultantes das oscilacdes
entre fases terrestres e aquaticas (Nogueira & Couto, 2004). As adaptacdes morfoldgicas
incluem reducdo do tamanho corpéreo, mudanca na alocacdo de biomassa e mudancas
fisioldgicas e no ciclo de vida (crescimento e reproducéo), que € sincronizado ao pulso de
inundacdo (Junk et al. 1989; Lytle & Poff 2004). Quando comparados individuos da mesma
espécie, emergentes e terrestres, nota-se alteragdes anatbmicas como reducdo do parénquima
palicadico e sua substituicdo por espacos celulares ocupados por ar, reducdo da quantidade e
da posicdo dos estdmatos, reducdo do xilema e da lignificagdo das fibras do floema
(Sculthorpe 1967; Simpson, 1988; Boeger & Poulson, 2003).

A natureza das adaptacOes fisiologicas pode variar bastante entre espécies, tanto de
acordo com as caracteristicas genéticas, quanto em funcdo da disponibilidade dos recursos
ambientais. As adaptacfes podem influenciar diretamente pardmetros responsaveis pela
aquisicdo diaria de carbono como a capacidade fotossintética e a eficiéncia quantica e a
absorcdo e uso de nutrientes do solo, que influenciam o metabolismo primario (Pimenta et al.

1998; Parolin 2001; De Simone et al. 2002). Assim, o estudo do comportamento



ecofisioldgico de espécies vegetais que colonizam diferentes ecossistemas inundaveis é uma

importante ferramenta para compreender os potenciais efeitos de alteragcbes ambientais.

Além das adaptagdes a inundagdo, as espécies de areas alagaveis precisam de
adaptacOes para sobreviver na época de seca (Lytle & Poff 2004). O ciclo de vida de diversas
espeécies foi sincronizado, ao longo do tempo geoldgico, com o regime de inundacdo. Isto so é
possivel se o regime de secas e cheias for previsivel ao longo dos anos. A macrofita aquatica
emergente Echinochloa polystachya, por exemplo, floresce todos os anos na época de cheia e
se reproduz por rebrotamento na época de seca (Piedade et al. 1991). Espécies, com ciclo de
vida adaptado ao regime de inundacdo, em caso de alteracdes deste regime (como da
construcdo de barragens), que resultem em inundacGes em diferentes periodos do ano, seriam
extremamente afetadas, podendo ocasionar a diminuicdo das taxas de reproducdo e
sobrevivéncia (Junk & Mello 1990; Thomaz & Bini 2003; Lytle & Poff 2004). Ja no caso das
plantas flutuantes, a frequéncia de ocorréncia das espécies praticamente ndo se altera em
resposta a oscilacdo brusca do nivel de agua, embora possa haver um aumento de biomassa de
algumas espécies quando o nivel retorna ao normal, possivelmente devido as alteraces na
quimica da &gua (Thomaz & Bini 2003). Desta forma, dentre as macrofitas aquéticas, as fixas
ao substrato seriam as melhores indicadoras de mudancas provocadas na amplitude na

inundacdo.

As macrdfitas aquaticas sdo as principais produtoras nas areas alagaveis, favorecendo
0 processo de ciclagem de nutrientes, atuando, ainda, como armazenadoras de nutrientes em
sua biomassa (Thomaz & Esteves 1986; Melack & Fosberg 2001; Piedade et al. 2001). Além
disso, essas plantas afetam a quimica da dgua por meio da fotossintese e promovem substrato
para consumidores e decompositores, sendo responsaveis pela oxigenacdo e depuracdo da
agua, protecdo das margens da acdo erosiva da agua; servem inclusive como reflgio para
diversas espécies de vertebrados e invertebrados aquaticos (Esteves 1998). Sua distribuicdo na
planicie de inundacdo depende da duracdo da fase aquética e terrestre, da estabilidade fisica
do habitat, que é influenciada pelos processos de sedimentacdo e erosdo, dos processos
sucessionais relacionados com o periodo de vida e idade das plantas, e de impactos humanos
(Junk & Piedade 1997). Por terem um ciclo de vida curto e altas taxas reprodutivas, as
macrofitas aquaticas sdo representativas das condi¢cGes ambientais atuais, diferentemente das
arvores que respondem as mudancas ambientais mais lentamente (Junk & Piedade 1997; Junk
etal. 2011).



O reconhecimento da variabilidade estrutural e funcional no tempo e no espago é de
grande importancia para o estabelecimento de politicas de conservagdo ambiental (Frankham
et al. 2002; Allendorf & Luikart 2007). Pesquisas sobre variabilidade genética com o uso de
marcadores moleculares tém sido amplamente utilizadas em plantas aquéticas consideradas
daninhas como Eichhornia crassipes (Cardoso et al. 2003), Egeria densa, Egeria najas
(Martins et al. 2003; Rodella et al. 2006) e Pistia stratiotes (Cardoso et al. 2005; Cicero et al.
2007). Essa metodologia pode fornecer subsidios para avaliacdo da origem e dispersao de
espeécies nativas ou exoticas, bem como servir como ponto de partida para estudos de manejo
(Martins et al. 2003). Além disso, a ocorréncia de variedades ou ecotipos de macrofitas
aquaticas em funcdo de mudancas ambientais nas planicies inundaveis brasileiras poderia
constituir um indicativo dos efeitos de alteracdes antropicas nestas areas, possibilitando

propor estratégias de conservacao e manejo adequado das espécies e ambientes.

A analise de marcadores moleculares pode contribuir também para a delimitacdo de
espécies (Guichoux et al. 2011; Wang et al. 2011). O género Montrichardia Crueg. inclui
plantas que podem ser encontradas nas areas Umidas da Ameérica Latina (Mayo et al. 1997;
Croat et al. 2005). Atualmente duas espécies sdo reconhecidas no género, Montrichardia
arborescens (L.) Schott e Montrichardia linifera (Arruda) Schott (Croat et al. 2005), havendo
ainda a descricdo da variedade M. arborescens aculeata (G. Mey.) Engl. (Lins 1994) e a
espécie extinta Montrichardia aquatica (Herrera 2008). Alguns estudos utilizando caracteres
morfolégicos de folhas apontam para a definicdo de apenas uma espécie, M. linifera (Silva et
al. 2012), enquanto outros estudos apontam para a separacdo das duas espécies (Mirouze et al.
2012).

A espécie M. linifera ocorre em altas densidades na varzea amazénica, colonizando as
margens de rios e lagos, enquanto M. arborescens tem uma distribuicdo mais esparsa ao longo
dos rios amazoénicos, ocupando o sub-bosque de florestas alagaveis (Lopes & Piedade 2012;
CRIA 2014). Montrichardia arborescens var. aculeata (G.Mey.) Engl. difere de M.
arborescens pelo grande numero de aculeos e é encontrada principalmente em ambientes de
agua salobra, perto da costa brasileira (Lins 1994). Apesar do maior nimero de registros em
herbarios para M. arborescens (CRIA 2014), M. linifera ocupa uma vasta area ao longo do
Rio Amazonas (CRIA 2014).

Apesar da alta diversidade de espécies, das variadas formas de vidas e de sua ampla
distribuicdo geografica, a origem e evolucdo da familia Araceae ainda é pobremente

conhecida. Seu registro fossil é escasso e controverso (Herendeen & Crane 1995). O



desenvolvimento de modelos de nicho ecoldgico pode ser importante para investigar padrées
e processos biogeograficos, possibilitando a previsdo da distribuicdo geografica de espécies a
partir de dados esparsos de ocorréncia (Guisan & Thuiller 2005). Além disso, a modelagem
do nicho ecologico das espécies e dados historicos da biodiversidade tem sido utilizada para

prever a distribuicdo das espécies frente as mudancas climaticas (Siqueira & Peterson 2003).

Os organismos desenvolveram adaptacGes ao longo do processo evolutivo para
enfrentar as modificagcdes ambientais naturais, e esta especificidade de respostas pode também
contribuir negativamente para a sobrevivéncia das espécies em face de desafios agudos, como
os de origem antrdpica (Brauner et al. 1999; Val & Almeida-Val 2004; Lopes et al. 2009).
Nesse sentido, do género Montrichardia foi escolhido para gerar um conjunto de informacdes
sobre as caracteristicas adaptativas e fisiologicas das espécies componentes, de forma a
entender como as modificagdes ambientais interferem sobre esse grupo de plantas de
fundamental importancia para a biota aquatica, contribuindo ainda para a delimitacdo

taxonémica das espécies.
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OBJETIVO GERAL

Determinar como macrofitas aquaticas amazonicas congenéricas respondem a

diferentes desafios ambientais de origem natural e antropica.
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Objetivos Especificos

Modelar a distribuicdo potencial do género Montrichardia. nos Neotrdpicos e analisar a
distribuicdo dos taxons na Bacia Amazonica;

Caracterizar a variacdo morfoldgica e fisiologica entre populagdes de M. arborescens, M.
arborescens var. aculeata e M. linifera submetidas a ambientes com diferentes condig¢fes
nutricionais na Bacia Amazonica;

Caracterizar geneticamente as populacbes de M. arborescens, M. linifera e M.
arborescens var. aculeata na Bacia Amazonica e identificar o grau de diferenciacdo
genética existente entre as espécies do género Montrichardia;

Determinar o efeito da elevacdo de CO, e temperatura na germinacdo, crescimento e

fisiologia de M. arborescens.
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Capitulo 1

Lopes et al. (submetido) Modeling distribution
and ecological niches of Montrichardia Crueg.
(Araceae) in the Neotropics, Aquatic Botany.
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Highlights:

1. Climatic factors influence the distribution of species at a Neotropical scale.

2. Hydrochemical factors influence the distribution of axa at an Amazonian scale.
3. The models were able to predict the presence of congeneric species.

Abstract: Congeneric aquatic plant species may colonize different aquatic ecosystems
in the Amazon through adaptations in growth and reproduction to cope with diverse
environmental challenges. Montrichardia is a Neotropical genus comprised of two species:
M. linifera and M. arborescens, the latter with the variety aculeata. Ecological niche
modeling is an important tool to understand factors controlling specie distribution. The study
of the geographical distribution of the species was based on herbarium data as well as species
sampling in 55 sites across the Amazon Basin in different water bodies, covering an estimated
area of 3.8 million km® The modeling algorithm for maximum entropy distribution —
MAXENT - was used to analyze the distribution patterns in relation to climatic and
environmental factors on a large scale (Neotropics). With comparatively few data and
environmental layers, the model was able to predict whit high accuracy the occurrence of
these congeneric species. At the large scale M. arborescens showed a wide distribution
occurring in Central America and the Amazon Basin while M. linifera seems to be restricted
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to the Guyana Shield and Andean regions. At the regional scale (Amazon basin),
hydrochemical factors such as the type of water (black or white) appear to influence the
distribution of both species. The ecological niche of the species showed that M. linifera has a

potential for wider distribution than M. arborescens, especially within the Amazonian Basin.

Key-words: Wetlands, Araceae, aquatic macrophytes, Maxent.

Introduction

The geographical distribution of plants is often limited by climatic factors, competition
between species and geographical barriers preventing migrations (Sculthorpe, 1967;
Woodward & Williams, 1987; Woodward, 1988; Santamaria, 2002). When species are next to
their tolerance range of environmental factors they only survive, restraining the body from
fully reaching its biotic potential, and decreasing growth rates (Kasuga et al., 1999; Camargo
et al., 2003; Wang et al., 2003). Geographical barriers also inhibit gene flow by preventing
the exchange of gametes and interrupting the events of dispersal, thus hampering the
interaction between populations and the colonization of new areas (Martins, 1987). Despite
the major barriers separating water bodies, only about 39% of the genera of aquatic
macrophytes have a endemic distribution in one biogeography region, although endemism

rates can be elevated in some specific areas (Chambers et al., 2008).

Environmental changes influence the distribution of aquatic plants over time, since the
occurrence of a species is not only associated with the current environmental characteristics,
but also with the events of mobility, exclusion and admission of populations that occurred in
response to changes in physical and edaphic factors along geological time (Sculthorpe, 1967).
The classical models of distribution and development of aquatic vegetation are usually based
on physiological relationships between plants and environmental conditions (such as light,
temperature, nutrient availability, pH, alkalinity, salinity, water velocity and water-level
variation) and on the tolerance and ability to grow under different environmental conditions
(Madsen et al., 1998; Riis et al., 2000; Murphy, 2002; Barendregt & Bio, 2003; Neiff &
Neiff, 2003, Henry-Silva & Camargo, 2005; Cancian et al., 2009). The historical factors that
influenced the current distribution pattern of aquatic macrophytes are rarely considered.

Some organisms in Amazon Basin have their distribution restricted to water types
(Junk et al., 2000, Lima & Araujo-Lima, 2004, Piedade et al., 2010, Lopes et al., 2011),

differentiated as black, white and clear water according to the geology of the drainage basin
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(Sioli, 1968). This classification is a simple categorization of water types, because the water
color can be easily related to its physicochemical characteristics (Sioli, 1968; Furch, 2000;
Junk et al., 2011). White-water rivers drain Andean and pre-Andean terrains originating from
lake and estuary sediments of the Tertiary and Pleistocene periods and thus they are rich in
dissolved minerals (Furch & Junk, 1997). Intense erosion and depositional processes result in
high loads of suspended matter being transported, resulting in a floodplain with a muddy
colored water (varzea). The floodplain with no suspended material of clear and black water
rivers (igapds) drain the Precambrian and Paleozoic formations of the Brazilian and Guiana
shields (Furch & Junk, 1997). The black water rivers are originated from lowland regions
with bleached sandy soil, the end product of weathering (Mounier et al., 1998) and are
characterized by high level of dissolved humic substances, low pH (acidic waters) and low
suspended particulate matter concentration. The clear water rivers are characterized by a high
phytoplankton production, comparable to that in the varzea lakes (Richey et al., 1990; Junk,
1997). Both white and clear waters have more aquatic plants and floating meadows than black
waters (Piedade et al., 2010). There are few species of aquatic macrophytes occurring in igap6
floodplains, the Cyperaceae, Poacea, Maranthaceae and Araceae are the families more
common in igapd of Negro River (Piedade et al., 2010, Lopes et al., 2014).

The origin and evolution of the Araceae family is still poorly known (Nauheimer et
al., 2012), despite its high diversity of species (about 3.790 species), varied forms of life
(lianas, epiphytes and herbaceous) and widespread geographic distribution, occurring in sub-
tropical, tropical and temperate climates (Watson & Dallwitz, 1992, Boyce & Croat, 2011).
Their fossil records are sparse and controversial (Herendeen et al., 1992). Montrichardia is
exclusively Neotropical (Mayo, 1997) and contains only two species of aquatic macrophytes,
M. linifera and M. arborescens, both known popularly as Aroid Marsh and in Brazil as
“Aninga”. Populations of both species occur in the Amazon Basin, often forming
monospecific stands. M. linifera occurs with high densities in the Amazonian vérzea,
colonizing the edges of rivers and lakes, while M. arborescens occurs mainly in igapo,
fringing the understory of floodplain forests (Lopes & Piedade., 2012; CRIA, 2014).
Montrichardia arborescens var. aculeata (G.Mey.) Engl. differs from M. arborescens by the
large number of prickles and is mostly found in brackish environments (Lins, 1994).

The causes of the niche separation of these three taxa have not yet been explained.
However, since as a general pattern the effect of climatic and physical factors (as temperature,
rainfall, elevation, geology, vegetation, inferring geographical regions), at certain scales affect

the distributions of species (Soberdn & Peterson, 2005). The development of ecological niche
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modeling is an important tool to investigate biogeographic patterns, allowing the prediction of
geographic distribution of species from sparse occurrence data (Guisan & Thuiller, 2005).
Moreover, modeling the ecological niche of species and biodiversity historical data has been
used to predict the distribution of species in face of future climate change (Siqueira &
Peterson, 2003; Pearson & Dawson, 2003; Thomas et al., 2004).

In this study we infer about the patterns of geographic distribution of the three
Montrichardia taxa and estimate the ecological niche of two species, aiming of test if the
species’ distribution responds either to Neotropical climatic factors or to local environmental
factors. Montrichardia was chosen to test the accuracy of modeling techniques in order to
elucidate how its two congeneric species with differential distribution over the Amazon basin
respond to the same environmental variables. Moreover, this analyses permit to test if the
number of records is a good indicator of the niche size. Our hypothesis is that despite the
larger number of records of M. arborescens, M. linifera has a fundamentally wider ecological
niche than M. arborescens, because the former species has been detected in a much smaller
geographical range (CRIA, 2014).

Material and methods

Two data sets were analyzed (Fig. 1): A) To analyze the influence of local
environmental in three taxa distribution we performed field sampling in a total of 55 different
sites distributed over an area of 3.8 million km? within the Amazon Basin (Fig. 2). B) To
make the Maxent model we used georeferenced data gathered from herbarium material of
registered sites in the CRIA (2014, appendix 1) and MOBOT (2014), in a total of 170 records
for Montrichardia arborescens (MA) and 93 records for M. linifera (ML). As Montrichardia
arborescens var. aculeata (MAA) variety is not recognized by the herbarium, it was not

considered for analysis of distribution patterns using data from herbarium.
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Fig. 1. Flowchart of the analysis of data from herbarium and field sample. MA =

Montrichardia arborescens; ML = M. linifera and MAA = Montrichardia arborescens var.
aculeata.

Field Sampling

Field observations were carried out on expeditions to different water bodies in the
Brazilian Amazon during the period of 2009-2012 (Fig. 2), including the localities in Porto
Velho Roraima State, Jurud Amazonas State, Manaus Amazonas State, Barcarena Para State,
Solimbes Rives in Tabatinga Amazonas State, Boa Vista Raraima State; Anavilhanas
Archipelago Amazonas State, Praia Grande Amazonas State; Agua Boa do Univini Amazonas
State, Barcelos Amazonas State, Jari Amapa State, ParG Amapa State, Tapajos Para State,
Salinopolis Para State. The study covered as well the three major Amazonian water types, the
white, black and clear water at lakes and rivers (Table 1).
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Table 1 — Number of occurrence of each Montrichardia specie; Water bodies and water types

where samplings were performed in situ. MA = Montrichardia arborescens; MAA =

Montrichardia arborescens var. aculeata; ML = Montrichardia linifera

Water bodies Water Type taxa
MA MAA ML
Rivers clear 1 4 8
black 10
white 1 6 7
Lakes clear 1 4
black 4
white 3 6
Total 20 10 25
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Fig. 2 Sample area of the Montrichardia linifera, Montrichardia arborescens and

Montrichardia arborescens var. aculeata, highlight the Amazon Basin in Brazil's territory.
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Analyses of field data

In the field, each population was georeferenced and population density estimated by
counting all stems in one 2x2 m quadrate established. The physical and chemical data of the
water (pH, electric conductivity, percentage of oxygen, Secchi depth and water column depth)
were measured with portable devices (WTW, model pH 315i; WTW, model cond 315i and
WTW, model oxi 325, respectively). The maximum flood level in the plot was estimated by
measuring the watermark of the last high water period on the nearest tree to the sample area.
The relationship between the presence of the species and the physical and chemical
parameters was analyzed with logistical regression.

Following Mayo (1997), the two species of Montrichardia can be easily recognized in
the field by the difference in the amount of secondary apical veins. M. linifera (ML) dispose
of 6 to 9 veins (Fig. 3a), whereas M. arborescens (MA) has 3 to 5 veins (Fig. 3b), while the
variety M. arborescens var. aculeata (MAA) is distinguished by the large number of prickles

on the stem (Fig.3c) while the two other taxa have less prickles in the stem.

Fig. 3 Leaves and stem of Montrichardia genus differentiated by the number of secondary
apical veins and the prickles in the stem. a) Montrichardia linifera, b) Montrichardia

arborescens and c¢) Montrichardia arborescens var. aculeata.

The species distribution was performed using Arc GIS 10.0 Software. The distribution
pattern of each taxa population in the Amazonian Basin was analyzed using Ripley's K
function with 1000 permutations of all sampled populations (Ripley, 1981). The function K(t)
is defined as the expected number of individual populations within a distance t of a randomly
chosen individual. Under the null hypothesis of complete spatial randomness, i.e., a Poisson

process, the expected value of K(t)=nt®>. Edge effects are corrected by the method described
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by Diggle (1983) and ter Braak (1980). The resulting estimates of K(t) were transformed to
K*(t) = V[K(t)/n]-t. This transformation stabilizes the sampling variances of the estimates [see
Besag in the discussion of Ripley (1977)] and gives a function whose expectation under the
null hypothesis is zero for all distances t. Negative values of K*(t) indicate a regular pattern
and positive values an aggregated pattern. A plot of K*(t) against t therefore reveals spatial
pattern at various scales. Statistical analyzes were performed using the R 3.0.1 Software.
Direct ordination of presence/ausence of taxa to environmental gradients was also made in

Comunidata 1.6 Software.

Analyses of herbarium data

To model the potential distribution and niche of Montrichardia species in the
Neotropics we used the Maximum Entropy Method (MAXENT) general purpose machine
learning method, which has been adapted and developed as a software (MaxEnt) for species
distribution modeling (Phillips et al., 2006) and identified as one of the most accurate
methods for species niche modeling (Elith et al., 2006). From small nhumbers of occurrence
records MAXENT was better than others algorithms like GARP (Genetic Algorithm for Rule
Set Production) when sample sizes were experimentally reduced to less than 10 presence-
records (Pearson et al., 2007). MaxEnt version 3.3.3k was used to perform the analysis
(http://www.cs.princeton.edu/~schapire/MaxEnt/). The method combines biological data of
species occurrence (presence-only data) with environmental characteristics (e.g., GIS layers
with a grid of values for the geographic area considered; table 02) to estimate the probability
of distribution of maximum entropy (i.e., closest to uniform), subject to the set of constraints
provided (i.e., environmental characteristics where the species occurs) (Phillips et al., 2006).
For each species, 30% of samples were used for the validation of the model. All other settings
were set as default as they perform well and are robust for a large range dataset.

Fifteen environmental variables were used with a resolution of 1 km, extracted of
public data bases (Table 02). Variables were used individually and in several combinations in
the search for the best MAXENT model with the lowest number of variables for the species to
be tested. All models were made using 1000 permutations.

The performance of models was assessed using three methods: (i) the area under curve
(AUC) of the receiver-operating characteristic (ROC) (ii) the jackknife validation method (iii)
and by plotting our collected occurrence data in the model. In addition, results were
interpreted in accordance with ecological knowledge of the studied species (see chapters 2, 3
and 4).
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The AUC of ROC is obtained by plotting sensitivity (proportion of correct prediction
true-positive, or absence of omission) and 1-specificity (proportion of false predicted presence
- false-positive or commission error) for all possible thresholds of probability (threshold
independent evaluation). In presence-only models, the AUC value represents the probability
that the model scores a presence site (test locality) higher than a random background site
(Phillips et al., 2006). The value ranges from 0.5 to 1-a/2, where a is the fraction of pixels
covered by the species’ distribution that remains unknown (Phillips et al., 2006). An AUC
value closer to 1 indicates that the model predicts better than a random model, while a value

of 0.5 indicates that the prediction is worse than random (Phillips et al., 2006).

Table 2 — Bioclimatic variables used to development of MAXENT models.

Variable Base Site
aspect, elevation, accumulation flux,  Hidro 1K https://Ita.cr.usgs.gov/HYDRO1K
direct flux, inclination
Digital soil map (dominant soil, WaterBase http://www.waterbase.org/download
covering 40 % of the mapping unit; data.html

refers to the soil components

described on the back of the map;

associated soils; texture classes of

the dominant soil; slope classes of

the dominant soil.

Wetlands (lakes, rivers and artificial WWF http://worldwildlife.org/publications/

waters body) alobal-lakes-and-wetlands-database-

lakes-and-wetlands-grid-level-3

Global vegetation index-EVI EOS-EarthData http://eos-earthdata.sr.unh.edu
hottest temperature, cooler CIAT - SuthAmerica http://openmodeller.sourceforge.net/i
temperature, driest temperature, ndex.html

average temperature, total rainfall,

rainfall of hottest and cooler months

Results and Discussion

The K Ripley’s index showed an aggregated pattern of distribution of the sampled
populations in the Amazon for M. arborescens to 1km and M. arborescens var. aculeata


https://lta.cr.usgs.gov/HYDRO1K
http://www.waterbase.org/download_data.html
http://www.waterbase.org/download_data.html
http://worldwildlife.org/publications/global-lakes-and-wetlands-database-lakes-and-wetlands-grid-level-3
http://worldwildlife.org/publications/global-lakes-and-wetlands-database-lakes-and-wetlands-grid-level-3
http://worldwildlife.org/publications/global-lakes-and-wetlands-database-lakes-and-wetlands-grid-level-3
http://eos-earthdata.sr.unh.edu/
http://openmodeller.sourceforge.net/index.html
http://openmodeller.sourceforge.net/index.html
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aggregated to 5Km. At approximately 10 km M. linifera and M. arborescens showed a
random pattern of distribution. At large distances M. arborescens and M. linifera showed a
uniform pattern and M. arborescens var. aculeata a random pattern of distribution of (Fig. 4).
ML populations are located in open areas along rivers and lakes (Lopes & Piedade, 2012) and
the stems in the plots are more aggregated than those of MA, the latter being more sparsely
distributed on the floodplain (Lopes & Piedade, 2012). Matteucci & Colma (1982) argue that
species tend to have an aggregate distribution in the establishment of populations, tending to
an uniform and random distribution in the course of succession. The Montrichardia species,
although reproducing by seeds, have a rather intense resprouting by rhizomes, a mechanism
that can lead to dispersal of species within shorter distances, causing the aggregation (Stoyan
& Penttinem, 2000).
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Fig. 4 Ripley's K function (estimated L) for: a) M. arborescens, b) M. linifera c) M.
arborescens var. aculeata in the Amazon Basin.
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Montrchandia linifera does not occur along the black rivers (Table 1; Fig. 5) and is
likely to be limited to environments with high nutrient availability, were it forms large
monospecific stands in rivers and lakes (Table 3). The analysis of M. arborescens field data
showed that the species occurs preferentially along the margin of black rivers and lakes, and
is also found in lower densities in varzea floodplains (Table 1 and 3). The occurrence of M.
arborescens in the Brazilian part of the Amazon seems to be related to black and clear-water
lowland rivers and upland streams, although some records for the Amazon River are available
in herbaria (Fig. 1). This species demonstrates ability to colonize environments with distinct
abiotic characteristics and low amount of nutrients (Lopes & Piedade, 2012), which explains
its distribution along clear and black waters. The MAA variety was found only in Roraima
(Cauamé River), Amapa (Paru River) and Pard (Piramonha River), occurring only in white
and clear-water rivers (Fig. 2; Table 3). We argue that this variety might be a hybrid of MA

and ML. Genetic test needs to be performed to confirm this hypothesis (see Chapeter 3).

Table 3 — Water types and water bodies were collected Montrichardia spp. In Amazon Basin

White Black Clear
Rivers 14 10 13
Lakes 10 4 4
Total 24 14 17

The species are also distributed in accordance to water pH, from acid to neutral,
following the sequence MA (AUC = 0.92; p <0.0001), MAA (AUC = 0.53; p =0.52), and ML
(AUC =0.87; p <0.0001) (Fig. 5a); the same pattern was observed for electrical conductivity:
MA (AUC = 0.89; p <0.0001), MAA (AUC = 0.41; p =0.47), ML (AUC = 0.80; p <0.0001)
(Fig. 5¢) and water transparency, following the sequence ML (AUC = 0.70; p=0.04), MAA
(AUC =0.60; p=0.12), MA (AUC = 0.77; p =0.002) (Fig. 5b). Only MAA was not distributed
according to any environmental parameter tested. Electrical conductivity, water transparency
(Secchi depth) and pH are strongly related to the classification of the water types according to
water color, white, black and clear (Sioli, 1968), and these variables are deeply related with
nutrient concentration (Junk & Furch 1980). Furthermore, the pattern of Montrichardia
species distribution is better related to water properties (Lopes et al., 2011). Other local

environmental variables tested (percentage of oxygen, water column depth and the maximum
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flood level in the plot) were not related to species distribution (p>0.05). The distribution

patter showed the segregation of the species on pH gradient (Fig. 5c).
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electric conductivity, b) pH, c) water transparency (Secchi depth). MA= M. arborescens,

ML= M. linifera, MAA= M. arborescens var. aculeata.

The actual distribution of M. linifera derived from herbarium data was concentrated in
the region of the Guyana Shield and Andean region following the eastwards course of the
Amazon River up to its mouth and southwards from the Amazon delta to the State of Espirito
Santo in SE-Brazil (Fig. 6). The species shows a phenotypic plasticity occurring either as

fixed to the substrate or forming floating islands, called “Matupés” in the Northern region of
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Brazil (Junk & Piedade, 1997). M. arborescens showed a wider distribution in the Amazon

region and Central America.

worsd @ Montichardia arbore s
- {
@ Montrichardia linifera =y =
== 0 850 1,700 ™™ 3400 Km
1 L 1 ' 1 1

T T T =0 ~T T 7 )
oo oW mroew 2 roTW

Fig. 6 Distribution of tMontrichardia genus according to the records of consulted herbarium

(list at the appendix 1).

Several MAXET models predicted the potential habitat for MA and ML with great
success, as indicated by low rates of omissions and statistical significance (Table 4). The
same models showing high AUC for MA presented high AUC for ML as well (Table 2);
therefore two models with higher values of AUC were chosen to be presented in detail (Fig.
7). The Jacknife test showed that the variables altitude, total precipitation (rain_tot) and
temperature of the driest month (temp_dry) were the most important variables for modeling

the two species (Fig. 8, Table 4). Temperature is one of the most important climatic factors
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affecting the range of distribution of many aquatic and wetland plant species (Sculthorpe,
1967; Santamaria, 2002; Bornette & Puijalon, 2011). It affects plant physiology, including the
germination of seeds and the periodicity and rate of seasonal growth (Short & Neckles, 1999).
In the Amazon Basin, temperature and precipitation are principal factors in which climate
models predict changes during the next 100 years, driven by increases in atmospheric CO;
concentrations (Houghton et al., 2001, Stocker, 2013). For example, some climate models
predict an increase in temperatures by up to 1.5 to 7°C coupled with a possible reduction in
precipitation by 10% to 20% in east and south Amazon (Houghton et al., 2001; IPCC, 2013).

The variables soil and EVI (Global vegetation index) commonly used to predict the
distribution of species (Brown, 1994) had little importance in the present modeling, but
remained in the final models to refine the forecast area of species occurrence. Including a
layer of wetlands with rivers, lakes and other types of water bodies would probably lead to a
better definition of the ecological niche of the two species, but as layer scales are below
values of size found in the literature for Brazilian wetlands (Junk et al., 2014), this layer was

not considered in the final model.

The maps with the averages of the MAXENT models show that MA has a Neotropical
distribution, the Central part of the Amazon and the coastal region of Brazil being preferential
areas of species occurrence (Fig. 7a and c). On the other hand, ML has a fairly wide
distribution in Central and South America, which is notably similar between different models,
independent of different environmental layers (Fig. 7b and d). The models made with
herbarium data also showed a good prediction of species occurrence, confirmed by checking
in the field (Fig. 7a and b). Where the model predicted areas with high possibilities of
occurrence of MA, its presence was confirmed in the field; while results in areas with median
predictability of occurrence, the presence of congeneric species was frequently observed in
the field (Fig. 7a). The same pattern was found for ML, although for this species the
occurrence of congeneric species also occurred in areas with high predictability of ML

occurrence, since its ecological niche was more widespread than that of MA (Fig. 7 b).
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Fig. 7 Ecological niche modeling with field data (not used in the model): a) for Montrichardia

arborescens and b) for Montrichardia linifera; and with data from herbarium specimens (used

for making the models): c¢) for Montrichardia arborescens and d) for Montrichardia linifera.

Table 4. Models for each of the tested species (MA and ML) and their AUC (area under the
curve). *p <0,0001. Where; alt (altitude), rain_tot (rain total), soil (map of soil), veg2002

(Global Vegetation Index, 2002), temp_dry (temperature of the driest month). **see Table 2

Variables

AUC (median)

MA ML

alt,rain_tot,soil, veg2002
alt, temp_dry, rain_tot, soil, veg2002
All variables** (15)

0.923*
0.922*
0.904*

0.848*
0.842*
0.863*
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The models for Montrichardia spp. showed high predictability even being elaborated
with few records (93 to ML and 170 to MA). As inventories of aquatic macrophytes are still
poor and sparse in the Amazon Basin (Piedade et al., 2010), the possibility of niche modeling
of species with few data opens huge potential for interpretation for biogeography. Moreover,
with just few independent variables (3-4) it was possible to develop robust models, which
may be of advantage in remote areas such as the Amazon, where environmental data are still
scarce. Potential distribution maps of species could be used in management plans, to discover

new populations and to select priority areas for conservation (Kumar & Stohlgren, 2009).
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Fig. 8 Results of Jacknife evaluations of the relative importance of predictor variables for: a)
M. arborescens b) M. linifera in the Maxent model. ), alt = altitude, rain_tot = rain total, solo

= map of soil, veg 2002 = Global Vegetation Index, 2002.
Conclusions

Climatic factors influence the distribution of Montrichardia spp. at the Neotropical
scale. Both species showed a preference to environments with high values of temperature and
precipitation. In a more refined analysis hydrochemical factors seem to influence the
distribution of Montrichardia species at a regional scale (Amazonia). While M. linifera occurs
more often in white water rivers, M. arborescens occur in black-water rivers and upland

streams.
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Montrichardia linifera showed a greater potential ecological niche than M.
arborescens in accordance with our hypothesis. The models calibrated with few data and
environmental layers were able to predict well the presence of species and the occurrence of

congeneric species.
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Appendix 1
List of Herbarium consulted to determine the distribution of species (CRIA, 2014).
1. ASE - Herbério da Universidade Federal de Sergipe
2. BOTU - Herbario "Irina Delanova Gemtchujnicov"
3. CPMA - Colecdo de plantas medicinais e aromaticas
4. EAC - Herbario Prisco Bezerra
5. EAN - Herbério Jaime Coelho de Moraes
6. ESA - Herbério da Escola Superior de Agricultura Luiz de Queiroz
7. FUEL - Herbério da Universidade Estadual de Londrina
8. FURB - Herbario Dr. Roberto Miguel Klein
9. HISA - Herbario de llha Solteira
10. HRCB - Herbério Rioclarense
11. HSJRP - Herbério de S&o José do Rio Preto
12. HST - Herbério Sérgio Tavares
13. HTSA - Herbério do Tropico Semi-Arido
14. HUEM - Herbéario UEM
15. HUMC - Herbario Mogiense
16. HUPG - Herbario da Universidade Estadual de Ponta Grossa
17. 1AC - Herbario do Instituto Agrondmico de Campinas
18. INPA-Herbario - Herbario
19. IPA - Herbario - IPA Dardano de Andrade Lima
20. JBRJ_RB - Herbario Dimitri Sucre Benjamin

21. JPB - Herbario Lauro Pires Xavier



22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

MAC - Herbario do Instituto do Meio Ambiente do Estado de Alagoas
MBM - Herbério do Museu Botanico Municipal

MBML-Herbario - Herbério

MOBOT_BR - Missouri Botanical Garden - Brazilian records
MOSS - Herbario Dardano de Andrade Lima

NYBG_BR - The New York Botanical Garden - Brazilian records
PEUFR - Herbério Professor VVasconcelos Sobrinho

SPF - Herbério do Departamento de Botanica, SPF-1B/USP

SPSF - Herbario Dom Bento Pickel

TEPB - Herbério Graziela Barroso

UEC - Herbério da Universidade Estadual de Campinas

UFP - Herbério UFP - Geraldo Mariz

UFRN - Herbério UFRN

UPCB - Herbario do Departamento de Botéanica

URM - Herbario Pe. Camille Torrand

. VIES - Herbério Central da Universidade Federal do Espirito Santo VIES

37
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Abstract

Montrichardia is an exclusively Neotropical genus which is widely distributed and
well adapted to Amazonian floodplains. Two species [M. linifera (ML) and M. arborescens
(MA)] and one variety [M. arborescens var. aculeata (MAA)] are described, although some
authors support that they belong to a single species characterized by high plasticity. This
study aimed to determine if analyses of densities (stem/m?), morphology, physiology and
biomass of 55 populations of Montrichardia growing in rivers with different water properties
in the Amazon Basin can help in discriminating the taxa. Our sampling was made along a
gradient of declining soil fertility from Western to Eastern Amazonia spanning more than
2,500 km along the Amazon River. Our results show that local phenotypic variations such as
plant height, number of veins, and other morphological and physiological traits allowed the
separation of the two species and one variety of Montrichardia. The discriminant analysis
[DAB (diameter at the base), height, length-internodes] allowed separation of the species ML
and MA, with MAA as a subset of MA. The density distribution of Montrichardia taxa
proved to be more influenced by the type of water of the floodplains than the soil fertility
gradient.

Key-words: Aquatic macrophytes; biomass; phenotypic plasticity; Amazon floodplains.
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Introduction

The classic models of distribution and development of aquatic vegetation are usually
based on physiological relationships between plants and environmental conditions and the
tolerance and ability of the species to grow in different conditions (Barendregt & Bio, 2003).
The growth patterns of these plants are mainly related to abiotic parameters such as light,
temperature, nutrient availability, pH, alkalinity, salinity, stream velocity, water level
variation and ecological processes, together with biotic variables acting on individuals (Riis et
al., 2000; Murphy, 2002; Henry-Silva & Camargo, 2005; Madsen et al., 1998; Barendregt &
Bio, 2003; Neiff & Neiff, 2003). Morphological adaptations include changes in body size,
biomass allocation and physiology (Lytle & Poff, 2004). The nature of physiological
adaptations can vary greatly among species, according to the genetic load and the availability
of environmental resources. The direct influence of the parameters responsible for the daily
carbon uptake, as the photosynthetic capacity and quantum efficiency, absorption and use of
nutrients from the soil, ultimately influence the primary metabolism of plants (Pimenta, et al.,
1998; Parolin, 2001; De Simone et al., 2002).

All species growing in the Amazon floodplains are subjected to the natural and
predictable hydrological changes (Junk et al., 1989), and are highly adapted to them through
physiological, morphological and phenological adaptations (Parolin et al., 2004; Parolin,
2009). Nevertheless, even highly adapted species in these environments may reduce growth
rates for some weeks per year owing to abnormal dry periods or extended flooding (Pezeshki,
2001; Parolin et al., 2010), or when growing in limiting conditions i.e. low mineral contents.
Thus, the study of the morphological and ecophysiological behavior of plant species
colonizing different floodplain ecosystems is an important tool for understanding the potential
effects of environmental changes in these extreme ecosystems which alternate drought and

flood phases.

Studies of geographical variability in floristic composition, species diversity and
abundance of trees within the Amazon are quite plentiful and based on correlation between
floristic parameters at different sites and on environmental variables, such as precipitation and
soil fertility (Whitmore, 1975; Gentry, 1988; Leigh, 1999; Ter Steege et al., 2000; Ter Steege
et al., 2003, Ter Steege et al., 2013, Pitman et al., 2002, Wittmann et al., 2006). Historical and
evolutionary interpretations are used to explain the division of Amazonia into
phytogeographical provinces or regions (Mori, 1991; Prance, 1994; de Oliveira & Daly, 1999;

Wittmann et al., 2006). On the other hand, studies of patterns of abundance and diversity of
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aquatic macrophytes in the Amazon Basin are punctual, in rivers or lakes, and so far there is
no distribution pattern for the aquatic macrophytes community (Piedade et al., 2010), or even
for some of their species in the Amazon Basin. However, it is known that under favorable
conditions of nutrients, aquatic herbaceous plants may have high growth rates and
productivity (Piedade et al., 1991; Junk & Piedade, 1997). Furthermore, other factors may
influence growth patterns, such as light, temperature, pH, alkalinity, salinity, competition and
flow velocity (Lacoul & Freedman, 2006, Junk & Piedade, 1997). The differences in the
characteristics of floodplains, such as nutrient concentration and pH can affect the occurrence

and growth of the aquatic herbaceous plants (Piedade et al., 2010).

The aquatic vegetation is intimately related to the water bodies that may differ in water
properties according to the geology of the catchment area along the Amazon Basin. Since
species of aquatic macrophytes may inhabit fertile white water river floodplains (varzea), and
also unfertile and acidic black and clear water river floodplains (igap06) (Sioli, 1954), a
question arises: does the distribution of aquatic macrophytes in the Amazon Basin relate to
the properties of the river water such as acidity and light penetration, or does it follow the
West-East gradient of declining fertility described also for the upland forests of Amazonia
(Ter Steege et al., 2006)?

To answer this question we selected the exclusively Neotropical genus Montrichardia,
widely distributed in the Amazonian floodplains of different water properties. Some authors
claim that the genus is composed by a single species with high plasticity (Silva et al., 2012)
and others that there are two species [M. linifera (ML) and M. arborescens (MA)] and one
variety [M. arborescens var. aculeata (MAA)] (Lins, 1994). We analyzed the distribution,
densities (stem/m?), biomass, morphological and physiological traits and their plasticity in
populations distributed in a variety of water bodies along the Amazon Basin. Based on our
analyses of several morphological and ecophysiological variables of the genus Montrichardia
we hypothesize that Montrichardia species are distributed according to physical and chemical
variables, and that analysis of densities, morphology, physiology and biomass of individuals
can help in discriminating the species. Moreover, it is expected that the densities of all the
taxa decreases eastwards, from Tabatinga (Western Amazon), to the mouth of the Amazon
River (Eastern Amazon) according to the longitudinal gradient of soil fertility described by
Quesada et al. (2010).
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Materials and Methods

1. Study sites

Sampling was conducted between the years 2010 and 2012 in 55 sites in the Brazilian
Amazon Basin with distinct environmental conditions, in order to contemplate the
longitudinal gradient from the Brazilian Amazon (Table 1; Fig. 1). The majority of sampling
was made in the terrestrial phase, except Acara River and Cuiuni River both tributaries of

Negro River, where samplings were taking in aquatic faze.

Table 1 — Water types and water bodies were collected Montrichardia spp. in the Brazilian

Amazon Basin.

White Black Clear

Rivers 14 10 13
Lakes 10 4 4
Total 24 14 17

At each sampling point, the depth of the water column where the aquatic macrophytes
occurred was measured and the level of maximum flooding of the area was recorded by
measuring the marks left by the last flood on the tree stems, accord the methodology proposal
by Junk (1989), (see more details in Wittmann & Parolin,1999; Schongart et al., 2005). Water
pH, water temperature (WTW, model pH 315i) and electrical conductivity (WTW, Cond 315i
model) were measured in situ. Soil samples (20 cm of deep) were obtained in each point for
pH, granulometry a macronutrient (P, Na, Ca, Mg, Al) determination in laboratory. Soil
analyses were made in Embrapa Amazonia Ocidental and used the Embrapa standard methods
(Embrapa, 1997).



43

10°0'0'N - w [=10°00'N

~0°0'0

10°0'0"S+ [=10'00'S

29951 @ Montrichardia linifera [0S

@ Montrichardia arbgrescens

(_  Montrichardia arborescen

Fig. 1. Distribution of plots in the Amazon Basin. MA = Montrichardia arborescens, MAA
= Montrichardia arborescens var. aculeata, ML = Montrichardia linifera. CA= Central
Amazonia, EA = Eastern Amazon, WA = Western AmazonWhite water: lakes: Porto Velho-
RO (3), Jurua-AM (2), Manaus-AM (3), Para (2); river: Jurua-AM (2), Barcarena—PA (6),
Solimdes - Tabatinga—AM (3), Boa Vista-RR (3); Black water: lakes: Anavilhanas-AM (1),
Praia Grande-AM (3); rivers: Agua Boa do Univini—-AM (1), Barcelos-AM (6), Boa Vista—RR
(3); Clear water: lakes: Boa Vista—RR (3), river: Jari-AP (6), Paru-AP (4), Tapajos—PA (2),
Salindpolis—PA (1). Between parentheses are the samples numbers per site.

2. Species:

Populations of Aninga, i.e. Montrichardia arborescens (L.) Schott (MA),
Montrichardia linifera (Arr.) Schott (ML) and M. arborescens var. aculeata (G.Mey.) Engl
(MAA) occurs along the rivers of the Amazon Basin, forming monospecific stands. M.
linifera has been recorded more frequently in the coastal zone, while M. arborescens has a
wider distribution within forested areas (CRIA, 2014). However, they can also be found in
high densities in Central America and in isolated spots in Minas Gerais State and Bahia State
(Brazil). In the Amazon region they may be found in nutritionally rich environments, such as

white water Rivers, but also in poor environments, such as the black water rivers, and
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brackish environments in the estuary of the Amazon River (CRIA, 2014). Collections were
made in each sampling point, and populations of MA and ML were separated in the field by
the number of secondary veins only, 2 to 4 for MA and MAA, 5 to 12 for ML (Mayo, 1997).
MAA differs from MA by the large number of prickles and is mostly found in brackish
environments (Lins, 1994) (Fig. 2).

Fig. 2. Leaves and stem of the genus Montrichardia differentiated by the number of
secondary apical veins and by the number of prickles in stem. ML = Montrichardia linifera,

MA = Montrichardia arborescens e MAA= Montrichardia arborescens var. aculeata.
3. Sampling design
3.1. Morphological parameters, stem density and biomass estimation

To estimate the density of species in each site, local populations were sampled. Local
populations were defined on the basis of the grouping of stems, where a plot of 2x2 m was
established. Each selected population had a minimum distance of 500 m from another
population (Fig. 1). Measurements of height, DAB (diameter at the base), number of leaves
by stem and length of internodes by stem were made in each plot. The population density of
every site was calculated by counting the stems within the plot. The leaf biomass was
estimated by calibration curve made by a correlation between leaf number and leaf dry weight
of 10 plants of the Anavilhanas population for MA and Jurua population of ML. The stem
biomass was estimated by calibration curve made by a correlation between the DAB and the
stem dry weight of 10 stems with the same population above described. The material was

properly packaged and transported to the Project MAUA - INPA / Max-Planck (Manaus-
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AM), where it was dried in oven (Heraeus & Memmert) with forced ventilation at 75 ° C until

constant weight. The collected plants were deposited at the Herbarium of INPA.

For stomata counting, the modeling technique with quick drying glue was used in the
middle third of the abaxial and adaxial side of the leaves. Stomata density was determined by
counting the stomata located in an area of 0.864 mm? with an optical microscope with 20x of
magnification. For each species at each site, mature leaves of ten plants were collected for
measurement of specific leaf area (SLA). An area of 1.4 cm x 1.0 cm was cut from each sheet
and packed in field into paper bag with silica gel. In the laboratory sheets were dried in oven
with forced ventilation (Heraeus e Memmert) at 75°C until constant weight, and subsequently

weighted. SLA was calculated as follows; SLA = leaf area/dry mass (cm®.g™).

3.2. Physiological parameters

In each local population, ten individuals were sampled for physiological
measurements. We determined the quantum efficiency of PSII and the concentration of
chloroplastid pigments. Data were collected between 9:00 am and 11:00 am in fully expanded
leaves which seemed visually healthy. The ‘current photochemical capacity’ of PSII (Bolhar-
Nordenkampf & Oquist, 1993) or ‘intrinsic efficiency’ (Maxwell and Johnson, 2000) was
assessed with a Mini-PAM (Walz, Effeltrich, Germany). The maximal photochemical yield
(Y=Fv/Fm) was measured in dark-adapted leaves (10 minutes), when a saturation pulse
induces maximal fluorescence yield (Fm) and maximal variable fluorescence (Fv), which are
considered as reliable measures of the potential quantum yield of Photosystem IlI. In dark-
adapted leaves (all reaction centers of the electron transport chain oxidized) Fv/Fm is a
parameter for measuring the maximum relative electron transport rate of PSIl (Krause &
Weis, 1991). Healthy leaves usually show Fv/Fm values between 0.66 and 0.80, lower values
indicating intracellular or physiological changes (calculated according to Bolhar-
Nordenkampf & Gétzl, 1992, for several common floodplain species in Waldhoff et al.,
2000). The concentration of chloroplastid pigments, chlorophyll a (Chl a), chlorophyll b (Chl
b) and total chlorophyll were established with a portable meter (ClorofiLOG 1030, CFL). The
ClorofiLOG analyzes three bands of light and allows obtaining indexes of dimensionless
chlorophyll content, which should be related to the actual concentration of chlorophyll
extracted from the leaves. To verify these relationship 22 leaf discs of 9 mm diameter of each

species were collected. The discs were placed in graduated centrifuge tubes containing 10 ml
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of extraction solution (80% acetone) and kept for 72 h. The pigment extract was subjected to
absorbance in a spectrophotometer (Uvikon 930) at the wavelengths of 663 nm (maximum
absorption peak of chlorophyll) and 645 nm (maximum absorption peak of chlorophyll b).
The concentrations of Chl a and Chl b were calculated on the basis of the area (umol.mm)

using equations described by Hendry & Price (1993).

Statistical analyses

Analysis of variance (ANOVA) with two factors was used to evaluate the effect of
water type and taxa on stem density, height, DAB and length of internodes, number of leaves,
specific leaf area and biomass fractions. The data of density, DAB and length of internodes
was normalized by Log to attend the requirements of the test. Simple correlation was used to
assess the effect of continuous environmental variables (above described) between density of
species and other morphological parameters. The simple correlations were made with all data
and by taxa. Direct ordination of taxa to environmental gradients was also made in
Comunidata 1.6 Software (Dias, 2009). Principal component analysis (PCA) was used to
obtain an overview of the soil data and to identify possible relations with species
distributions. The distributions of taxa density in the regions of the Brazilian Amazonia were
analyzes visually in the longitudinal gradient, Eastern Amazonia - EA, Central Amazonia -
CA, Western Amazonia — WA). The statistical analyzes were made on Systat 12 software and

density maps made in Arc GIS 9.3.

Results
Density, morphology and biomass

The stem density varied greatly among the sampling points (3-26 stems m™), with the
type of water and between taxa (Fe, 45y = 2.63; p= 0.03). The density (Log) of the taxa was
significant negative correlation only to water pH (r =-0.48; p= 0.04) but a clear pattern of taxa
densities distribution related to the water pH could be found (Fig. 3a). The same pattern was
observed to electric conductivity gradient (Fig. 3b). The secchi depth and inundation of plot
gradient did not show a clear pattern related to the taxa distribution (Fig. 3 c and d).

The height of the individuals varied between taxa and water type (Fs 47= 3.06,
p=0.013, Tab. 2). There was a negative correlation between height and water transparency
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(r=-0.5; p=0.02, Fig. 4). Average DAB (Log) varied with water type and taxa (Fs, 47= 19.88,

p< 0.001). ML and MAA showed greater values in white water than in clear water; and MA

showed an opposite pattern (Tab. 2). No water characteristic has significant correlation with

DAB. The number of leaves varied between taxa and water type (Fg, 44= 4.06, p< 0.033; Tab.

2). Only MA showed a positive correlation with water conductivity (r=0.50, p=0.03).The

average length of the internodes (Log) varied between taxa and water type and was higher in
MA and MAA than in ML (Fs, 33= 2.80, p=0,023; Tab. 2). In addition, specific leaf area (Log)
of taxa was higher in MAA than in ML (p = 0.023, Tab. 2).
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Fig. 3 Distribution of taxa densities in gradients: a) pH, b) electrical conductivity, c) water

transparency (Secchi depth), d) inundation of plot. ML = Montrichardia linifera, MA =

Montrichardia arborescens and MAA= Montrichardia arborescens var. aculeata.
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Fig. 4. Correlation between plant height (all taxa) and Secchi depth (water transparency).

The biomass equations were established based on the number of leaves and DAB. For
ML: Leaves biomass = 15.097 * N° of leaves — 24.364 (R 2 = 0.90); Biomass of Stem =
399.29 * DAB - 485.91 (R 2 = 0.82). For MA and MAA: Leaves biomass = 2.0816 * N° of
leaves - 2.8489 (R 2 = 0.84); Biomass of Stem= 197.81 * DAB - 479.61 (R 2 = 0.89). The
leaves biomass (Log) showed significant difference between taxa and water type (Fs, 44=
32.14, p< 0.0001), with the biomass of ML being greater than that of MA and MAA (Tab. 2).
Furthermore, leaf biomass was higher in white water than in the clear and black water (p =
0.003), showing a positive correlation between leaves biomass and pH (r = 0.62, p = 0.002,
Fig. 5a), and electric conductivity (r = 0.5, p = 0.035).

The biomass of the stems (Log) varied between taxa and types of water (Fs 47=29.91;
p <0.001, Tab. 2). The stem biomass values for black water were lower than that of white and
clear water (Tab. 2). Among the water bodies with white water ML presented higher biomass
of stem, and the same pattern was found for clear water (Tab. 2). The average stem biomass
values were correlated with the water pH (r = 0:54, p = 0.01, Fig 5b). The total biomass
followed the same pattern of stem biomass (Fs 47=40.06; p <0.0001; Tab. 2).
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Fig. 5. Correlation between biomass of Montrichardia spp: a) leaves biomass and pH and b)

stem biomass and pH.

Table 2 - Morphological traits and biomass values of ML = Montrichardia linifera, MA =
Montrichardia arborescens and MAA= Montrichardia arborescens var. aculeata. Different

letters indicate significant differences (p< 0.05) among factors.

MA MAA ML

White Clear Black White Clear White Clear
Density(ind./m?) 1263 a 500 a 989 a 1275 a 825 a 642 a 1021 a
Height (m) 178 a 205 ab 295 ab 211 ab 244 ab 369 b 2.78 ab
DAB (cm) 363 a 454 ac 451 a 460 a 474 a 1108 b 9.28 bc
N° of leaves 534 a 530 a 578 a 577 ab 890 b 6.20 a 413 a
Length of internodes (cm) 17.21 ab 1623 ab 20.11 b 1956 ab 1564 ab 10.66 a 13.97 ab
Ne° of veins 294 a 330 a 305 a 327 a 368 a 771 b 711 b
Leaf biomass (g/m?) 425 a 409 a 477 a 463 a 784 ab 3273 b 1940 b
Stem biomass (g/m?) 119.10 a 209.03 a 206.67 a 21544 a 228.78 a 1969.64 b 1609.70 b
Total biomass (g/m?) 123.34 a 213.12 a 153.01 a 220.07 a 236.62 a 200237 b 1629.10 b
Specific leaf area (cm?g") 162.06 ab 178.45 ab 232.81 ab 264.49 a 29062 a 12721 b 13509 b
N° abaxial stomata 1113 a 1951 a 1378 a 2367 a 1973 a 1870 a 2258 a
N° adaxial stomata 140 a 667 ab 262 a 447 ab 133 a 993 ab 1671 b

Classical discriminant analysis considering the morphological data DAB + height +
length of internodes (p<0,001) was able to separate the species with 76% of total accuracy,
MAA appearing as a subset of MA, confirming the separation performed in the field by the
number of veins. The ML species showed 89% accuracy in the classification based on these 3
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parameters with no overlapping with MAA or MA, while MA and MAA showed 69% and

64% accuracy respectively, as these two species were overlapping (Tab. 3).
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Fig. 6. Discriminant analysis of morphological characters of ML = Montrichardia linifera,
MA = Montrichardia arborescens e MAA= Montrichardia arborescens var. aculeata.

Table 3 - Percentage of success of the discriminatory analysis of ML = Montrichardia
linifera, MA = Montrichardia arborescens and MAA= Montrichardia arborescens var.

aculeata.
MA MAA ML % success
MA (21) 11 5 0 69
MAA (9) 4 7 0 64
ML (19) 0 2 17 89
Total 15 14 17 76

The number of stomata was higher on the adaxial side than on the abaxial side of
leaves, varying significantly between species only in the adaxial side of the leaf, where ML
showed a greater average (12.9) than MA and MAA (3.3 and 3.5 respectively; Tab. 2). The

number of stomata was not associated with any of the measured environmental variables.
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Physiology

The correlations between the Clorofilog index and chlorophyll concentration
(umol.mm™) in the leaves of MA and ML were significant, being described by the following

equation:

1. MA: Total Chlorophyll = 1.6429*clorofilog index+17, Rz = 0.935, p< 0.0001;

Chlorophyll a = 0.81*clorofilog index - 11.655, R2 = 0.847, p< 0.0001; Chlorophyll b

= 0.2491*clorofilog index +1.38, R2=0.951, p< 0.0001.

2. ML: Total Chlorophyll = 0.1571*clorofilog index — 1,394, R? = 0.857, p< 0.0001;

Chlorophyll a = 0.1963*clorofilog index - 1.8894, R? = 0.759, p< 0.0001; ChlorophylI

b = 0.0747*clorofilog index +0.3297, Rz = 0.856, p< 0.0001.

The chlorophyll a (F= 6.27; p> 0.0001), b (F= 7.36; p= 0.002) and total (F= 9.73; p<
0.0001) were different between the species, MA and MAA showed height values than ML
(p<0.005, Fig. 7). The same pattern was found for the ratio of chlorophyll a/b between species
(F=5.63; p> 0.0001).
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Fig.7. Chlorophyll a and b content in ML = Montrichardia linifera, MA = Montrichardia

Total Chlorophyll (nmol/mim?)

arborescens and MAA= Montrichardia arborescens var. aculeata.

The values of chlorophyll fluorescence yield Fv/Fm did not differ between taxa, being
within the range of 0.6 e 0.9 (F= 2.54, p= 0.09). However, the values of Fv/Fm varied with
the maximum plot inundation (F= 6.66,1 r’=0,41; p= 0.014), with lower values in areas with
higher depth of flooding (Fig. 8).
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Fig. 8 Fv/Fm of ML = Montrichardia linifera, MA = Montrichardia arborescens and MAA=

Montrichardia arborescens var. aculeata and the relation with the flood level.

Phenotypic plasticity in Amazon region

The stem density of Montrichardia arborescens decreased from WA to AE in the
longitudinal gradient (Fig. 9a). Montrichardia linifera and Montrichardia arborescens var.

aculeata did not show a clear pattern (Fig. 9b and c).

The axis 1 of PCA captured 41% of the variation and the axis 2 captured 20% of
variation of soil data (large sand, fine sand, silt, clay, pH, Al, Mg, Na, Ca and P). The PCA
axis 1 was correlated with the proportion of large sand, fine sand, silt, clay, Mg, Na and Ca
and the PCA axis 2 was correlated with the proportion of clay and Al. Only the Tabatinga ML
was grouped by PCA axis 2 been influenced by pH and P (Fig. 10). The PCA axis 1 grouped
all M. arborescens plots with M. linifera occupying all gradient and M. arborescens var.
aculeata forming two groups, one of Boa Vista (Roraima State) sites overlapping MA plots

and another overlapping ML plots (Fig. 10).
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Fig. 9 Distribution of stems density per m?; a) Montrichardia arborescens b) Montrichardia

arborescens var. aculeata c) Montrichardia linifera in the Amazon Basin. The size of cycle

indicates the density of the taxa.
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Fig. 10 Ordination in two axes yielded by principal components analysis (PCA) of soil
properties in Amzon Basin. The color of the cycles represents the taxa present in the plot.
ML= Montrichardia linifera, MA = Montrichardia arborescens and MAA= Montrichardia

arborescens var. aculeata. Soil properties are given as vectors.

Discussion
The morphological and physiological data collected in various parts of the Amazon
Basin showed that there is an influence of the environment on the individual’s phenotype and

a clear evidence of separation into two species of the genus Montrichardia.

The distribution of taxa seems to be determined by the nutritional characteristics of the
environment.  Montrichardia linifera is restricted to environments with high nutrient
availability typical of white waters. MA occurs throughout the Amazon Basin, although the
highest densities were found in the Western Amazon, while in the Eastern Amazon ML had
higher densities. Pantoja (2011) compared the density of Montrichardia populations in
Central Amazonia (next to the Negro River and Solimdes River) and found higher density/m?
of MA than ML. This difference in density between species depending on the location cannot
be explained by a single environmental factor, since it is probably a combination of flooding
tolerance (Squires & Valk, 1992), amount of available nutrients (Junk & Piedade, 1997) and

intraspecific competition (Demirezen et al., 2007).



55

The growth in height and diameter plays an important role at the population level,
since the size of the individual may influence the onset of the reproductive period (Lacey,
1986), also influencing the competitive ability for nutrients and space between the plants
(Hutchings & Budd, 1981). The height of the taxa was negatively correlated with water
transparency. Taller plants were found in less transparent water, a strategy of height increment
probably related to the possibility to maintain some level of light uptake during the period of
flooding. The occurrence of plants in environments subjected to flooding is related to the
development of complex morphological and physiological adaptations selected throughout
evolution (Crawford & Braendle, 1996) allowing these taxa to adapt and tolerate such
conditions (Harborne, 1989). Moreover DAB appears to be related to the taxa and nutritional
characteristics of the environment. Sites of the relatively nutritionally rich white waters
showed higher values for DAB of ML, while MA showed higher values in the nutritionally
poor black water. However, the height of plot inundation appears not to influence the DAB of
Montrichardia, since DABs of the taxa did not change when analyzed in association to this
factor, an opposite result in comparison to what was found for Ischnosiphon polyphyllus in
the Rio Negro where smaller DABs were found in areas with higher floods (Nakazono &
Piedade, 2004). In addition, M. arborescens showed higher DAB in environments with higher
levels of flooding which may be related to the capacity of the taxa in endure the pressure of
the water current and sediments (Junk & Piedade, 1997).

The high values of ML biomass found in the present study can be considered as high
when compared to other agquatic macrophytes of Amazonian floodplains such as Paspalum
repens (EIl.) Kunth. (2210 g/m?), Oryza perennis L. (1720 g/m® and Hymenachne
amplexicaulis (2270 g/m?) (Piedade et al. 1991, Junk & Howard—Williams 1984).

The concentration of chlorophyll in the leaves of M. arborescens was higher than that
in M. linifera. The chlorophyll concentration may decrease due to nutritional deficiencies
(Lichtenthaler et al., 2007), and higher levels of light incidence in leaves (Villadares &
Niinemets, 2008). Since M. linifera occurs mainly in varzea floodplains with relatively high
concentrations of nutrients such as nitrogen and magnesium (Furch & Junk, 1997), we may
conclude that the lowest concentration of chlorophyll in this species may be related to
differences in light intensity reaching the leaves, similar to the others species expost to same
condition (Lee et al., 2000). In this case the concentration of chlorophyll should relate to the
habitat, since M. linifera inhabits open areas that receive high light intensity, while M.

arborescens is an understory plant being shaded by trees (Lins, 1994).
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The stomata usually are more abundant in the abaxial side of the leaf (Driscoll et al.,
2006), but not in Montrichardia spp. Densities and size of stomata are a variable
characteristic among the plants and depend on the environment (Castro et al., 2005, Melo et
al., 2007). M. linifera showed higher density of stomata compared to M. arborescens and its
variety aculeata. Reducing the amount of stomata in areas with higher flooding could be
related to the lower water absorption (Kozlowski, 1984), but may also lead to plant water
stress (Jackson & Colmer, 2005; Melo et al., 2007; Parent et al., 2008). Almost all measured
leaves presented values of Fv/Fm between 0.635 and 0.847, which are within the range of
values indicated for healthy aquatic macrophytes (Koch et al., 2007). However, lower values
were found in plants subjected to greater flood levels, indicating that to prolonged flooding
may promote damage in the photosynthetic apparatus even in well adapted species like these

of Montrichardia spp.

The density of Montrichardia in Amazonia ranged from 3 to 26 stems/m?. While M.
linifera occupy an ample part of the gradient without any clear pattern related to differences in
soil fertilityM. arborescens showed a similar density distribution as tree taxa in the West-East
gradient of soil fertility proposed to the Amazon region (Quesada et al., 2010).

Elevated values were found in the western Amazon where the soil fertility is higher
(Ter Steege et al., 2003). However the other two taxa did not show a clear pattern. Therefore
we suggest that similarly to the varzea forests (see Wittmann et al., 2006), the correlations
between environmental variables, density and diversity patterns of aquatic macrophytes in
Amazonian wetlands are difficult to explain because the amount of precipitation in most parts
of the Amazon Basin is not directly related with the height and duration of the local annual
inundations (Junk et al., 1989).

Conclusions

The morphological (height, DAB and length of internodes) and physiological (leaf
chlorophyll concentration) data allowed a clear separation taxonomic and ecological of

Montrichardia linifera and Montrichardia arborescens.
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While M. linifera occupied an ample part of the gradient without any clear pattern
related to differences in soil fertility, M. arborescens proved to be influenced in terms of stem

density by this gradient, in a similar pattern as described for trees in the Amazon Basin.

The delimitation of our study taxa can well play a role in the context of discussions
about the high species diversity of wetlands. If one species turns out to be two species or
more, as we could demonstrate in our study for Montrichardia in Amazonian floodplains, the
calculations of species numbers, diversity indices, and related plans for management and

conservation must be corrected and generally regarded in a more critical way.
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Resumo

O género neotropical Montrichardia possui um complexo de trés taxons cuja
interpretacdo sistematica e feita com base em caracteres morfoldgicos. Buscando delimitar
taxonomicamente as espécies, procedeu-se a caracterizacdo dos padrBes de distribuicdo da
variabilidade genética em populacbes de Montrichardia spp. na Bacia Amazonica brasileira,
com base na analise de nove locos microssatélites do genoma do cloroplasto, por meio de uma
abordagem filogeografica. Amostraram-se 288 individuos de 18 popula¢@es de Montrichardia
spp. (M. arborescens (MA) =7, M. linifera (ML) = 7 e M. arborescens var. aculeata (MAA)
= 4). Foram observados entre 3 a 15 alelos por loco cpSSR e 36 haplétipos. O indice médio de
diversidade genética (Hg) foi alto: MA= 0,68, MAA= 0,56 e ML= 0,62. A distribui¢do da
variabilidade genética dentro e entre as populacbes (AMOVA) mostrou que 55,4% da
variacdo genética encontram-se entre as populacbes (7,5% se deve a variagdo entre as

especies) e 37,1% dentro das populacgdes, evidenciando alta estruturacdo genética entre as
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populacdes (Rst = 0.63) e baixa diferenciacdo entre os taxons. A analise de relacionamento
dos haploétipos indicou a existéncia de eventos mdltiplos de colonizacdo por diferentes
linhagens maternas na maioria das populacdes de Montrichardia estudadas. Os resultados
também indicam a existéncia de fluxo génico historico entre as duas espécies (M. arborescens
e M. linifera) e a variedade M. arborescens var. aculeata, sugerindo a ocorréncia de
introgressdo. Sugerimos investigacdes futuras que incluam marcadores do genoma nuclear,
para melhor compreender a influéncia da introgressao nos diferentes padrdes morfologicos de

Montrichardia observados na natureza.

Palavras chave: Macrofitas aquaticas, estrutura genética, diversidade haplotipica, SSR,

genoma do cloroplasto.

Genetic diversity and phylogeographic structure of Montrichardia spp. (Araceae)

populations in the Amazon Basin

Abstract The Neotropical genus Montrichardia has a complex of three taxa whose
systematic interpretation varies according to the morphological characters considered. To
delimit the species taxonomy the characterization of the distribution patterns of genetic
variability was performed in populations of Montrichardia spp. in the Brazilian Amazon
Basin with phylogeographic approach. We sampled 288 individuals from 18 populations of
M. arborescens (MA; 7), M. linifera (ML; 7) and M. arborescens var. aculeata (MAA,; 4).
three to 15 alleles per locus cpSSR were observed. The average of genetic diversity index
(He) was high: MA= 0.68, MAA= 0.56 and ML= 0.62. The distribution of genetic variation
within and between populations (AMOVA) showed that 55,4 % of genetic variation is
contained among populations (approximately 7,5 % due to the variation between species) and
37,1 % within populations, indicating high genetic structure among populations (Rst = 0.63).

The analysis of haplotypes relationship indicated the existence of multiple events of
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colonization by different maternal lineages in most populations of Montrichardia studied. The
results also indicate the existence of gene flow between the two species (M. arborescens and
M. linifera) and the variety M. arborescens var. aculeata, suggesting the occurrence of
introgression. We suggest that future research include the nuclear genome markers to better
understand the influence of introgression in different morphological patterns of

Montrichardia observed in nature.

Key-words: Aquatic macrophytes, genetic diversity, haplotype diversity, SSR, chloroplast

genome

Introducéo

A distribuicdo geografica de plantas e frequentemente limitada por fatores climaticos,
pela competicdo entre as espécies e por barreiras geograficas que impedem migracdes
(Sculthorpe 1967; Woodward & Williams 1987; Woodward 1988; Santamaria 2002). As
barreiras geogréficas impedem tanto o fluxo génico pela impossibilidade de troca de gametas,
qguanto os eventos de dispersdao das plantas, e com isso impossibilitam a interacdo entre
populacbes e a colonizacdo de novas areas (Martins 1987). No caso das plantas aquéticas,
uma distribuicdo compativel com as grandes barreiras terrestres que separam 0s corpos de
agua seria esperada. Entretanto somente cerca de 39% dos géneros que contém macrofitas
aquaticas sdo endémicos de alguma regido biogeografica (Chambers et al. 2008). Em nivel
mundial esse padrdo de distribuicdo se deve a facilitacdo da dispersdo propiciada pelas
navegacOes ha mais de cinco séculos (Cook, 1985); em niveis regionais e locais, outros
fatores como a conectividade hidrica, a0 menos sazonal, podem ser de grande relevancia

(Junk & Piedade 1997; Hoorn 2006).
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As populacdes, embora sejam compostas por individuos da mesma espécie que vivem
em uma mesma area, ndo sao geneticamente homogéneas (Silvertown & Doust 1993). Elas
apresentam variadas diferencas genéticas estruturais, as quais dependem da frequéncia génica
e genotipica (Hamrick 1982). O fluxo génico depende das migracGes entre populacdes,
havendo aumento da diversidade genética dentro de uma populacao e diminuicdo da variacao
genética entre populacbes (Wright 1932). Ja a deriva genética afeta a frequéncia de um alelo
na populacdo devido a amostragem aleatdria de gametas, promovendo, com isso, a diminuicao
da variacdo geneética dentro de uma populacdo, mas aumentando a diferenciacdo genética
entre populacdes pequenas (Wright 1969). As atividades humanas frequentemente resultam na
diminuicdo da deriva genética e no aumento do fluxo génico de muitas espécies, 0 que reduz a
variacdo genética nas populacdes locais e evita a propagacao de complexos adaptativos para
fora da sua populacdo de origem. Desta forma, os processos adaptativos sdo perturbados local
e globalmente dentro de uma espécie (Silvertown & Doust 1993). Estudos sobre a distribuicédo
espacial da variacdo genética dentro e entre as populacfes, ou da estrutura genética da
populagdo, tém facilitado muito a compreensdo da especiacdo, adaptacdo e dinamica

populacional (Zhang et al. 2005), de vital importancia para a conservacao.

Pesquisas sobre variabilidade genética com o uso de marcadores moleculares SSR
(simple sequence repeat) nucleares e de cloroplasto tém sido amplamente realizadas com
plantas aquaticas como as especies da familia Araceae (Lemna spp.) (Xue et al. 2012),
Spartina maritima (de Carvalho et al. 2013) e Elodea canadensis (Huotari & Korpelainen
2012; Huotari & Korpelainen 2013). Essa metodologia pode fornecer subsidios para a
avaliacdo da origem e dispersdo de espécies nativas ou exaéticas, bem como servir como ponto
de partida para estudos de manejo (Meekins et al. 2001; Tang et al. 2009). A utilizacdo de
marcadores microssatélites de cloroplasto para anélises interespecificas também é possivel ja

que homoplasias tém sido observadas apenas em categorias taxonémicas acima de género
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(Doyle et al. 1998; Hale et al. 2004) e, ainda assim, muitos pesquisadores tém considerado 0s
niveis de homoplasia baixos o suficiente para permitir analises genéticas populacionais
(Cuenca et al. 2003; Navascués & Emerson 2005). Em um estudo comparando simulacgdes
computacionais e dados empiricos de uma espécie de Pinus, Navascués & Emerson (2005)
avaliaram os efeitos da homoplasia nas medidas de diversidade genética baseadas em cpSSR e
concluiram que o indice de diversidade genética de Nei (Hg) é pouco influenciado por
homoplasias, e que o uso de um grande numero de locos contribui para diminuir os efeitos

negativos das homoplasias nas estimativas de diversidade genética.

O género Montrichardia Crueg inclui plantas que podem ser encontradas nas areas
Umidas da América latina (Mayo et al. 1997; Croat et al. 2005), e seus representantes sdo
polinizados por besouros e por entomofilia (Gibernau et al. 2003). Atualmente duas espécies
séo reconhecidas no género, Montrichardia arborescens (L.) Schott e Montrichardia linifera
(Arruda) Schott (Croat et al. 2005), havendo ainda a descri¢do da variedade M. arborescens
aculeata (G. Mey.) Engl. (Lins 1994) e a espécie extinta Montrichardia aquatica (Herrera
2008). Enquanto alguns estudos utilizando caracteres morfoldgicos de folhas apontam para a
definicdo de apenas uma espécie, M. linifera (Silva et al. 2012), outros apontam para a
separacgdo das duas espécies (Mirouze et al. 2012, capitulo 2). Diante desta situacdo, a analise
de marcadores moleculares pode contribuir para a delimitacdo das espécies do género

Montrichardia.

Neste estudo foi analisada a estrutura filogeografica de Montrichardia spp. utilizando
um grande numero (18) de populac@es distribuidas na Amazénia Legal Brasileira, analisadas
por meio de marcadores do genoma do cloroplasto, nove locos de microssatélites. Os estudos
de filogeografia em plantas baseiam-se principalmente na variabilidade do genoma de
cloroplasto (cpDNA). O genoma do cloroplasto caracteriza-se por ndo ser recombinante,

apresentar baixos niveis de mutacao e heranga hapléide (uniparental), geralmente materna, na



70

maioria das angiospermas (Avise 1994), e por ser transmitido unicamente via sementes (Birky
1995; McCauley 1994), o que possibilita identificar padrdes de distribuicdo da variabilidade
genética mais estruturados geograficamente, comparados aqueles observados no genoma
nuclear (Ennos et al. 1999; Cavers et al. 2003; Petit et al. 2005). A estrutura genética deste
genoma € influenciada pelo parentesco historico e fluxo génico ancestral entre populacdes,
bem como por eventos histéricos como glaciacdes e mudancas climéticas ao longo do tempo

geoldgico (Avise 1994).

Este trabalho foi concebido tendo como objetivo identificar o grau de diferenciacéo
genética existente entre as espécies e populacdes e caracterizar geneticamente, com
marcadores moleculares, a distribuicdo de populagbes de Montrichardia spp. na Bacia
Amazonica brasileira. Nossa hipdtese é que a separacdo das espécies descritas com base em
caracteres morfoldgicos reflete a separacdo genética entre as espécies Montrichardia linifera e
Montrichardia arborescens (incluindo a variedade aculeata). A delimitacdo dos tdxons pode
desempenhar um importante papel no contexto das discussdes sobre a grande diversidade
vegetal nas zonas Umidas. Se uma espécie pode ser duas espécies ou mais, os calculos de
namero de espécies, indices de diversidade e planos relacionados para gestdo e conservacdo

deve ser corrigido e considerados de uma forma mais maneira critica.

Materiais e Métodos

1. Area de estudo, material bioldgico e delineamento experimental

Para a caracterizacdo genética das populagfes de Montrichardia spp. foram coletadas
amostras de folhas de 288 individuos pertencentes a 18 populagdes localizadas em éareas
alagaveis na Amazonia brasileira (Tabelal; Figura 1). Foram amostrados 16 individuos por

populagéo.
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As amostras coletadas compreenderam as populacfes de duas espécies e uma
variedade de Montrichardia, M. arborescens (L.) Schott (Araceae), M. linifera (Arr.) Schott
(Araceae) e M. arborescens var. aculeata, as quais apresentam diferencas morfoldgicas
descritas no capitulo 2. As espécies, conhecidas como aninga ocorrem ao longo da calha de
rios da Bacia Amazonica formando agrupamentos monoespecificos. M. linifera possui mais
registros de ocorréncia na zona costeira, enquanto que M. arborescens possui uma
distribuicdo maior no interior das areas florestadas (ver Capitulo 1). Ja M. arborescens var.
aculeata tem sua distribuicdo relacionada com ambientes salobros na foz no rio Amazonas
(Lins 1994). Entretanto, as espécies podem também ser encontradas em altas densidades na
Ameérica Central e em pontos isolados em Minas Gerais e Bahia (BR) (ver Capitulo 1). Na
Amazonia podem ser encontradas em ambientes ricos nutricionalmente, como 0s rios de agua
branca, mas também em ambientes pobres, como os rios de agua preta e clara, e em ambientes
salobros na foz no rio Amazonas (CRIA 2014; ver Capitulo 1). As espécies foram
identificadas pela morfologia, com base na diferengca no nimero de nervuras secundarias
apicais; M. linifera possui entre 6 e 9 nervuras, enquanto M. arborescens e M. arborescens
var. aculeata possuem entre 3 a 5 nervuras, porém esta Ultima variedade possui um grande
namero de aculeos no caule enquanto que em MA e ML esse nimero é reduzido (Figura 2).

As amostras de folhas coletadas foram acondicionadas em sacos plasticos contendo
silica gel e posteriormente armazenadas a - 20°C até a extracdo do DNA. As analises
genéticas foram realizadas no Laboratorio de Genética e Biologia Reprodutiva de Plantas

(LABGEN) do INPA.
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Fig.1 Localizacdo das areas de amostragem das populacdes de Montrichardia spp. Em verde
observa-se a delimitagcdo da Amazonia Legal Brasiliera.

Fig. 2 Diferencas morfologicas nas folhas e caule de: a) Montrichardia linifera; b)
Montrichardia arborescens; ¢) Montrichardia arborescens var. aculeta.
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Extracdo e quantificacdo do DNA

O DNA genémico total foi extraido seguindo o protocolo CTAB (Doyle & Doyle
1987), modificado por Ferreira & Grattapaglia (1998), com auxilio de um macerador (Bio
Savant 101 Corporation). Apos a extracdo, o0 DNA foi ressuspenso em tampédo TE (Tris-HCI
pH 8,0, Na; EDTA pH 8.0) contendo ribonuclease [RNAse] (10 pug.ml-I). A quantificacdo do
DNA extraido foi feita por comparacdo com padrfes de massa molecular conhecida,
utilizando-se DNA do bacteriéfago Lambda, apds eletroforese em gel de agarose 1% corado
com Gel Red (Biotium Inc.). Em seguida, os géis foram analisados em transiluminador sob
luz ultravioleta e fotodocumentados. Apds a quantificacdo, as amostras foram diluidas em

agua ultra-pura e padronizadas a uma concentracdo de 2,5 ng/ul e estocadas a -20°C.

1.1.1. Amplificacdo e andlise de locos microssatélites do genoma do cloroplasto

(cpDNA)

Foram testados 12 pares de iniciadores com uma repeticdo (primers) previamente
desenvolvidos para tabaco (Weising & Gardner 1999) e eucalipto (Steane et al. 2005), os
quais amplificam locos microssatélites do genoma do cloroplasto (cpSSR) (Tabela 01).
Segundo os autores, tais primers, considerados universais, também amplificam os mesmos

locos microssatélites para a maioria das espécies de angiospermas dicotileddneas.
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Tabela 1. Caracteristicas dos locos microssatélites do genoma do cloroplasto (cpSSR)
utilizados nas analises genéticas das populagdes de Montrichardia spp. (Ta) = Temperatura de

anelamento, Na = namero de alelos (Weisigner & Gardner 1999).

Locus

Tamanho dos

cpSSR Sequéncia dos primers Ta (°C) Na fragmentos (pb)
5_3
CAGGTAAACTTCTCAACGGA
compOl CCGAAGTCAAAAGAGCGATT 60 8 8592
GATCCCGGACGTAATCCTG
comp02 ATCGTACCGAGGGTTCGAAT 58 3 211-214
CAGACCAAAAGCTGACATAG
cempO3 GTTTCATTCGGCTCCTTTAT 52 3 150-152
AATGCTGAATCGAYGACCTA
compOd CCAAAATATTBGGAGGACTCT 58 12 72-83
TGTTCCAATATCTTCTTGTCATTT
cempOS AGGTTOCATOGGAACAATTAT >4 12 83-95
OGATGCATATGTAGAAAGOC
cempod CATTACGTGCGACTATCTCC >4 > 111-131
CAACATATACCACTGTCAAG
cemp07 ACATCATTATTGTATACTCTTTC 58 15 67-81
comooe  GGTTTGTACATATAGGACA
P CTCAACTCTAAGAAATACTTG 58 8 70-77
comoto TTTTTTTTTAGTGAACGTGTCA
P TTCGTCGDCGTAGTAAAT G 56 4 123-126

A amplificacdo dos locos microssatélites do DNA do cloroplasto (cpSSR) foi realizada

via PCR (Reacdo da Polimerase em Cadeia) utilizando-se um termociclador Veriti com

gradiente de temperatura (Life Technologies Inc.) nas seguintes condi¢fes: (1) desnaturacao

inicial a 94°C/5 min, seguida de 30 ciclos de (2) desnaturacdo a 94°C/1 min; (3) anelamento

na temperatura especifica de cada par de primer/1 min; e (4) extensdo a 72°C/1 min, e uma

etapa de extensdo final a 72°C/45 min. As reacbes de amplificagdo contiveram tampéo de

PCR 1X (10 mM Tris-HCI , pH 8,3, 50 mM KCI, 1,5 mM MgCI2), 200 uM de cada DNTP,

3,25 nug de BSA, 1,0 U de Taq polimerase , 0,4 uM de cada primer, 50a 7,5 ng de DNA e

agua ultra-purificada para um total de 10 uL de reacéo final. Os produtos amplificados foram

analisados em gel de agarose 2% corado com Gel Red e comparados a padrédo Ladder 1 Kb.
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Apbs a otimizacao das condicdes de amplificacdo dos locos cpSSR, os produtos amplificados
foram analisados por eletroforese capilar, em um sequenciador ABI 3130 XL (Life
Technologies, Inc.), seguindo as instrucbes do fabricante. Para estimar os tamanhos dos
fragmentos amplificados foi utilizado o padrdo interno GeneScan 500 ROX (Life
Technologies, Inc.) e, para tal, um dos primers de cada par utilizado na amplificacdo de cada
loco cpSSR foi marcado com um fluoréforo especifico (TET, HEX ou FAM). Os alelos

detectados foram analisados usando o software GeneMapper 4.1 (Life Technologies, Inc.).

Anélise dos dados

As populacBes de cada espécie foram consideradas independes e serviram como
réplicas para comparacdo entre as espécies. Os parametros de diversidade genética estimados
para cada populacdo foram: namero de alelos (A), numero de haplétipos (Ny) e indice de
diversidade genética de Nei (Hg) (Nei 1987) inferidos por meio do programa Arlequin 3.5

(Excoffier et al. 2005).

Para determinar os padrdes de distribuicdo da variabilidade genética e diferenciacéo
genética entre as populacdes de Montrichardia spp. foi realizada uma anéalise de variancia
molecular (AMOVA) implementada pelo programa Arlequin 3.5 (Excoffier et al. 2005). O
indice de diferenciacdo genética (Rsr) entre as populagdes foi estimado por meio da AMOVA,
cuja significancia foi testada por meio de 1023 permutagdes (Slatkin 1995).

A hipdtese de isolamento por distancia foi testada utilizando o teste de Mantel (Mantel
1967), por meio do programa Arlequin 3.5 (Excoffier et al. 2005). Essa analise correlaciona
medidas de distancia genética e distancia geografica (Km), entre os pares das populagdes

analisadas.

As relacGes entre os haplotipos foram estimadas por meio de uma anélise de rede

(“network™) pelo método “Median-Joining” (Bandelt et al. 1999) implementada pelo
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programa Network 4.6.1.2 (Fluxus Technology Ltd. www.Fluxus-engineering.com; Forster et
al. 2001). Para a construcdo da rede foi necessaria a reducdo do nimero de hapldtipos
utilizando o método de contracdo e, em seguida, buscando diminuir o efeito de homoplasia
comum nos locos cpSSR, foi executada a rotina de reducdo da média referente aos haplotipos
com frequéncia maior que um. Aos alelos com maior nimero de mutacdes foram atribuidos
pesos inversos de 9 a 2 para diminuir ainda mais a possibilidade de homoplasias na rede,
conforme sugerido por Bandelt et al. (1999).

Com base em uma matriz de distancias genéticas de Nei (1972) foi construido um
dendrograma utilizando o método de agrupamento de distancia média (UPGMA), o qual
infere sobre o relacionamento entre os pares de populaces (Swofford & Olsen 1990). Esta
analise foi realizada utilizando-se o programa “Tools for Population Genetic Analyses —
TFPGA” (Miller 1997). A significancia estatistica observada nos nés do dendrograma foi
estimada por meio de analise bootstraping com base em 1000 permutacdes, também

implementada no programa TFPGA.

Resultados

Diversidade genética

Dos 12 pares de primers universais de cpSSR testados (Weising & Gardner 1999;
Steane et al., 2005), nove tiveram suas condi¢cdes de amplificacdo otimizadas (anexo 1),
confirmando assim a transferibilidade desses marcadores para Montrichardia spp.. Todos 0s
locos de cpSSR (ccmpl, ccmp2, ccmp3, ccmpd, cecmpb, ccmp6, ccmp?, ccmp9 e ccmpl0)
utilizados mostraram-se polimorficos e foram analisados para caracterizar a variabilidade
genética dos 288 individuos coletados nas 18 populacdes de Montrichardia spp. amostradas

(Tabela 2).
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No total foram identificados 70 alelos para os nove locos cpSSR considerando todas as
populacdes amostradas para os trés taxons de Montrichardia, sendo que o nimero de alelos
observados por loco variou de 3 a 15. O numero total de alelos observado para cada espécie
foi de 65 para MA, 54 para ML e 43 para MAA. O indice médio de diversidade genética (Hg)
observado para o conjunto das populagdes foi 0,400, variando de 0,319 a 0,586 (Tabela 2). As
populacdes que apresentaram a maior diversidade genética, considerando-se os indices de
diversidade de Nei (Hg) e o nimero de alelos analisados em conjunto foram as populacGes
MA Igarapé do Roséario, PA e MAA Rio Piramanha, PA, ambas situadas na regido do baixo
Amazonas (Tabela 2).

A partir da analise conjunta dos alelos detectados nos nove locos cpSSR foram
definidos 262 haplotipos (Apéndice 1), cujas frequéncias variaram de 0,38 a 1,53%. Apos a
contracdo dos haplétipos, por meio de rotina implementada pelo programa Network, foram
obtidos 234 haplétipos, e apds a reducao pela média dos hapldtipos com frequéncia acima de
um foram determinados 36 hapldtipos os quais foram utilizados para estimar a diversidade e
relacbes entre os haplétipos (Apéndice 2). A diversidade haplotipica (Ny) média foi de 4,9
variando de 2 a 9 hapl6tipos observados por populacdo, considerando apenas os haplétipos

com frequéncia de ocorréncia superior a 1.
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Tabela 2. Diversidade genética em populacGes de Montrichardia ssp. da Amazodnia com base
na andlise de nove locos de cpSSR. N- numero de individuos amostrados; Nh- nimero de
hapldtipos (frequéncia > 1); H- diversidade genética; A- numero de alelos; He- indices de
diversidade génica (Nei, 1989).

Pop Esp. Local latitude longitude N A He Nh
1 MA  Anavilhanas - AM (lago S/N) -2.7169 -60.8358 16 28 0481 6
3 MA Igarapé do Carapato - RR 2.8809 -60.6791 16 25 0369 7
6 MA Igarapé do Rosario - PA -3.108467  -55.2428 16 37 0582 2
5 MA  Porto Velho - RO (riacho S/N) -8.7678 -63.9237 16 33 0539 3
2 MA Rio Agua Boa do Univini -RR 0.5763 -61.6558 16 26 0450 O
18 MA Rio Agua Boa do Univini -RR (2) 0.8422 -61.6220 13 20 0319 7
4 MA  RioJuruad - AM -3.2045 -66.0189 16 30 0422 7
9 MAA  Lagoa Azul -RR 3.0475 -60.7931 16 27 0480 9
10 MAA  RioJari - AP -1.0451 -52.4095 16 31 0440 6

MAA  Rio Parl - AP -1.4357 -52.7902 16 26 0497 3

MAA  Rio Piramanha - PA -1.4462 -48.5417 14 32 058 4

16 ML Igarapé do Rosério - PA -3.1084 -55.2428 16 28 0484 8
12 ML Rio Cauamé - RR -2.8657 -60.6407 14 25 0352 5
13 ML Rio Jari - AP -1.0438 -52.4095 15 29 0448 3
14 ML Rio Jurud - AM -3.3425 -66.0249 16 28 0513 3
11 ML Rio Piramanha - PA -1.4335 -48.5477 15 33 0540 6
17 ML Rio Solimdes (Tabatinga - AM) -4.3107 -69.9238 16 32 0539 2
15 ML Salinopolis - PA (riacho S/N) -0.5971 -47.3260 16 26 0363 8
Média 155 28.7 0467 49

Estrutura genética e analise filogeogréafica

A andlise da distribuicdo da variabilidade genética inferida pela AMOVA foi feita
considerando os morfotipos de Montrichardia (MA, MAA e ML) como grupos distintos. A
AMOVA mostrou que a maior parte da variabilidade genética encontrada (55,4%) é explicada
pela variacdo contida entre as populagdes, 7,5% da variacdo se deve a diferenciacdo entre 0s
grupos (especies) e os 37,1% restantes encontra-se dentro das populacées, evidenciando assim
a alta estruturacdo genética detectada nas popula¢fes de Montrichardia spp. na Amazénia
brasileira (Rst = 0,63; Tabela 3). Este padrdo de estruturacdo genética também foi
corroborado pela analise de agrupamento (UPGMA) feita a partir de estimativas das

distancias genéticas de Nei entre as populagdes, a qual mostrou distancias genéticas
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significativas entre grupos de populacdes de Montrichardia spp. ao longo da Bacia
Amazonica, ndo havendo, no entanto, uma relacdo clara de proximidade (agrupamento)
genética entre as populacdes de uma mesma espécie, tampouco com suas localizacGes
geograficas (Fig. 3). Destaca-se, porém, na analise UPGMA a populacio MA Agua Boa, Rio
Uvini, RR, a qual encontra-se bastante distante geneticamente (bootstraping de 100%) do
grupo maior formado pelo conjunto dos demais sub-grupos de populagdes agrupadas no

dendrograma (Fig. 3).

Tabela 3. Distribuicdo da variabilidade genética em 18 popula¢des de Montrichardia spp. na
Amazonia brasileira, com base na analise de variancia molecular (AMOVA) de nove locos
cpSSR. MA = M. arborescens, ML = M. linifera e MAA = M. arborescens var. aculeata

indice de
- Graude  Somados Componentes % da diferenciagéo
Fonte de variagéo . N o g
liberdade quadrados davariacdo variacdo genética
Entre grupos (MA, ML e MAA) 2 2865,94 6,63 Va 7,54
Entre as populagdes 15 12200,25 48,79 Vb 55,38 (Rst=0,63)"
Dentro das populages 270 8820,87 32,661 V¢ 37,08
Total 287 23887,07 88,10

*Teste de significancia (1023 permutacdes): P < 0.001

12.000 9,000 6.000 3.000 0.000
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Fig. 3 Dendrograma mostrando a relagédo entre as amostras de Montrichardia na Amazonia
brasileira, gerada por pares de grupos ndo ponderados por analise de paramento das distancias
genéticas (Nei, 1972; UPGMA).
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O teste da hipotese de isolamento por distancia por meio do teste de Mantel nao

evidenciou correlacdo significativa entre as variaveis analisadas, indicando ndo haver uma

relacdo direta entre as distancias genéticas observadas e as distancias geograficas entre 0s

pares de populagdes de Montrichardia spp. (r =-0,16; p = 0,05; Fig. 4).
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Fig. 4 Correlacdo entre a distancia genética (Nei, 1989) e geografica (Km) das populacéo de

Montrichardia spp.

As relacBes entre os 36 haplétipos multilocos de cpSSR, inferidas pelo método

Median Joining mostram a ocorréncia de quatro haplogrupos oriundos de um haplotipo mais

frequente, provavelmente ancestral (haplétipo 66), a partir do qual se originaram os demais

haplotipos (Fig. 5). Os quatro haplogrupos sdo constituidos de 3 a 13 haplétipos cada. Em

geral os haplétipos na rede encontram-se diferenciados por 1 a 6 passos mutacionais,

ocorrendo, no entanto, maior numero de mutacdes na separacdo entre os haplogrupos. Trés

haplogrupos apresentam alta diversidade haplotipica e ampla ocorréncia na bacia Amazonica.

Em contraste, o quarto haplogrupo, composto por trés haplotipos exclusivos da populacdo
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MA Agua Boa, situada no rio Agua Boa do Univini, RR, que se apresentou bastante separado
dos demais com 38 passos mutacionais (Fig. 6). O padrdo de distribuicdo dos trés haplogrupos
mais diversificados sugere a ocorréncia de extensivo fluxo génico histérico materno de

Montrichardia na bacia Amazonica.

Haplogrupo 3

e e.g
H B 1~
: e 0
. “
H -
K 'MO L N v
[} N L
" ss. -,
0 =~ L
., »
0
.

.
.
. .
..........

:
K
. .
..........
m. s

Haplogrupo 4
.. é Haplogrupo 1
e
. =@ Haplogrupo 2

B \viontrichardia arborescens
[ Montrichardia arborescens var. aculeta
@ Montricharfia linifera

Fig. 5 Relacdes entre haplétipos inferida a partir da analise Median-Joining implementada
pelo programa Network, com base na analise de nove locos de cpSSR de Montrichardia spp.
Cada circulo corresponde a um haplétipo e sua area € proporcional a frequéncia do haplétipo.
Cada traco observado nas linhas que unem os haplétipos representa um evento mutacional. O
ponto mv representa um haplétipo hipotético (median vector). As cores representam as
espécies.

Das 18 populagbes amostradas somente trés [Anavilhanas, Jurua (AM) e lgarapé
Carrapato (PA)] apresentaram haplotipos pertencentes a apenas um haplogrupo. As demais
populacdes possuem haplotipos compartilhados entre 2 a 3 haplogrupos distintos, sugerindo

eventos de colonizagdo multiplos e independentes nestas populagdes.
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Fig. 6 RelagBes entre hapldtipos inferida a partir da anéalise Median-Joining implementada
pelo programa Network, com base na analise de nove locos de cpSSR de Montrichardia spp.
Cada circulo corresponde a um haplétipo e sua area é proporcional a frequéncia do haplétipo.
Cada traco observado nas linhas que unem os haplétipos representa um evento mutacional. O
ponto mv representa um hapldtipo hipotético (median vector). As cores representam as
populagoes.

A maior diversidade de hapl6tipos encontra-se na populacdo de Salindpolis (7), no
estuario do rio Amazonas, além da populacdo de Igarapé do Rosario (7), proxima a foz do rio
Tapajés, PA, na regido do baixo Amazonas. Este resultado mostra um acimulo de haplétipos
nesta regido (estuario + baixo Amazonas) sugerindo a influéncia do fluxo dos rios para o
acumulo de riqueza haplotipica nesta regido. As populacbes encontradas na bacia do rio
Branco também apresentaram alta riqueza de haplotipos (lgarapé do carrapato (5); Igarapé

Lagoa Azul (5), Rio Cauame (5)) (Fig. 7).

Os trés morfotipos de Montrichardia estdo representados no haplétipo de maior
frequéncia (66), considerado como o haplotipo ancestral na rede. No entanto, a ocorréncia dos
trés morfotipos nos diferentes haplogrupos mostra padrdes distintos. No haplogrupo 1
observa-se que o morfotipo MA néo esta representado em nenhum dos 13 haplétipos, sendo
este haplogrupo composto apenas por hapldtipos que expressam os fendtipos dos morfotipos

ML e MAA. Este haplogrupo apresenta ampla distribuigdo em toda a Bacia Amazonica. Neste
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haplogrupo encontra-se a maioria das popula¢6es amostradas na regido proxima ao estuario e
no baixo Amazonas. Além disso, todos os individuos da populagdo MAA do rio Piramanha,
PA, estdo concentrados neste haplogrupo. O mesmo ocorre para os individuos de ML na
mesma populacdo, com excec¢do de um individuo encontrado no haplogrupo 3. No haplogrupo
2 o fendtipo correspondente ao morfotipo MAA néo foi registrado, observando-se apenas 0s
morfotipos MA e ML. Neste haplogrupo encontram-se representados todos os individuos da
populacdo MA do igarapé do Carrapato, PA, bem como todos os individuos da populagdo ML
do rio Jari, PA. O haplogrupo 3 apresenta haplétipos compartilhados entre os trés morfotipos
(MA, MAA e ML) e também é amplamente distribuido na Bacia, no entanto, com menor
numero de populacdes representadas que os dois haplogrupos anteriores. Ressalta-se que
todos os individuos de Montrichardia amostrados em Anavilhanas, AM, fazem parte de dois
haplotipos exclusivos deste haplogrupo. Ja o haplogrupo 4, isolado na rede, é formado por
trés haplotipos exclusivos do morfotipo MA ocorrendo em uma Uunica populagdo no rio

Univini - RR.
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Fig. 7 Distribuicdo geogréafica de hapldtipos observados em 18popula¢Bes de Montrichardia
spp. para nove locos cpSSR. Os tamanhos dos circulos sdo proporcionais ao tamanho
amostral e as cores representam os haplétipos, conforme legenda a esquerda da figura.

Discussao

No presente estudo os microssatélites do cpDNA proporcionaram variagdo genética
suficiente para a realizagdo de andlises populacionais das espécies de Montrichardia
estudadas, permitindo inferir sobre os padrdes de fluxo génico e distribuicdo histérica das

populacBes. Os dados indicam a ocorréncia de fluxo genético historico entre as populagdes e
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entre as espécies, evidenciada pelo alto nimero de haplotipos de cpDNA compartilhados, o
que sugere pouco isolamento geografico das populacdes no tempo evolutivo.

Como a heranga uniparental de gametas faz com que a varia¢do no cloroplasto seja
mais sensivel a deriva genética, o fluxo génico aqui medido reflete apenas a dispersdo de
sementes ou de propagulos vegetativos de Montrichardia, excluindo o fluxo génico
promovido pela polinizacdo (Birky 1995). A presenca de apenas duas espécies descritas no
género Montrichardia €, provavelmente, resultado da baixa velocidade de especiacdo do
género resultante da falta de barreiras entre as populacfes que possuem dispersdo hidrocorica,
diminuindo assim as chances de isolamento reprodutivo (Herrera et al. 2008). Ha relatos
ainda de que o género Montrichardia é consumido por peixes, tartarugas, bufalos e pelo
peixe-boi (Portal et al. 2002; Amarante et al. 2010), podendo portando apresentar, além da
hidrocoria, dispersdo por ictiocoria e zoocoria (Lucas 2008; Parolin 2013). Esse tipo de
dispersdo permite também o fluxo génico contra as correntes dos rios (em direcdo as
nascentes), aumentando assim a possibilidade de fluxo génico entre as populagdes.

O isolamento por distancia ndo parece ser uma forca motriz relevante para a
estruturacdo genética das populacBes de Montrichardia na Bacia Amazonica. Ndo foi
encontrado padrdo filogeografico claro na distribuicdo dos haplétipos, sugerindo fluxos
génicos histéricos de longa distancia e eventos multiplos de colonizacdo por diferentes
linhagens maternas em ampla escala geogréfica. Este padrdo é consistente com as
reconstrucdes paleoambientais, com base em dados de paleomorfologias, paleontologia e
paleopalinologia, que indicam a existéncia na bacia amazonica, ao final do Mioceno, de
extensivas regides recobertas por variedades de ambientes lacustres, riparios e aquaticos, com

pantanos, lagos rasos e deltas interiores (Latrubesse et al. 2010; Hoorn 1994a; 1994b).

A populagio de Agua Boa do Univini (RR) parece, no entanto, ser uma excegio a este

padréo de grande mistura de linhagens. A ocorréncia de muitos passos mutacionais entre 0s
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haplotipos desta populacédo e o restante da network haplotipica sugerem um evento Gnico de
colonizacdo e o isolamento em relacdo ao fluxo génico na Bacia Amazonica. Esta populagéo
pode ter ficado isolada durante os longos periodos de introgressdo marinha com a formacéo
do lago amazonico no Pleistoceno (Klammer 1984). Além disso, o Rio Agua Boa do Univini
provavelmente tem sua origem relacionada com eventos tectébnicos que modificaram a
estrutura dessa regido, que se assemelha mais com a formacdo vulcanica que aflora em

Apoteri (Guiana) e no Rio Branco (Boa Vista) (RadamBrasil 1975; Santos-Costa 2005).

As demais populacfes encontradas na bacia do rio Branco apresentaram alta riqueza
de haplétipos (Igarapé do carrapato (5); lgarapé Lagoa Azul (5), Rio Cauamé (5)). Essa Bacia
constitui um sistema hidrico com &guas ricas em sedimentos em suspensdo, que se interliga ao
sistema Rio Solimdes/Amazonas pelo rio Negro, cujas dguas sdo pobres em sedimentos em
suspensdo (Irion et al. 1997). Acredita-se que bacia do rio Branco passou por processo eolicos
no periodo quaternario, provavelmente durante a ultima glaciacdo maxima, que resultaram na
formacdo de dunas nas proximidades dos rios Cauamé e Branco (Latrubesse & Nelson 2001).
Essas dunas cobertas por vegetacdo poderiam contribuir para o fluxo génico entre as
populacbes. Além disso, a populacdo de MA Boa Vista parece estar mais relacionada com
ML ja que 4 de 6 haplétipos dessa populacdo foram compartilhadas com populacfes de ML.
Boa Vista (RR) foi uma das poucas localidades onde foram encontrados os trés morfotipos.
Embora esses morfotipos tenham sido coletados em corpos hidricos distintos, a proximidade
entre eles e a conectividade hidrica podem contribuir para o fluxo génico interespecifico. A
polinizacdo de M. arborescens é feita por besouros (Gibernau et al., 2003) que poderiam
transportar polen entre populacdes de espécies diferentes, resultando na hibridizagdo das
espeécies, no entanto como no presente estudo analisamos apenas 0 genoma do cloroplasto ndo
podemos inferir sobre a contribuicéo de fluxo génico via polen, o qual sugerimos como objeto

de investigacOes futuras. Cabe ressaltar, no entanto, que a ocorréncia de hibridizacdo natural
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é relatada para outros géneros da familia Araceae como Arisaema (Maki & Murata 2001;
Hayakawa et al. 2011), Dieffenbachia (Schatz 1990) e Symplocarpus, (Wen et al. 1996) e
artificial em Philodendron (McColley & Miller 1965), género filogeneticamente proximo de

Montrichardia (Henriquez et al. 2014).

O processo de especiacdo se da pela divisdo, dentro de populagGes, em unidades
evolutivas independentes, envolvendo a separagdo genética e diferenciacdo fenotipica (Coyne
& Orr 2004; Savolainen et al. 2006). O alto indice Rst entre as populacdes, aliado as relacdes
entre os haplotipos permitem inferir que as espécies de Montrichardia, apesar de
apresentarem fenotipos diferentes, apresentam fluxo génico entre si. A ocorréncia de dois
morfotipos em 12 dos 36 hapl6tipos, aléem da presenca dos trés morfotipos no haplétipo
ancestral sdo fortes evidéncias da troca génica entre morfotipos via introgressdo. O processo
de especiacdo pode ser desencadeado por alteracGes geograficas, ecoldgicas, morfoldgicas ou
comportamentais, tendo os mecanismos de sele¢do natural e deriva génica forte atuagéo (Petit
& Excoffier 2009; Stearns & Hoekstra 2000). A separacdo de MA de ML se mostra
compativel com a separacdo morfoldgica possivel com base no nimero de nervuras apicais
secundarias. Entretanto a posicdo de MAA no dendrograma (UPGMA), assim como pela
distribuicdo dos hapl6tipos relacionados aos trés morfotipos demonstra que esta variedade
esta mais relacionada com ML, contrariando a classificacdo feita com base no ndmero de
nervuras. A presenca de fluxo génico interespecifico indica que as barreiras do isolamento

reprodutivo sdo incompletas para as espécies estudadas (Mayr 1942).

Concluséo
O estudo mostrou que os marcadores genéticos de heranca materna utilizados séo Uteis
para reconstruir os padrdes de fluxo génico e colonizacdo observados em populagdes de

Montrichardia spp. na bacia Amazonica. Os dados genéticos com base na analise do genoma
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do cloroplasto mostraram que as populacGes dos trés morfotipos analisados na realidade
constituem um sistema aberto no qual provavelmente estdo ocorrendo trocas génicas, e nao
mostram correspondéncia direta com a delimitacdo taxonémica das espécies feitas com base
apenas em caracteres morfologicos. Nao foi encontrado padrdo filogeografico claro na
distribuicdo dos haplétipos, sugerindo fluxos génicos historicos de longa distancia e eventos
multiplos de colonizacéo, indicadores de metapopulacdo, por diferentes linhagens maternas
em ampla escala geogréafica. Este padrdo € consistente com reconstrucdes paleoambientais as
quais indicam a ocorréncia de extensos ambientes aquaticos durante o final do Mioceno na
bacia Amazo6nica (Hoorn 2006). Recomenda-se no futuro andlises que incluam marcadores do
genoma nuclear para melhor compreender a influéncia da introgressdo nos diferentes padrées
morfologicos de observados na natureza, bem como a viabilidade de polinizacao entre os trés

taxons.
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Apendicel. Haplétipos encontrados em 18 populacdes de Montrichardia spp. com
base na analise de oito locos de cpSSR. N = n° de individuos.

Haplétipo ccmpl ccmp2 ccmp3 ccmp4 ccmp5 ccmp6 ccmp? cecmp9 ccmplO Populagéo N
1 89 211 151 78 91 112 69 71 124 MA-Agua Boa 1
2 89 211 151 78 90 112 68 70 124 MA-Agua Boa 1
3 87 211 151 78 90 111 68 75 125 MA-Agua Boa 1
4 88 211 151 78 90 111 68 76 125 MA-Agua Boa 1
5 89 211 152 78 91 111 69 75 125 MA-Agua Boa 1
6 89 211 152 78 90 111 69 75 124 MA-Agua Boa 1
7 88 211 151 78 91 111 68 73 125 MA-Agua Boa 1
8 88 211 151 81 90 111 70 70 125 MA-Agua Boa 1
9 88 211 151 78 90 111 68 71 125 MA-Agua Boa 1
10 89 211 151 78 91 112 69 74 124 MA-Agua Boa 1
11 89 211 151 78 91 112 69 72 124 MA-Agua Boa 1
12 89 211 151 78 90 112 68 71 124 MA-Agua Boa 1
13 89 211 152 77 90 111 68 71 124 MA-Agua Boa 1
14 89 211 151 78 91 111 68 75 125 MA-Agua Boa 1
15 89 211 152 77 87 111 68 70 125 MA-Agua Boa 1
16 89 211 152 78 90 112 69 71 124 MA-Agua Boa 1
17 90 211 151 72 92 129 77 72 124 MA-Anavilhanas 1
18 90 211 151 7 92 129 7 75 124 MA-Anavilhanas 1
19 90 211 152 83 85 130 78 72 123 MA-Anavilhanas 1
20 90 211 152 82 84 130 79 72 123 MA-Anavilhanas 1
21 90 211 151 72 91 129 76 72 124 MA-Anavilhanas 1
22 90 211 151 72 90 129 72 71 124 MA-Anavilhanas 1
23 90 211 151 72 91 129 77 75 124 MA-Anavilhanas 1
24 90 211 151 72 90 129 74 72 124 MA-Anavilhanas 1
25 90 211 151 77 91 129 77 76 124 MA-Anavilhanas 1
26 90 211 152 82 85 130 78 72 123 MA-Anavilhanas 2
27 87 211 152 76 85 129 72 71 124 MA-Anavilhanas 1
28 87 211 152 82 85 130 78 72 123 MA-Anavilhanas 1
29 88 211 152 78 91 129 69 72 123 MA-Boa Vista 1
30 88 211 151 78 91 129 67 72 124 MA-Boa Vista 1
31 88 212 151 77 90 129 68 72 124 MA-Boa Vista 1
32 88 211 151 78 91 129 69 73 124 MA-Boa Vista 1
33 88 211 151 78 91 129 69 75 124 MA-Boa Vista 1
34 87 211 152 78 91 129 68 75 124 MA-Boa Vista 1
35 88 211 152 78 91 129 68 72 124 MA-Boa Vista 2
36 88 211 151 78 89 129 68 75 123 MA-Boa Vista 1
37 88 211 151 78 91 129 68 75 124 MA-Boa Vista 1
38 88 211 152 78 91 129 69 75 124 MA-Boa Vista 1
39 88 211 151 77 85 129 69 71 124 MA-Boa Vista 1
40 88 211 151 77 90 129 68 71 124 MA-Boa Vista 1
41 88 211 151 78 91 129 68 72 124 MA-Boa Vista 1
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Haplétipo ccmpl ccmp2 ccmp3 ccmpd ccmp5 ccmp6 ccmp? ccmp9 ccmpl0 Populagédo N
42 87 211 152 76 89 129 70 71 124 MA-Boa Vista 1
43 88 211 152 78 90 129 69 76 124 MA-Boa Vista 1
44 87 211 152 77 88 129 75 71 126 MA-Jurua 1
45 87 211 152 77 89 129 68 71 126 MA-Jurua 1
46 87 211 152 76 89 129 69 71 126 MA-Jurua 1
47 85 211 152 76 85 129 68 70 126 MA-Jurua 1
48 87 211 151 76 89 129 69 70 126 MA-Jurua 1
49 87 211 151 77 89 129 68 71 126 MA-Jurua 1
50 86 211 152 77 85 129 69 71 126 MA-Jurua 1
51 86 211 151 77 89 129 68 71 126 MA-Jurua 1
52 87 211 152 76 85 129 68 71 126 MA-Jurua 1
53 87 211 152 76 85 129 73 70 126 MA-Jurua 1
54 87 211 152 78 85 129 68 70 124 MA-Jurua 1
55 87 211 152 78 87 129 79 70 124 MA-Jurua 1
56 87 211 152 76 85 129 69 71 124 MA-Jurua 1
57 87 211 151 78 91 129 70 73 126 MA-Jurua 1
58 87 211 151 77 90 129 68 73 124 MA-Jurua 1
59 87 211 152 77 91 129 68 75 126 MA-Jurua 1
60 91 211 151 73 85 129 70 73 124 MAA-Paru 1
61 91 211 151 73 86 129 70 73 124 MAA-Paru 1
62 90 211 152 82 85 129 78 72 123 MAA-Paru 3
63 89 211 152 82 85 130 78 72 123 MAA-Paru 1
64 90 211 151 82 85 129 78 70 123 MAA-Paru 1
65 89 211 152 82 85 129 78 73 123 MAA-Paru 1
66 89 211 152 82 85 130 78 76 123 MAA-Paru 1
67 90 211 152 82 85 129 78 73 123 MAA-Paru 1
68 90 211 152 82 85 130 78 75 123 MAA-Paru 1
69 90 211 152 72 84 129 70 72 124 MAA-Paru 1
70 90 211 151 72 91 129 70 72 124 MAA-Paru 1
71 91 211 151 73 83 129 70 73 124 MAA-Paru 2
72 89 211 151 82 85 130 78 73 123 MA-Porto Velho 1
73 90 211 152 73 90 129 72 73 124 MA-Porto Velho 1
74 90 211 151 72 91 129 75 72 124 MA-Porto Velho 1
75 90 211 151 72 88 129 70 72 124 MA-Porto Velho 1
76 89 211 152 72 89 129 74 72 124 MA-Porto Velho 1
77 90 211 152 72 91 129 76 72 124 MA-Porto Velho 1
78 89 211 152 82 84 130 78 74 123 MA-Porto Velho 1
79 91 211 151 72 87 129 70 72 124 MA-Porto Velho 1
80 90 211 152 72 90 129 74 72 124 MA-Porto Velho 1
81 89 211 151 82 85 130 78 72 123 MA-Porto Velho 1
82 89 211 152 82 84 129 78 76 123 MA-Porto Velho 1
83 89 211 151 82 85 129 78 74 123 MA-Porto Velho 1
84 88 211 152 82 84 130 78 76 123 MA-Porto Velho 1
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Hapl6tipo ccmpl ccmp2 ccmp3 ccmpd ccmp5 ccmp6 ccmp? ccmp9 ccmpl0 Populagédo N
87 87 212 152 82 85 129 78 76 123 MA-Santarem 1
88 89 211 151 82 85 130 78 76 123 MA-Santarem 1
89 89 211 151 82 85 129 78 72 123 MA-Santarem 2
90 89 211 151 82 85 130 78 75 123 MA-Santarem 1
91 89 211 151 83 84 130 78 75 123 MA-Santarem 1
92 89 211 152 82 85 131 78 74 124 MA-Santarem 1
93 90 211 151 80 89 131 80 71 124 MA-Santarem 1
94 90 211 151 73 91 131 75 73 124 MA-Santarem 1
95 91 211 151 73 89 131 80 73 124 MA-Santarem 1
96 89 214 151 82 84 130 78 74 123 MA-Santarem 1
97 89 211 152 82 84 131 78 75 123 MA-Santarem 1
98 90 211 151 72 88 130 70 72 124 MA-Santarem 1
99 90 211 151 73 88 130 80 73 124 MA-Santarem 1
100 90 211 151 72 89 131 81 72 124 MA-Santarem 1
101 89 211 151 72 90 131 80 72 124 MA-Santarem 1
102 91 211 151 73 86 130 70 73 124 MA-Santarem 1
103 87 212 151 81 84 129 78 73 124 MAA-Belem 1
104 88 211 152 81 85 129 77 76 123 MAA-Belem 1
105 89 211 152 81 84 129 78 76 124 MAA-Belem 1
106 91 211 151 74 84 130 70 74 123 MAA-Belem 1
107 88 211 150 81 84 130 77 76 0 MAA-Belem 1
108 90 211 152 74 83 130 70 74 123 MAA-Belem 1
109 89 214 152 81 92 129 78 75 123 MAA-Belem 1
110 90 211 151 74 84 129 70 74 123 MAA-Belem 2
111 91 212 152 74 83 130 70 75 124 MAA-Belem 1
112 89 214 151 81 84 129 78 72 124 MAA-Belem 1
113 91 211 152 74 84 130 70 74 0 MAA-Belem 1
114 88 211 151 83 84 130 77 72 123 MAA-Belem 1
115 88 211 152 81 84 130 77 75 123 MAA-Belem 1
116 89 211 151 81 84 130 78 71 123 MAA-Boa Vista 1
117 89 211 151 81 84 129 78 76 123 MAA-Boa Vista 2
118 89 211 151 81 85 129 77 75 123 MAA-BoaVista 1
119 88 211 152 81 84 129 78 70 123 MAA-BoaVista 1
120 88 211 152 81 84 129 78 75 124 MAA-BoaVista 1
121 89 211 152 81 84 130 78 76 123 MAA-BoaVista 1
122 91 211 152 74 84 129 70 74 123 MAA-BoaVista 1
123 91 211 151 73 84 129 70 73 123 MAA-BoaVista 1
124 91 211 151 74 85 129 70 74 124 MAA-BoaVista 1
125 91 211 151 74 85 129 70 74 123 MAA-BoaVista 1
126 91 211 151 74 84 129 70 74 123 MAA-Boa Vista 2
127 90 211 152 73 84 129 70 73 124 MAA-BoaVista 1
128 91 211 152 75 85 130 70 75 124 MAA-BoaVista 1
129 88 211 151 80 84 129 78 73 123 MAA-Jari 1
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Hapl6tipo ccmpl ccmp2 ccmp3 ccmpd ccmp5 ccmp6 ccmp? ccmp9 ccmpl0 Populagédo N
132 89 211 151 80 84 129 78 76 123 MAA-Jari 2
133 88 211 152 80 84 130 77 77 123 MAA-Jari 1
134 88 211 151 80 84 129 78 72 123 MAA-Jari 1
135 91 211 151 73 84 129 71 73 124 MAA-Jari 1
136 91 211 152 73 84 129 74 73 123 MAA-Jari 1
137 91 211 152 75 84 129 70 74 123 MAA-Jari 1
138 90 211 152 73 83 129 70 73 123 MAA-Jari 1
139 91 211 151 75 84 129 70 75 123 MAA-Jari 1
140 91 211 151 73 84 129 70 73 124 MAA-Jari 4
141 91 211 151 81 91 129 81 77 123 ML-Belem 1
142 90 211 151 74 83 130 79 77 124 ML-Belem 1
143 90 211 151 74 83 129 70 74 123 ML-Belem 1
144 89 211 151 82 84 129 78 75 123 ML-Belem 2
145 89 211 151 82 84 129 78 77 123 ML-Belem 1
146 89 211 151 82 85 129 78 77 123 ML-Belem 1
147 89 211 151 82 84 129 78 74 123 ML-Belem 1
148 89 211 151 74 83 129 70 74 123 ML-Belem 1
149 89 211 152 82 85 129 78 75 123 ML-Belem 1
150 91 212 151 74 83 130 70 74 123 ML-Belem 1
151 88 211 152 82 84 130 78 75 123 ML-Belem 1
152 88 211 152 82 84 130 77 72 123 ML-Belem 1
153 91 211 150 74 83 129 70 74 0 ML-Belem 1
154 89 214 152 82 84 130 78 72 123 ML-Belem 1
155 90 211 151 73 83 130 81 73 124 ML-Belem 1
156 91 211 151 73 83 129 69 73 123 ML-Belem 3
157 85 211 151 79 90 129 69 72 124 ML-Boa Vista 1
158 87 211 152 79 89 129 67 71 124 ML-Boa Vista 1
159 88 211 152 78 90 129 69 71 124 ML-Boa Vista 1
160 88 211 152 79 90 129 69 71 124 ML-Boa Vista 1
161 88 211 152 79 91 129 68 71 124 ML-Boa Vista 1
162 89 214 152 78 90 129 69 72 124 ML-Boa Vista 1
163 85 211 152 79 83 129 68 71 124 ML-Boa Vista 1
164 85 211 152 79 89 129 69 71 124 ML-Boa Vista 1
165 85 211 152 78 90 129 69 72 0 ML-Boa Vista 1
166 85 211 152 79 90 129 69 72 124 ML-Boa Vista 1
167 90 211 151 79 90 129 69 72 0 ML-Boa Vista 1
168 89 211 152 78 89 129 69 77 124 ML-Boa Vista 1
169 87 211 152 79 89 129 69 71 124 ML-Boa Vista 1
170 90 211 152 78 88 129 69 70 124 ML-Boa Vista 1
171 89 211 152 78 90 129 69 72 124 ML-Boa Vista 1
172 85 211 151 79 90 129 73 72 124 ML-Jari 1
173 85 211 151 78 89 129 68 71 124 ML-Jari 1
174 89 211 152 78 90 129 68 74 125 ML-Jari 1
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Hapl6tipo ccmpl ccmp2 ccmp3 ccmpd ccmp5 ccmp6 ccmp? ccmp9 cecmplO0 Populagédo N
177 89 211 151 79 89 129 68 72 124 ML-Jari 1
178 88 212 151 78 89 129 69 71 124 ML-Jari 1
179 87 211 152 80 89 129 69 71 125 ML-Jari 1
180 85 211 151 79 89 129 68 72 124 ML-Jari 1
181 89 211 151 79 90 129 69 74 124 ML-Jari 1
182 89 211 151 79 90 129 70 71 124 ML-Jari 1
183 89 211 152 78 89 129 69 71 124 ML-Jari 2
184 90 214 151 78 89 129 68 74 0 ML-Jari 1
185 85 211 151 78 89 129 68 74 124 ML-Jari 1
186 85 211 152 78 88 129 68 70 124 ML-Jari 1
187 85 211 152 79 90 129 69 75 124 ML-Jari 1
188 89 211 151 82 84 129 78 73 124 ML-Jurua 1
189 88 211 151 81 84 129 77 75 123 ML-Jurua 1
190 89 211 151 82 84 129 78 76 123 ML-Jurua 1
191 88 211 151 82 84 129 78 77 124 ML-Jurua 1
192 89 211 151 81 84 129 78 77 123 ML-Jurua 1
193 89 211 151 81 84 129 78 71 124 ML-Jurua 1
194 88 211 151 81 84 130 77 77 124 ML-Jurua 1
195 88 212 151 82 84 129 77 76 124 ML-Jurua 1
196 91 211 151 74 83 129 70 74 123 ML-Jurua 1
197 90 211 151 73 83 131 70 74 123 ML-Jurua 1
198 90 211 151 73 83 130 70 73 123 ML-Jurua 1
199 91 211 151 74 83 130 70 74 124 ML-Jurua 1
200 85 211 152 78 90 129 69 72 124 ML-Salinas 1
201 89 211 152 78 90 129 70 72 124 ML-Salinas 1
202 87 211 152 78 89 129 68 72 124 ML-Salinas 1
203 89 211 151 78 90 129 68 75 124 ML-Salinas 1
204 89 211 151 78 91 129 68 71 124 ML-Salinas 1
205 89 211 151 78 89 129 69 72 124 ML-Salinas 1
206 88 211 152 78 91 129 73 70 124 ML-Salinas 1
207 89 211 152 78 90 129 68 71 124 ML-Salinas 1
208 87 211 151 78 89 129 69 72 124 ML-Salinas 1
209 89 211 151 78 88 129 69 71 124 ML-Salinas 1
210 89 211 152 79 90 129 68 74 124 ML-Salinas 1
211 89 211 152 78 90 129 68 75 124 ML-Salinas 1
212 90 211 152 78 89 129 68 74 124 ML-Salinas 1
213 88 211 152 78 90 129 68 70 124 ML-Salinas 1
214 89 211 151 77 89 129 69 70 124 ML-Salinas 1
215 89 211 152 78 89 129 68 71 124 ML-Salinas 1
216 89 211 151 82 85 130 78 72 124 ML-Santarem 2
217 88 211 152 82 84 129 77 77 123 ML-Santarem 1
218 91 211 151 74 83 130 70 74 123 ML-Santarem 3
219 91 211 152 74 83 130 70 74 123 ML-Santarem 1
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Hapl6tipo ccmpl ccmp2 ccmp3 ccmpd ccmp5 ccmp6 ccmp? ccmp9 ccmpl0 Populagédo N
222 88 211 151 82 84 130 78 77 123 ML-Santarem 1
223 91 211 151 74 84 131 70 74 123 ML-Santarem 2
224 90 211 151 73 83 131 69 73 123 ML-Santarem 2
225 90 211 151 74 84 131 70 74 124 ML-Santarem 1
226 89 211 151 82 84 130 78 77 123 ML-Santarem 1
227 88 211 152 82 84 131 78 77 123 ML-Santarem 1
228 88 211 151 81 84 131 78 76 123 ML-Santarem 1
229 89 211 151 82 84 131 78 77 123 ML-Santarem 1
230 88 211 152 81 84 130 77 77 123 ML-Santarem 2
231 89 211 151 81 84 129 78 72 123 ML-Tabatinga 1
232 91 211 152 73 86 129 70 73 124 ML-Tabatinga 1
233 89 214 151 81 85 129 78 76 123 ML-Tabatinga 1
234 89 211 151 81 84 129 78 77 124 ML-Tabatinga 1
235 90 211 152 73 88 129 69 73 124 ML-Tabatinga 1
236 89 211 151 81 84 129 78 73 123 ML-Tabatinga 2
237 90 211 151 73 83 129 70 73 123 ML-Tabatinga 1
238 89 211 151 72 83 129 69 72 124 ML-Tabatinga 1
239 88 211 151 81 91 129 78 77 123 ML-Tabatinga 1
240 91 211 151 72 87 129 70 72 123 ML-Tabatinga 1
241 91 211 152 72 83 129 70 73 123 ML-Tabatinga 1
242 90 211 151 72 89 129 69 72 124 ML-Tabatinga 1
243 90 211 151 72 86 129 69 72 124 ML-Tabatinga 2
244 88 211 151 81 84 130 77 76 123 ML-Tabatinga 1
245 88 211 152 81 84 130 77 73 123 ML-Tabatinga 1
246 89 211 152 82 84 129 78 77 123 ML-Tabatinga 1
247 87 211 152 81 0 111 81 77 125 MA-AguaBoa2 1
248 87 211 152 81 94 111 81 76 125 MA-Agua Boa2 1
249 92 211 152 81 94 111 81 74 125 MA-AguaBoa2 1
250 87 211 152 74 94 111 81 76 125 MA-Agua Boa2 1
251 87 211 152 81 0 111 81 76 125 MA-AguaBoa2 1
252 92 211 152 81 0 111 81 76 125 MA-Agua Boa2 1
253 92 211 152 81 94 111 81 76 125 MA-AguaBoa2 1
254 87 211 152 81 94 111 81 77 125 MA-Agua Boa2 1
255 91 211 152 83 92 111 68 77 125 MA-AguaBoa2 1
256 92 211 152 83 94 112 68 77 125 MA-Agua Boa2 1
257 92 211 152 83 94 112 67 74 125 MA-AguaBoa2 1
258 87 211 152 83 94 111 68 76 125 MA-Agua Boa2 1
259 92 211 152 83 95 111 68 76 125 MA-AguaBoa2 1
260 92 211 152 81 94 111 67 76 125 MA-Agua Boa2 1
261 92 211 152 83 94 111 67 76 125 MA-AguaBoa2 1
262 87 211 152 83 94 112 68 77 125 MA-Agua Boa2 1
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Apendice2. Frequéncia de haplotipos (com frequéncia maior que 1 apds constri¢do e redugéo
pela média) de populacGes de Montrichardia spp. com base na andlise de oito locos de
CpSSR.

Populagdes

Haplotipo 3 6 5 218 4 9 10 7 8 16 12 13 14 11 17 15

19
20
21
45 2

46 2

66 1 2 1 2 1
67 2

74 1 1

77 1 1 1 1

93 1 1

125 1 1 1

130
135
139
141
145 1 1
163 2

185 1 1
189 1 1

217 1 1 2

219 1 1
221 1 1
243 2

245 2 1

273 2

274 2

278 2

Scol 1 1

Sco2 1 1

Sco3 1 1

Sco4 1 1

Scob 1 1
Scob 1 2
Sco7 1 1
Sco8 1 1

Sco9 2
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Abstract

IPCC predictions for the Amazon Basin indicate an increase in temperatures by ca.
1.5-7°C coupled with a reduction in precipitation by ca. 10-20% in some regions over the
twenty-first century. Estimated increases in mean temperature are expected to disrupt present
patterns of the distribution of organisms, including wetland species. The aim of this work was
to determine the effects of changes in temperature and atmospheric [CO,] on the germination
and initial growth of the common Amazonian aquatic macrophyte Montrichardia arborescens
as a model organism in order to understand how climatic changes can affect Amazonian
wetland plants. Infructescences were collected from individuals of the Negro River and
germination was followed. The produced seedlings were then monitored over a period of 5
months. The treatments consisted of four microcosms: Control: current ambient temperature
and CO,; Mild: Control + 1.5 ° C and + 200 ppm of CO,; Intermediate: Control + 2.5 ° C and
+ 400 ppm of CO,; Extreme: Control + 4.5 ° C and + 850 ppm of CO,. The treatments did not
cause effects on germination parameters and leaf chlorophyll concentrations. Rapid light
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response curves showed a decrease in electron transportation rate with the elevation of CO;
and temperature. Fv/Fm values showed the same trend. Total biomass followed a different
pattern between treatments. While Mild and Intermediate treatments stimulated growth, in
the most CO2-enriched microcosm plant growth was limited. Given our results, we postulate
that climatic changes to be expected in future will influencethe initial growth of M.
arborescens. If these responses are similar in other aquatic macrophytes too, this indicates

important implications for Amazonian wetlands, and wetlands worldwide.

Key-words: Amazonian floodplains, nutrient poor black water, igap0, aquatic macrophytes,

physiology, climate change.

Introduction

Average global surface temperatures are projected to increase by 1.5 to 5.8° C, and the
Amazon Basin is predicted to experience an increase in temperatures by ca. 1.5-7°C coupled
with a reduction in precipitation by ca. -10-20% in some areas over the twenty-first century
(Houghton et al., 2001; IPCC, 2013). Over the decade 1984-93 the rate of CO, increase was
in average 1.5 p mol mol™ year* (Schimel et al., 2000) and that trend will probably continue
in the century XXI, resulting in concentrations approaching 560 u mol mol™, twice the pre-
industrial value by the middle or second half of the twenty-first century (Schimel et al., 2000).
The steadily increasing human population and economic activities are likely to lead to even
higher CO, concentrations (approximately 700 p mol mol™) by the end of the XXI century.
Projected increases in mean temperature are expected to greatly disrupt present patterns of
plant and animal distributions. These climatic changes would reduce plant water availability
and thereby increase drought stress for many Amazonian species (Grandis et al., 2010).
Moreover, large changes in the patterns of heating, wind and rainfall, which will entail
extreme weather events, will directly affect the duration and intensity of flooding and of the
dry season, and of fire events in Amazonian wetlands (Cochrane and Laurance, 2002, IPCC
2007, 2013 (http://www.ipcc.ch), Nobre et al., 2007).

The Amazonian rainforest is one of the main storage compartments of terrestrial
carbon (Turcq et al., 2002), with estimated values between 74 and 127 Mg C ha* yr ! in soil
stock and 148 and 180 Mg C ha* yr ! in above ground biomass (Malhi et al., 2009b). The
region is also responsible for the annual variations in rates of carbon sequestration (Turcq et
al., 2002), since it is influenced by climate variations, especially during the rainy season when

the occurrence of El Nifio may reduce the radiation quantity during dry years, due to the
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elevation of the temperature of the Atlantic Tropical North Ocean, impacts relate to more fire
events occurring and contributing to the increase of carbon emissions (Tian et al., 1998;
Lewis et al. 2011; Vasconcelos et al., 2013). Extrapolated over the whole basin, CO, flux
from flooded areas was found to be of comparable magnitude to some estimates of carbon
sequestration in upland forests (Hess et al., 2003). Net primary production (NPP) of aquatic
herbaceous plants in Amazonian floodplains vary between 30-50 t ha® year® (Junk and
Piedade, 1993), contributing substantially to the carbon budget of the region (Piedade et al.,
2001; 2010). The decomposition of herbaceous plants promotes the enrichment of the aquatic
system and associated floodplains, both during the aquatic and terrestrial phases of the
hydrologic cycle (Piedade et al., 2001; 2010).

Temperature is one of the most important climatic factors affecting the range of
distribution of many species, including aquatic and wetland plants. It affects their physiology,
the germination of seeds, the periodicity and rate of seasonal growth, and the onset of
dormancy (Short and Neckles, 1999). On the other hand, rising levels of atmospheric CO; are
predicted to have significant direct effects on global vegetation (Bowes, 1993), including
aquatic plant communities (Wetzel and Grace, 1983, Edwards, 1995). Plant responses vary
with species, but typical responses to short-term CO, enrichment include increases in
photosynthesis, growth, total biomass, root/shoot ratio, and tissue carbon/nitrogen ratio (Short
and Neckles, 1999). The effect of interaction of increased temperature and [CO_] in plants has
been discussed by many authors (see Morison and Lawlor, 1999), but its effect on aquatic

macrophytes is poorly investigated.

In the Amazonian floodplains there is a great diversity of aquatic plants, estimated at
388 species alone for central Amazonia (Junk and Piedade, 1997). Rooted aquatic
macrophytes like Montrichardia arborescens (L.) Schott are subject to stresses typical of the
aquatic environment, such as waves, oxygen shortage, instability of the substrate, and also the
periodic variation of the water level which causes drastic changes in the environment (Piedade
and Junk, 2000). The occurrence of M. arborescens includes the fertile white water varzea
and the poor acidic igapo flooded forests (Lopes and Piedade, 2012). Although being an
aquatic emergent macrophyte, M. arborescens occupies a position along the floodplain more
related to the first succession stage of pioneer trees and shrubs with which it may compete due
to its arboreal habit (Lins and Oliveira, 1994). The climate change studies on emergent

macrophytes can be justified with their crucial role in the ecosystem functioning in aquatic
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habitats (Ojala et al., 2002). Furthermore, this species was chosen to understand the effects of
stressors in nutritionally poor areas such as igap0.

The nature of the physiological adaptations may vary greatly among species according
to the genetic load as a function of the availability of environmental resources (Pepper et al.,
1998). This will influence parameters directly responsible for obtaining daily carbon as the
photosynthetic capacity and quantum efficiency and the uptake and use of nutrients in soil,
which influences the primary metabolism (Parolin, 2001, De Simone et al., 2002). Thus, the
studies of the ecophysiological behavior of plant species that colonize floodplain ecosystems
are important tools for understanding the potential effects of environmental changes.
Analyzing the combined effects of CO, and temperature on plants is important because
changes in CO, concentrations are global, and different ecosystems in very different
temperature regimes will be affected, irrespective of any past or future changes in temperature
(Morison and Lawlor, 1999). The aim of this paper was to determine the responses of an
Amazonian aquatic macrophyte in scenarios with significant changes in temperature and
atmospheric CO, concentrations according to the predictions of the IPCC (2007). In order to
characterize the potential effect of CO, enriched atmosphere over seedling establishment, our
experiment was designed to evaluate the responses of seedlings to four scenarios of CO,
concentrations and temperatures. We aimed at understanding whether climatic changes would
interfere with the responses of growth parameters and photosynthesis. Our hypothesis is that
moderate elevation of temperature and CO; stimulates seed germination and seedling growth,

while high concentrations can inhibit the germination and growth of seedlings.

Methods
Species investigated

Montrichardia arborescens, known as Aninga, has a broad distribution along the river
shores in the Amazon Basin, forming monospecific stands in the edges of the floodplain
forests. The species can also be found in high densities in Central America and in isolated
spots in the states of Minas Gerais and Bahia (Brazil). In the Amazon Basin, M. arborescens
may be found in nutritionally rich environments, such as the white water rivers (varzeas), but
especially in poor environments, such as black water rivers (igapds) and in the brackish

estuarine areas of the Amazon River (http://splink.cria.org.br).
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Infructescences of M. arborescens were collected from eight individuals separated
between them approximately by 100 m away at the Negro River, the biggest black water river
in Central Amazonia (Sioli, 1984), in the locality of Praia Grande, Iranduba (Amazonas,
Brazil) in April 2012. The fruits were pulped and 200 similar healthy seeds were chosen for
the experiment which included the monitoring of germination, seedlings growth and
physiology. The seeds were placed in plastic pots (8cm of height and 8 cm of diameter) with a
vermiculite substrate, one seed per pot. Trays with water were placed beneath the vessels to
maintain a high humidity level in the substrate. Each treatment had 50 replicates. The

experiment was conducted from 4™ of April to 13" September 2012 (162 days).
Microcosm Experiment

The microcosm was mounted at the Laboratory of Genetics and Molecular Evolution —
LEEM, INPA/Manaus (AM, Brazil). The microcosm itself consists of four climatic chambers
subjected to a daily photoperiod regime of 12 h (12 h light and 12 h dark), and environmental
(Control), Mild, Intermediate and Extreme conditions of CO, concentration; humidity and
temperature were independently controlled. The climatic conditions of the rooms as above
described were programmed according to the scenarios forecasted for 2100 by the IPCC
(2007). Since in the natural ambient temperature and CO; vary throughout the day, the rooms
were designed to simulate these fluctuations in the enriched rooms over 24 hours. Therefore,
the control room monitored in real time the current conditions of CO,, temperature and

humidity in the surrounding forested environment (Table 1).

Table 1- Programmed values of CO, concentration, temperature, and humidity for the

microcosm.
Treatment CO; (ppm) Temperature Humidity (%) IPCC
(C) Scenario
Control + 400 +30 +75 -
Mild Control +200  Control + 1.5 175 Bl
Intermediate Control +400  Control + 2.5 175 B2
Extreme Control +850 Control +4.5 75 A2
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Parameters measured

Germination, considered as the radicle protrusion, was evaluated daily from the
beginning of the experiment, and the number of seedlings produced was calculated for each
treatment at the end of the experiment. We calculated the percentage of germination (G%),
initial time of germination (ITG), final time of germination (FTG), median time of

= Zk:nflj./inj

i=1 i=l

germination (t) , Where t;: time from the start of the experiment to the i"
observation (day); ni: number of seeds germinated in the time i (not the accumulated number,
but the number correspondent to the i™ observation), and k: last time of germination
(Labouriau 1983); the velocity of germination (VGI) VGI = (G1/N1) + (G2/N2) + (G3/N3) +
... + (Gn/Nn), where: G1, G2, G3, ..., Gn = number of germinated seeds in the first, second,
third and last count; N1, N2, N3, ..., Nn = number of days at first, second, third and last count

Maguire (1962) and the number of seeds germinated.

In the seedlings produced in the microcosms at the end of the experiment,

morphological and physiological traits were measured as follows:

1) Morphological traits: number of leaves, length of roots and shoot (cm), total

biomass (shoot plus root; g); seed biomass of germinated and non-germinated plants.
2) Physiological traits:

2.1 The content of chlorophyll a, chlorophyll b and total of leaves was measured with
a portable Clorofilog (Falker, Brazil). The chlorophyll was measured on the abaxial and
adaxial surface of one leaf per plant. The chlorophyll index was converted to chlorophyll
[umol/mm?] by equations: total chlorophyll = 1.6429*clorofilog index+17, R? = 0.8775;
chlorophyll a = y = 0.81*clorofilog index - 11.655, R2 = 0.7173; chlorophyll b =
0.2491*clorofilog index +1.38, R?2 = 0.905 (Pantoja, 2011);

2.2 The maximal photochemical yield of PSII was measured in ten plants in each
room. The ‘current photochemical capacity’ of PSII (Bolhar-Nordenkampf and Oquist, 1993)
or ‘intrinsic efficiency’ (Maxwell and Johnson, 2000) was assessed with a Mini-PAM (Walz,
Effeltrich, Germany). The maximal photochemical yield (Y=Fv/Fm) was measured in dark-
adapted leaves (10 min), when a saturation pulse induces maximal fluorescence yield (Fm)

and maximal variable fluorescence (Fv), which are considered as reliable measures of the
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potential quantum yield of Photosystem Il. In dark-adapted leaves (all reaction centers of the
electron transport chain oxidized) Fv/Fm is a parameter for measuring the maximum relative
electron transport rate of PSII (Krause and Weis, 1991). Healthy leaves usually show Fv/Fm
values between 0.66 and 0.80, lower values indicate intracellular or physiological changes
(calculated according to Bolhar-Nordenkampf and Gotzl, 1992, for several common
floodplain species in Waldhoff et al., 2000).

2.3 Rapid light curves (RLC) in three plants in each treatment were additionally
carried. This measure shows the photosynthetic electron transport rate (ETR). Responses to
short-term irradiances were measured using increasing irradiation in nine steps within 3

minutes, each irradiation period lasting 10 s.
Statistical analyses

ANCOVA was user to analyze the effect of the treatments on morphological traits,
with the time available for plant’s growth as co-variable. ANOVA was used to analyze the
effect of the treatments on physiological traits and germination parameters. The differences
between the factors were estimated by Tukey test a posteriori. The non-parametric Kruskal-
Wallis-Test was applied when the assumption of ANOVA was not met, followed by of
Dunnett test. The statistical analyses were performed with Systat 12 (SYSTAT, 2007).

Results

During the experimental period, the climatic conditions in the microcosms varied in
response to outside-room ambient changes. The [CO;] varied between 350 and 500 ppm in
treatment Control, 550 to 680 in treatment Mild, 770 to 890 in treatment Intermediate and
1200 to 1330 in treatment Extreme (Table 1). The temperature varied between 26 and 28°C in
the Control treatment, 28 to 30°C in treatment Mild, 29 to 31°C in treatment Intermediate and
31 to 33°C in treatment Extreme (Table 2). The humidity varied between 69 and 77% in all

treatments during the experiment period (Table 2).
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Table 2 — Average values of microcosm climatic conditions per month in the experiment
period

Month CO; (ppm) Temperature (°C) Humidity (%)
1 2 3 4 1 2 3 4 1 2 3 4

Apr 507.26 682.94 888.83 133147  26.77 2831 29.26 31.15 75.30 76.96 76.50 76.05
May 498.86 628.32 821.60 1272.03  26.84 28.76 29.36 31.19 7547 79.05 76.51 76.73
Jun 437.03 596.12 807.00 125843  27.24 2893 29.81 3151 74.88 76.38 75.09 74.45
Jul 402.13 57175 79552 122745 2742 2897 30.05 3155 73.67 74.43 74.28 7295
Aug 371.14 567.96 798.18 122532  28.09 29.67 30.80 3253 70.03 69.31 69.73 69.79
Sep 345.60 557.76 77532 120549 2835 29.93 30.97 3275 7178 70.27 69.37 70.47

The elevation of CO, together with elevated temperature did not cause significant
effects in any germination parameters analyzed (Table 3). The median time of germination
showed a tendency in reduce with treatment but is not significant (F15 3 = 2.82, p=0.075) .The
maximum time to germination was 163 days in treatment Control and the minimum was 44

days in treatments Control, Intermediate and Extreme.

Table 3 — Index of germination (median) of Montrichardia arborescens: percentage of
germination (G%o), initial time of germination (ITG), final time of germination (FTG),
median germination time (t), the velocity of germination index (VGI).

Treatment G% ITG t FTG VGI
(days) (days)  (days)

Control 44.00 63.00 94.27 135.20 0.05

Mild 38.00 67.60 86.99 114.20 0.05

Intermediate 34.00 61.40 82.69 108.60 0.05

Extreme 42.00 58.40 72.67 105.40 0.06

The seedlings’ morphology did not change with CO, and temperature elevation. The
number of leaves was similar between the treatments with averages ranging from 1.7 and 2.0
leaves. A higher number of leaves occurred in the control, 4 leaves, and the remaining
treatments showed a maximum of 3 leaves, but this difference occurred in response to the
time of growing of each individual. There was an effect in elongation of the roots in response
to the elevation of CO, together with temperature and the time of growth (Table 4; Fig. 1),
although this effect was not reflected in root biomass (Table 4). There were no effects of the
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treatments on shoot length (Table 4) but there was an increase of shoot biomass with the
elevation of CO, and temperature (Table 4). The root/shoot ratio did not change with
treatments (Table 4). Total biomass was influenced by the treatments and time (Table 4, Fig.
2). The treatment with mild and intermediate conditions showed higher values of total
biomass than the control (p<0.05) whereas the treatment with extreme conditions showed
values similar to the control (p<0.05).

Table 4 - Results of the ANCOVA to effect of temperature and CO;, elevation (variable)
and growth time (co-variable) of Montrichardia arborescens seedlings.

Source df F-ratio p-value
Roots elongation

Treatment 3 5.081 0.003
Growth time 1 27.270 0.000
Error 63

Roots biomass

Treatment 3 2.005 0.122
Growth time 1 25.037 0.000
Error 68

Shoot length

Treatment 3 0.431 0.731
Growth time 1 20.956 0.000
Error 66

Shoot biomass

Treatment 3 3.390 0.023
Growth time 1 35.922 0.000
Error 65

Root/shoot biomass

Treatment 3 0.807 0.495
Growth time 1 6.259 0.015
Error 65

Total Biomass

Treatment 3 3.496 0.020
Growth time 1 40.960 0.000
Error 66

Fv/Fm

Treatment 3 3.555 0.025
Growth time 1 0.025 0.876

Error 32 3.555
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Figure 1. Length of roots of M. arborescens in each treatment. Medians with standard error.

0.25
JShoot

0.2
] ! M Root
| | ab

o

=

wn
w
—t—

=
o
[

Biomass (g)

0.05

Control Mild Intermediate Extreme

Figure 2. Total biomass (shoot plus root) of M. arborescens in each treatment. Medians with
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The physiological parameters were affected by CO, and temperature. Fv/Fm was
lower in Extreme than in the Control (Table 4; Fig. 3), the growth time did not influence this
parameter. RLC of leaves in treatment Control, Mild and Intermediate showed a maximum
ETR of 6.3, 6.5 and 5.0 umol respectively at approximately 200 PPFD and treatment Extreme
showed a maximum ETR of 4.5 at approximately 100 PPFD and slightly decreasing ETR at
higher light intensities (Fig. 4). The ETR was related with treatment (ANCOVA,; F= 6.16,

p<0.001), with the treatment Extreme showing lower values than the other treatments.
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Figure 3. Fv/Fm values of Montrichardia arborescens from each CO,/temperature conditions.

Medians with standard error.
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Figure 4. Rapid light curves in the leaves of M. arborescens submitted to different

temperatures and CO, concentrations. PPFD=photosynthetic photon flux density (umol

photons/m?/second).

The total chlorophyll measured on the abaxial and adaxial sides of the leaf did not

show significant differences between the treatments (p>0.05), as well as the ratio Chl a/ Chl b

(p>0.05). The minimum value of total chlorophyll on the adaxial side was 19.9 pmol.mm in

treatment intermediate, and the maximum was 42.7 umol.mm in the control (Table 5).

Table 5 — Average values of Chlorophyll (umol.mm™) at adaxial side of the leaf of

Montrichardia arborescens

Treatment Chlorophyll a Chlorophyll b Total chlorophyli
Control 247+49 42+13 28.9+5.3
Mild 26.7+5.0 47+24 31.5+7.2
Intermediate  23.7 +4.6 3410 27.2+4.6

Extreme 245+4.0 41+1.2 28.615.0
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Discussion

The elevation of CO, and temperature influenced the initial growth of M. arborescens
in our experiment. When exposed to extreme higher CO, concentrations and temperatures, the

plants showed a lower accumulation of biomass and electron transportation.

The faster development of plants in warmer temperatures may result in substantial
shortening of the growth period in some annual species. This results in less time for carbon
fixation and biomass accumulation (Rawson 1992, Wheeler et al., 1996, Bowes, 1996). Most
studies of terrestrial plants revealed that a CO, elevation generally caused greater increases in
growth at higher temperatures, beyond the optimal temperatures (Chen et al., 1994). In the
present study the exposure of M. arborescens to extreme conditions of temperature and CO,
showed a higher time and velocity of germination than the Control treatment; however the
total biomass was similar to that of the Control. Plant ontogeny and morphogenesis are strong
functions of temperature, and the relationships are often conveniently summarized in terms of

thermal time (Morison and Lawlor, 1999).

Studies with aquatic macrophytes analyzing the effects of the interaction of CO,
elevation and temperature are still scant. Idso et al. (1987) demonstrated that the relative
increase in net photosynthesis of Azolla pinnata var. pinnata and Eichhornia crassipes due to
CO;, enrichment was higher during the spring and fall than during winter. Allen et al. (1990)
reported that there were significant interactive effects of CO, and temperature on
photosynthesis of Nymphaea marlic. Chen et al. (1994) showed that the relative increase in
Hydrilla verticilata growth by 700 ppm was less at 32°C than 15 °C and 25°C. M. arborescens
showed similar results with a decline in total biomass at 31-33 °C and around 1200 ppm of
CO, than in treatments with lower temperatures and CO, concentration indicating that the
analyses of the scenario considering both CO, and temperature is more appropriated. Indeed,
Idso et al. (1987) and Chen et al. (1994) demonstrated that the effect of CO, enrichment is
strongly temperature-dependent.

The rise in temperature leads to the increase in respiration rates, thus affecting the
capacity of germination. According to Perez-Garcia and Gonzalez-Benito (2006) temperature
accelerates biochemical reactions and metabolism of seeds. This increases the velocity of
breakdown of the reserves stored in the supporting tissues which are more rapidly transported
and resynthesized in the embryonic axis. As a result the rise of CO; reduces the metabolic

activity and favors the conservation of seeds of tropical forest species and crops for longer
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periods (Khurana and Singh, 2001). This occurs because increasing of CO, reduces the
metabolic activity and sharply reduces the deterioration and aging of seeds, favoring the
maintenance of quality during storage as stated for soybean seeds by several authors (Schmidt
2007; Aguiar, 2010). On the other hand, higher temperatures increase metabolic rates in early
germination (Carvalho and Nakagawa, 2000). Aidar et al. (2002) noted that when there was a
mobilization of the reserves in Hymenaea courbaril L. seedlings, and growth occurred
primarily at the expense of an internal source of carbon (cotyledons), the effect of elevated
CO; in the external environment was significantly lower. The cotyledons of monocotyledons
like M. arborescens are highly modified leaves with a scutellum, specialized to absorb stored
reserves from the endosperm, and a coleoptile that serves as a protective cap that covers the
part that will become the stem and leaves of the plant. This could influence the effect of CO,
on the growth of M. arborescens since in plants germinated at the all microcosm the seeds
remained fixed to the seedlings, eventually mitigating the effect of the external elevation of
CO..

In contrast with the literature where higher CO, concentrations result in the increase of
the height of plants in comparison to the control (Poorter, 1993), in the present study M.
arborescens did not show differences in this parameter between treatments and Control. Ojala
et al. (2002) found a reduction on shoot length of the emergent macrophyte Equisetum
fluviatile in response to CO; elevation, an enhancing in response of temperature elevation, and
a non-significant effect when evaluated the interaction between temperature and CO,
concentration. Therefore it is recommended to consider the joint effect of factors such as

temperature and enrichment CO, on plant growth in future climate scenarios.

Effects of elevated CO, on carbon allocation between roots and shoots are variable
(Bazzaz, 1990, Rogers et al., 1983). In our experiment undetectable changes in carbon
allocation by elevated CO, might be attributed to relative low nutrient resources present in
vermiculite media. The general conclusion of studies on root growth under elevated CO; is
that the root mass increases (Norby, 1994). Like described for E. fluviatile during 5 months
of observation (Ojala et al., 2002), in M. arborescens a discrete increase in root growth took
place when CO; concentration was between 600-800 ppm, coupled with elevated temperature,

but the response was not pronounced.

The measurements of RLC in leaves exposed to different levels of CO, and

temperature showed that the potential for photosynthetic activity of PSII decreased when the
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CO, concentration and temperature were very high, as occurred in the treatment Extreme.
Relative ETR is an approximation of the rate of electrons pumped through the photosynthetic
chain (Beer et al., 2001), and can provide a reliable assessment of photosynthetic activity, by
integrating the leaf’s ability to tolerate light fluctuation, as well as reflecting its immediate
short-term light history (Schreiber et al., 1997, White and Critchley, 1999). Therefore it may
be assumed that the rates of M. arborescens photosynthesis are also reduced in the treatments.
Wang et al. (2012) concluded with a meta-analysis study that the increasing in Fv/Fm of
herbaceous and crop species on elevated [CO;] only occur in elevated temperature, but no
effect on woody and non-crop species is related. The Fv/Fm values of M. arborescens were
between 0.69 and 0.86, indicating that the leaves were healthy, using the standard values
established for aquatic macrophytes (Koch et al., 2007). However, the treatment Extreme
showed a significant reduction of approximately 3.0% in Fv/Fv values together with the
reduction about 60% in ETR indicating that the photosynthetic apparatus may be damaged
under such conditions. This tendency probably could be confirmed with increasing time of

exposure of plants to treatments.

The elevation of temperature and CO, influenced the velocity of germination and the
initial development of M. arborescens, affecting total biomass and length of roots. Although
plants responded more intensively to Mild and Intermediate (600-800 ppm of CO,), the
Extreme treatment (1200 ppm) did not show the same effect. These results are consistent with
observations of Hartz-Rubin and DeLucia (2001) studying 14 species of herbaceous plants.
The authors noted that increasing CO, between 370 and 800 ppm promoted the increase of
biomass. Our results are similar to other studies with CO, enrichment above 900 ppm that
have shown a decrease in plant biomass of wheat (Grotenhuis et al., 1997), and a decline in
the photosynthesis rate of cotton (Reddy et al., 1995) and rice (Baker et al., 1990). However,
this response is in contrast of the emergent macrophyte Equisetum fluviatile in which
maximum biomass was influenced by increasing in temperature and not by CO, (600-700
ppm) nor the increasing in temperature together with CO,, The different responses between
M. arborescens and E. fluviatile may be explained by morphology because M. arborescens is
a tree-like plant, tall and with big leaves, and E. fluviatile has slender side branches with scale

leaves.

In the Amazon floodplain with low nutrient levels the quantity of floating plants and
herbaceous shoreline vegetation is low. In extremely nutrient-poor and acid rivers aquatic

macrophytes may only be represented by small patchy stands of Montrichardia arborescens
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along the margins of the floodplain forest (Junk and Howard-Williams, 1984). Climate
models predict that from the middle of this century on, the Amazon rainforest may give place
to a cerrado-type vegetation (Oyama and Nobre, 199; Jenkins et al., 2005) or semi-deciduous
forest (Malhi et al., 2009a). Under such conditions the Amazonian wetlands may become a
refuge for species of humid forest lowering the effects of decreased precipitation (Piedade et
al., 2013). However, our results with M. arborescens indicate that the elevation of CO, to
1200 ppm and temperature may result in extreme reductions of aquatic macrophytes in these
areas, since this is the most abundant species in the igapd system (Lopes et al., 2014). This

could result in a drastic change in the whole floristic composition of these areas.

Conclusions

The elevation of CO, and temperature influenced the initial growth of M. arborescens,
resulting in a lower accumulation of biomass and electron transport. If this result was a
standard for other aquatic macrophytes, this would indicate important implications for
Amazonian wetlands, and also for wetlands worldwide. Aquatic macrophytes are the main
primary producers in this environment, and they are pioneers in the constant successional
processes in wetlands. In extremely nutrient-poor and acid water like igap0, the aquatic
macrophyte vegetation may be reduced to few species. An elevation of CO; concentrations to
1,200 ppm and higher temperatures may result in a drastic reduction of these plants. This
implies that a reduction of carbon sequestration by the herbaceous vegetation may be

expected, leading to an alteration in the local and regional carbon cycles.

The aquatic herbaceous plants are very important in the carbon and nutrient budgets of
wetlands. The igapd ecosystem is an important area for the regional economy owing to
activities in fisheries, forestry, and tourism. The reduction of the biomass of aquatic
macrophytes could certainly have a negative impact on the biota and the whole ecosystem,
since these plants are very productive and provide shelter and food for many animals.
Therefore, long-term investigations of interactions of CO, and temperature effects, like the
proposed IPCC scenarios, are needed to clarify the effects on Amazonian aquatic macrophytes
and the whole ecosystem.
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SINTESE

Os diversos parametros ambientais e caracteres bioldgicos aferidos demostraram a
clara separacdo das espécies M. linifera e M. arborescens, contradizendo recentes estudos
morfologicos pontuais (Lins, 1994; Lins & Oliveira, 1995; Silva et al. 2012) e corroborando
Mirouze et al. (2012). Entretanto, ndo foi possivel determinar a exata relacdo entre a
variedade M. arborescens var. aculeata e as outras duas espécies. O alto indice de
diferenciacdo genética (RST) entre as espécies M. linifera e M. arborescens aliado a
interpretacdo da rede de hapl6tipos, permitiu confirmar a separacdo destas duas espécies, 0
gue se mostrou compativel com a separacdo morfoldgica propiciada pela analise do numero

de nervuras apicais secundarias (Mayo, 1987).

Os fatores hidroquimicos parecem influenciar a distribuicdo das espécies de
Montrichardia em escala regional (Amazoénia). Enquanto M. linifera ocorre principalmente
em rios de agua branca (varzeas), M. arborescens ocorre em rios de agua preta (igapés) e
riachos de terra-firme. As variacfes nas caracteristicas morfologicas intraespecificas em
resposta a transparéncia da dgua e ao pH, juntamente com os valores de Fv/Fm e o nivel de
inundacdo das parcelas, sugerem a ocorréncia de plasticidade fenotipica ao nivel morfol6gico
e fisioldgico, que permite que as espécies ocupem corpos hidricos com diferentes
caracteristicas fisico-quimicas. Além disso, o gradiente longitudinal de fertilidade do solo da
Amazonia Ocidental para a Amazénia Oriental influenciou a densidade de M. arborescens, de
forma similar as padrdo descrito para espécies de arvores na Floresta Amazénica (Ter Steege
et al., 2006).

Em uma macro-escala (Neotropical), a precipitacdo e temperatura foram os fatores que
mais influenciaram a distribuicdo das espécies. Na Bacia Amazodnica estes dois parametros
sdo apontados com os principais fatores que serdo alterados devido as mudancas climaticas
decorrentes da elevacdo da concentragdo de CO, na atmosfera (Houghton et al., 2001). A
simulacdo da elevacdo de temperatura e CO, nos microcosmos permitiram inferir os efeitos
das mudancas climaticas sobre M. arborescens. Esta espécie apresentou uma menor
acumulacdo de biomassa e menor taxa de transporte de elétrons quanto exposta a niveis
extremos de temperatura e CO,. Caso esse resultado seja um padréo para outras macrofitas
aquaticas, ele indica importantes implicacbes para as areas alagaveis, ndo somente
Amazonicas, ja que as macrodfitas aquaticas possuem uma ampla distribuicdo em todos os

continentes.
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Anexo B — Pareceres da banca examinadora do trabalho escrito

Institute Nacional de Pesquisas da Amazénia - INFA %
Pregrama de Pés-graduagdo em Ecologia IN PA
memllm AATTTYTD RADOEAL O

R b, LA D,

Avaliagio de tese de doutorado

Titulo: DISTRIBUICAO, ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GENERO Montrichardia H. CRUEG NA BACIA AMAZONICA

Aluno: ALINE LOPES

Crmentadors: Dra. MAR|IA TERESA FERMAMDEZ PIEDADE

Co-opentador: Dr. Sidinei Magels Thomaz

Avaliador: ANTONIO FERNANDO MONTEIRDO CAMARGO

Por favor, margue 3 afternativa que coneldarar mals apropriada para cada fhem abalxo, & marque sel
parscar final no quadne abalxo
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Rio Clarg, 27 do malo da 2014,
Local Diata & painatura

Comantanos o sugesties podam ear anviados como wmaE continuagao deeta Ticha, como arguive
paparads ou como anotagdes no texto Impressc cu digital da tesa. Por faver, anvie 3 Ticha assinada,
D&M COMe 3 copla anctada datess alou arquive de comentarics pore-mall para
poecoicplafgmall.com 8 Tiaviacostsddifamall com ou porcomale a0 endansgo abalxe. O anvic por
g-mall & praferivel ac snvic por commalo. Uma copla digital de sua assingtura eers vallda.

Endaragn para anvie de comaspondéncia;
|

Fiavia Coseta
INP&CBEVPPG-Ecologla
&Y. André Aradjo n® 2358
BML067-373, Manaus, AM
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Instituto Nacional de Pesquisas da Amazénia - INPA w'i

& Programa de Poés-graduacio em Ecologia ' N P A
PG'ECO'INPA INSTITUTO NACIONAL DE

2 b PESQUISAS DA AMAZONIA
POS-GRADUACAC EM ECOLOGIA

Avaliacao de tese de doutorado

Titulo: DISTRIBUICAO, ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GENERO Montrichardia H. CRUEG NA BACIA AMAZONICA

Aluno: ALINE LOPES

Orientador: Dra. MARIA TERESA FERNANDEZ PIEDADE

Co-orientador: Dr. Sidinei Magela Thomaz

Avaliador: Vera Maria Fonseca de Almeida e Val

Por favor, marque a alternativa que considerar mais apropriada para cada item abaixo, e marque seu
parecer final no quadro abaixo

Muito bom
Relevancia do estudo € X ) (

Revisé&o bibliografica

Desenho amostral/experimental
Metodologia

Resultados

Discusséo e conclusdes
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Potencial para publicagdo em
periédico(s) indexado(s)
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*Qualidade das figuras.

PARECER FINAL

(X ) Aprovada (indica que o avaliador aprova o trabalho sem corregdes ou com corregdes minimas)

() Aprovada com corregdes (indica que o avaliador aprova o trabalho com corregdes extensas, mas que n&o precisa
retornar ao avaliador para reavaliagdo)

() Necessita revisao (indica que ha necessidade de reformulagéo do trabalho e que o avaliador quer reavaliar a nova verséo

antes de emitir uma decisao final) i 4
() Reprovada (indica que o trabalho ndo é adequado, nem com modificagdes substanGiais) ( i

&era M. F. Almeida|- Val, Dra.
\; " INPA- ZL;JEI*\
Manaus . ___06/06/201 y ,f.,;sn',ggg%‘ i, S
Local Data ssinatura = o
Comentarios e sugestdes podem ser enviados como uma continuagao desta ficha, como arquivo
separado ou como anotag¢oes no texto impresso ou digital da tese. Por favor, envie a ficha assinada,
bem como a c6pia anotada da tese e/ou arquivo de comentarios por e-mail para

pgecologia@gamail.com e flaviacosta001@gmail.com ou por correio ao enderego abaixo. O
envio por e-mail é preferivel ao envio por correio. Uma copia digital de sua assinatura sera valida.

Endereco para envio de correspondéncia:

Flavia Costa
PPG-ECO/CBIO/INPA
Av. André Aratjo n° 2936
69.067-375 - Manaus-AM
Brazil
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0 Institute Nacional de Pesquisas da Amazénia - INPA @7
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Avaliagao de tese de doutorado

Titulo: DISTRIBUICAO, ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GENER.O Mentrichardia H. CRUEG NA BACTIA AMATONICA

Ahmo: ALINE LOPES

Onentadora: Dra. MARIA TERESA FERMAMDEZ PIEDADE

Co-orientader: Dr. Sidinei Magela Thomaz
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Instituto Nacional de Pesquisas da Amazonia - INPA -
Programa de Pos-graduagio em Ecologia l N P A

Avaliacao de tese de doutorado

Titulo: DISTRIBUICAQ, ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GENERO Monrichardio 11, CRUEG NA BACIA AMAZONICA

Auno: ALINE LOPES

Orientadora:. Dra. MARIA TERESA FERNANDEZ PIEDADE

Co-onentadoe. Dr. Sidined Magela Thomaz

“u4 00 AUGUSTO CESAR FRANCO |

Por tavor, marque 2 akernativa que considorar mats apropriada para cada ilem abaixo, e marque seu
parecer final no quadro abaixo
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Comentirios & sugestoes podem ser enviados como Uma continuagio desta ficha, como arquive
separado ou come anotagdes 1o texto impresso ou digital da tese, Por favor, envie a ficha assinada,
bem como a copla anotada da tese elou arquivo de comentanos por e-mall para

malloom e flaviacostalo famail.com ou por correio a0 endereco abaixe. © envio por
e-mail & preforivel 8o envio por correlo. Uma copia digital de sua assinstura sera valida.

Enderego para envio de correspondéncia:

Flavin Costa
INPA/CBIO/PPG-Ecologis
Av. André Aradjo n® 2936
690.067-375, Manaus, AM
Brazil
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Avaliagdo de tese de doutorade

Titule: DISTRIBUICAO, ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GEMER.Q Montrichardia H. CRUEG NA BACTA AMAFONICA
Aluno: ALINE LOPES

Omientador: Dra MARTA TERESA FERNANDEY FIEDATE
Co-onentador- Dir. Sidined Mazsla Thomas

| Avaliador- Dr. Jochen Schongart

Por favor, margus a altemativa que considarar mals apropriads para cads fsm abala, & margus ssu
parscer final o quadro abalos
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Institute Macional de Pesquisas da Amazénia - INPA %
Pregrama de Pos-graduagie em Eceolegia I N PA
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Avaliagao de tese de doutoradoe

Titulo: DIST'RIB[HCAG ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GENERQ Montrichardia H. CRUEG NA BACIA AMATONICA

Aluno: ALTNE LOPES

Onentadora: Dra. MARIA TERESA FERMANDEZ PIEDADE

Co-onentador: Dr. Sidinei Magela Thomaz

Avaliador: Evlyn Marica Ledo de Moraes Novo
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Instituto Nacional de Pesquisas da Amazénia - INPA
Programa de Pés-graduag¢iio em Eceolegia I N PA
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Avaliagao de tese de doutorado

Titulo: DISTRIBUICAO, ECOFISIOLOGIA E CAPACIDADE ADAPTATIVA DO
GENERO Montrichardia H. CRUEG NA BACIA AMAZONICA

Aluno: ALTNE LOPES

Ornentadora: Dra. MARLA TERESA FERNANDEZ PIEDADE

Co-orientador: Dr. Sidinei Magela Thomaz

Avaliador: Christine Lucas

Por favor, marque a alternativa que considerar mais apropriada para cada item abaixo, e marque seu
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Local ' Data ' Assinatura

Comentarios e sugestoes podem ser enviados como uma continuagdo desta ficha, como arguive
separado ou como anotagies no texto impresso ou digital da tese. Por favor, envie a ficha assinada,
bem como a copia anotada da tese efou arquivo de comentarios por e-mail para

poecologia@gmail.com e flaviacostal(] @gmail.com ou por comeio ae enderego abaixo. O envio por

e-mail & preferivel ao envio por correio. Uma copia digital de sua assinatura sera valida.

Enderego para envio de comespondéncia:
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Anexo C — Ata da defesa publica da tese

M2

INSTITUTO NACIONAL DE
PESQUISAS DA AMAZONIA

G OVERNO FEDERAL

PG-ECO-INPA

PUY5- GRADUAGAC EM ECOLOGIA PAIS RICO E PAIS SEM POBREZA

ATA DA DEFESA PUBLICA DA TESE DE
DOUTORADO DO PROGRAMA DE POS-
GRADUACAO EM ECOLOGIA DO
INSTITUTO NACIONAL DE PESQUISAS
DA AMAZONIA

Aos 03 dias do més de setembro do ano de 2014, as 14:00 horas, no Auditorio da Biblioteca
do INPA, Campus |, INPA/Aleixo, reuniu-se a Comiss&o Examinadora de Defesa Publica,
composta pelos seguintes membros: o(a) Prof(a). Dr(a). Vera Maria Fonseca de Almeida
Val, do Instituto Nacional De Pesquisas Da Amazénia — INPA, o(a) prof(a). Dr(a). Jefferson
da Cruz, da Universidade Federal do Amazonas - UFAM, e o(a) Prof(a). Dr(a). Cristiane
Ferreira, da Universidade de Brasilia — UnB, tendo como suplentes o(a) Prof(a). Dr(a).
Jochen Schéngart, do Instituto Nacional de Pesquisas da Amazonia - INPA, e o(a) Prof(a).
Dr(a). Doriane Pican¢o Rodrigues, da Universidade Federal do Amazonas - UFAM, sob a
presidéncia do(a) primeiro(a), a fim de proceder a arguiicéo publica do trabalho de TESE DE
DOUTORADO de ALINE LOPES, intitulado “DISTRIBUICAO, ECOFISIOLOGIA E
CAPACIDADE ADAPTATIVA DO GENERO Montrichardia H. CRUEG NA BACIA
AMAZONICA”, orientado pelo(a) Prof(a). Dr(a). Maria Teresa Fernandez Piedade, do
Instituto Nacional de Pesquisas da Amazénia — INPA e co-orientado pelo(a) Prof.(a)
Dr(a). Sidinei Magela Thomaz, da Universidade Estadual de Maringa — UEM.

Apods a exposicdo, o(a) discente foi argtido(a) oralmente pelos. membros da Comisséao
Examinadora, tendo recebido o conceito final:

APROVADO(A) [ ] REPROVADO(A)
POR UNANIMIDADE [ ] POR MAIORIA

.

Nada mais havendo, foi lavrada a presente ata, que, apés Ii(%a/e aprovada, foi assinada pelos
membros da Comissdo Examinadora. {

Prof(a).Dr(a). Vera Maria F. de Almeida Val _ }‘,7@&)()\/} O&
/
Prof(a).Dr(a). Jefferson da Cruz y / : Vs
/’/[%f@“ Lo l/
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X \

Prof(a).Dr(a). Jochen Schongart

Prof(a).Dr(a). Doriane Picango lsodrigues
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/ / / /g /
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Coordenagéo PPG-ECO/INPA




