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RESUMO

As florestas paludosas sdo areas imidas que permanecem com o solo inundado ou encharcado
por longos periodos. No entanto, ¢ comum nesses ambientes a existéncia de variagdes
microtopograficas que determinam a ocorréncia de microambientes inundados e nao
inundados. Essa caracteristica pode contribuir para a coexisténcia de espécies com diferentes
niveis de tolerancia a saturagdo hidrica do solo, tornando esses ecossistemas mais complexos
e dificeis de restaurar. Nesse sentido, o objetivo geral dessa tese foi estudar os efeitos da
inundagdo no desenvolvimento de duas espécies arboreas palustres: Citronella gongonha e
Allophylus edulis, descrevendo algumas das estratégias adotadas para colonizar com sucesso
as florestas paludosas. Ambas as espécies sao abundantes em formacdes paludosas no sul do
Brasil, no entanto alguns aspectos da sua distribuicao espacial indicam que elas contrastam na
tolerancia ao estresse por inundagdo. Os resultados obtidos, através da avaliacdo da
germinagdo das sementes, bem como de parametros de crescimento, bioquimicos e/ou da
avalia¢do da fluorescéncia da clorofila @ em plantas jovens das espécies, durante diferentes
periodos de inundagdo, permitem prever o microambiente preferido das espécies. O capitulo 1
mostra que C. gongonha apresenta sementes com baixa tolerancia a inundagao. No entanto, as
plantas dessa espécie exibem adaptacdes que permitem tolerar longos periodos de inundagao
do solo. Entre as adaptagdes destacam-se crescimento hipertrofico do caule através da
expansdo do aerénquima e desenvolvimento de lenticelas, raizes adventicias, acimulo e uso
de carboidratos de reserva. O capitulo 2 mostra que tanto as sementes quanto as plantas
jovens de A. edulis toleram curtos periodos de inundagdo, mas inundagdes prolongadas
inviabilizam as sementes e danificam o aparato fotossintético, levando & morte das plantas. As
estratégias adaptativas observadas para 4. edulis foram aumento da taxa de germinagdo e do
indice de velocidade de germinacdo das sementes apds um curto periodo de inundagao (15
dias). Além disso, houve inibicdo do crescimento e dissipa¢do de energia por processos nao
fotoquimicos em plantas inundadas. Os resultados dos capitulos 1 e 2 dessa tese ajudam a
explicar as variagdes espaciais na distribuicdo das espécies estudadas em ambientes inundados por
longos periodos, bem como a sua distribui¢ao ao longo do gradiente de inundacdo em ambientes

temporariamente inundados.

Palavras-chave: hipdxia; germinagdo de sementes; raizes adventicias; carboidratos de reserva;

fluorescéncia da clorofila a; estratégias adaptativas.
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ABSTRACT

Swamp forests are wetlands that remain with flooded or waterlogged soil for long periods.
However microtopographic variations occur leading to the occurrence of flooded and non-
flooded microenvironments. This characteristic may contribute to the coexistence of species
with different levels of tolerance to soil water saturation, making these ecosystems more
complex and difficult to restore. The general objective of this thesis was to study the effects
caused by flooding on the development of two swamps trees: Citronella gongonha e
Allophylus edulis, describing some of the strategies adopted by species to successfully
colonize the swamp forests. Both species are abundant in swamp in southern Brazil; however
some aspects of their spatial distribution indicate that they contrast in flood stress tolerance.
The results obtained through the evaluation of seed germination, growth parameters,
biochemical and / or chlorophyll a fluorescence evaluation in young plants during different
flooding periods; allow predicting the preferred microenvironment of the species. Chapter 1
shows that C. gongonha has seeds with low flood tolerance. However, plants of this species
exhibit adaptations that allow them to tolerate long periods of soil flooding. Adaptations
include stem hypertrophic growth through aerenchyma expansion, and development of
lenticels, adventitious roots, accumulation and use of reserve carbohydrates. Chapter 2 shows
that both seeds and A. edulis young plants tolerate short periods of flooding, but prolonged
flooding makes the seeds unfeasible and damages the photosynthetic apparatus, leading to
plant death. The adaptive strategies observed for A. edulis were increase in germination rate
and seed germination speed index after short flooding period (15 days), growth inhibition and
energy dissipation by non-photochemical processes in flooded plants. The results of chapters 1
and 2 of this thesis help to explain the spatial variations in the distribution of the studied species in
flooded environments for long periods, as well as their distribution along the flood gradient in

temporarily flooded environments.

Key-words: hypoxia; seed germination; adventitious roots; reserve carbohydrates; chlorophyll

fluorescence a; adaptive strategies.
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APRESENTACAO

As estratégias ecofisiologicas desenvolvidas por espécies arboreas palustres sob as
condi¢des de inundacdo ¢ o principal tema abordado nessa tese. Foram estudadas duas
espécies, Citronella gongonha (Mart.) R.A.Howard e Allophylus edulis (A.St.-Hil. et al.)
Hieron. ex Niederl., tipicas de formagoes florestais paludosas no sul do Brasil. A tese esta
estruturada em uma introdugdo geral, seguida de dois capitulos que tratam dos resultados
alcancados, consideragdes finais e perspectivas que surgiram com o estudo. Na introdugao
apresento meu tema de estudo e as observagdes que nortearam a escolha das referidas
espécies. Adicionalmente, fago uma abordagem sobre os parametros utilizados para inferir
sobre a tolerancia das espécies aos eventos de inundagao do solo. Através desta introdugao,
espero que o leitor compreenda a complementacdo existente entre os dois capitulos gerados,
mesmo que algumas das ferramentas metodologicas para avaliar a tolerancia das espécies a
inundagdo do solo sejam distintas. O artigo do primeiro capitulo tem como titulo “Effects of
flood duration on seed germination, growth and ecophysiology of the swamp tree Citronella
gongonha from the southern neotropics” e foi submetido ao periddico Flora. O artigo do
segundo capitulo tem como titulo “Seed germination, growth and chlorophyll a fluorescence
in young plants of Allophylus edulis in different periods of flooding” e esta publicado no
periddico Acta Physiologiae Plantarum.

Nas consideracdes finais faco um apanhado sobre as conclusdes extraidas nos artigos
de cada capitulo, relacionando os resultados encontrados com o padrao de distribui¢do das
espécies em florestas paludosas. Além disso, com base nesses resultados abordo algumas
questdes para conservacdo e recomendagdes para o plantio das espécies estudadas em
iniciativas voltadas a restauracdo de ambientes inundados. Cada capitulo foi redigido de

acordo com as normas dos periddicos para os quais os manuscritos foram submetidos.
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INTRODUCAO GERAL

O termo inundagdao ou alagamento refere-se ao excesso de agua no solo, o tornando
encharcado ou ainda formando lamina d’adgua. Durante a inundagdo, o ar presente nos poros
do solo ¢ substituido por dgua, provocando a diminui¢do ou desaparecimento de O,, acimulo
de CO, e formagao de compostos toxicos as plantas (DREW, 1997; KOZLOWSKI, 1997). O
Brasil possui uma grande extensao territorial de ambientes sujeitos a inundag¢des temporaria
ou permanente, dentre estes se destacam as florestas paludosas que desempenham importante
papel ecologico na manutencdo dos recursos hidricos e na conservagao da biodiversidade. As
florestas paludosas brasileiras praticamente desapareceram devido a praticas intensas de
desmatamento (SCARANO, 2006). De forma geral, as florestas inundaveis se encontram
ameagadas por diversas atividades de origem antropica (SILVA et al., 2012).

Estudos realizados em remanescentes de florestas paludosas no dominio da Mata
Atlantica indicam que esse tipo de vegetagdo é extremamente fragil sendo a resiliéncia, desse
ecossistema, baixa em comparacdo com outros tipos de florestas brasileiras, incluindo as
florestas inunddveis da Amazdnia (SCARANO, 2006). As iniciativas de revegetacdo de
florestas paludosas tém encontrado grandes dificuldades e os esfor¢os muitas vezes resultam
em pouco éxito (SCARANO; RIOS; ESTEVES, 1998; ZAMITH; SCARANO, 2010).

Uma das projecdes das mudangas climaticas para Brasil ¢ o aumento dos eventos
climaticos extremos com periodos de secas e chuvas intensas o que possivelmente afetard o
padrao hidrolégico em florestas inundaveis (MARENGO; DIAS, 2006; IPCC, 2019). Através
desse aumento da intensidade e volume de chuvas, a inundacdo tende a ser amplificada em
nivel espacial ou temporal nas florestas inundaveis. Mudangas no padrdo do regime hidrico de
areas Uumidas podem afetar varios processos entre eles a germinacdo de sementes, a
sobrevivéncia e o crescimento de plantas. Como consequéncia disso pode ocorrer mudangas
na composi¢ao floristica e estrutura da comunidade (JUNK et al., 2013). Diante deste cenario,
¢ importante entender os efeitos da inundacdo para espécies florestais, bem como as

estratégias de germinagdo de sementes e sobrevivéncia de plantas em condi¢des de estresse.

Ecofisiologia de espécies arboreas tolerantes a inundacao

Os estudos ecofisiologicos das plantas visam fornecer evidéncias de efeitos aleatérios
ou mecanicistas para questdes ecologicas sobre a sobrevivéncia, distribui¢do, abundancia e
interagdes das plantas com outros organismos (LAMBERS; CHAPIN III; PONS, 2008).

Estudos com esse viés podem ajudar a entender os processos associados ao padrao de
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distribuicdo das espécies em florestas sujeitas a inundacdo (BLOM; VOESENEK, 1996)
fornecendo base para acdes de conservacdo e restauracdo. No entanto, os dados sobre a
ecofisiologia e adaptagdes de arvores em florestas inundaveis em todo o mundo ainda sdo
escassos (PAROLIN; WITTIMAN, 2010). Nesse contexto, podem ser incluidas as florestas
paludosas do sul da América do sul, para as quais existem poucos estudos que descrevem o
comportamento ecofisiologico das espécies (ZUNIGA-FEEST et al., 2017).

Em florestas inundaveis as plantas podem ser submetidas a diversas condi¢des de
oxigenacao do solo, que podem ser condigdes normais (normoxia), reduzidas (hipoxia) ou
auséncia total (anoxia) de O,. As condi¢des de normoxia prevalecem quando o suprimento de
0O, ndo limita a fosforilagdo oxidativa. A hipdxia quando a pressdo parcial de O, ¢é baixa o
suficiente para limitar a producdo de ATP pelas mitocondrias, enquanto a anodxia ¢ atingida
quando a producdo mitocondrial de ATP ¢ insignificante em compara¢do com a gerada pela
glicolise e fermentagao (DREW, 1997).

As condi¢des hipoxicas e anoxicas exercem forte efeito na sobrevivéncia e
crescimento das plantas (KOZLOWSKI, 1997). Tais condigdes podem causar déficit hidrico,
diminui¢do da assimilagdo fotossintética entre outras alteracdes (KOZLOWSKI, 1997;
PAROLIN et al., 2004). A tolerancia a inunda¢ao envolve mecanismos com multiplos fatores,
que incluem respostas morfologicas e anatomicas (COLMER, 2003; ZHANG et al., 2017);
mecanismos para remog¢ao de espécies reativas de oxigénio; metabolismo de carboidratos e
adequagdes fotossintéticas (Figura 1) (GRAVATT; KIRBY 1998; PARENT et al., 2008;
IRFAN et al. 2010; PAROLIN; WITTMANN, 2010; VOESENEK; BAILEY-SERRES,
2013).

A tolerancia a inundacdo pode variar de poucas horas a muitos dias, conforme a
espécie, os Orgdos afetados e o estdgio de desenvolvimento (KOZLOWSKI, 1997;
VARTAPERIAN; JACKSON, 1997, KREUZWIESER; RENNENBERG, 2014). Nesse
sentido, as caracteristicas dos ecossistemas como a profundidade da coluna d“agua e a
duracdo dos eventos de inundagdo podem atuar como um filtro ambiental selecionando

espécies e, portanto, influenciando a composic¢ao floristica do local.
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Figura 1. Modificagdes fisico-quimicas no solo durante a inundagdo que determinam
respostas adaptativas em plantas
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Fonte: Adaptado de PARENT et al., 2008

Aspectos da vegetacido arborea em florestas paludosas do sul do Brasil

O sul do Brasil ¢ caracterizado por varios ecossistemas de areas imidas, dentre eles as
formagdes florestais paludosas onde a inundacdo do solo pode durar cerca de sete meses a
cada ano (DUARTE, 2012). Essas florestas, durante o periodo inundado apresentam
profundidade da lamina d“agua entre 20 e 40 cm, o que determina a submersdo do sistema
radicular de muitas arvores jovens e adultas (RICARDO, 2010; DUARTE, 2012). Conforme
dito anteriormente, longos periodos de inundagdo resultam em condi¢des de hipoxia ou até
mesmo andxia nos espagos radiculares.

A ocorréncia de uma espécie em uma area predominantemente inundavel ¢ um forte
indicio da sua tolerancia, no entanto, ndo ¢ uma informacao conclusiva pelo de fato existirem
alguns fatores que podem beneficiar o estabelecimento das plantas com menor tolerancia a
inundacao do solo. As interagdes positivas entre as plantas (SCARANO, 2002) e a presenca
de microambientes protegidos da inundacao (SHIMAMURA; MOMOSE, 2005; FREUND et
al. 2018) sao fatores que possivelmente atuam em florestas paludosas influenciando os
processos de regeneracdo e coexisténcia de espécies.

Uma caracteristica importante de florestas paludosas ¢ a ocorréncia de variagdes
microtopograficas, as quais criam uma variedade de condi¢gdes hidroldgicas contribuindo para

o aumento da heterogeneidade espacial nesses ecossistemas (IVANAUSKAS; RODRIGUES;
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NAVE, 1997; SHIMAMURA; MOMOSE, 2006; TEIXEIRA; ASSIS, 2009). No sul do Brasil
¢ possivel notar que as variacdes microtopograficas exercem influéncia sobre a estrutura e a
composicao floristica das florestas paludosas. O interior dessas florestas ¢ caracterizado pela
presenga de microambientes onde o substrato ¢ permanentemente saturado de 4gua, outros em
que ha formag¢do de lamina da dgua de alguns centimetros e de locais ndo inundados devido a

pequenas elevagdes no solo (microrrelevos) (DUARTE, 2012).

Figura 2. Interior de uma formagao florestal paludosa localizada em Rio Grande, RS, Brasil.

Na imagem ¢ possivel observar microambientes inundados e microambientes ndo inundados.

Fonte: A autora.
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Figura 3. Interior de uma formagao florestal paludosa localizada em Rio Grande, RS, Brasil.
Na imagem ¢ possivel observar adensamento de plantas lenhosas sobre um microrrelevo

protegido da inundagdo do solo.

Fonte: A autora

As figuras 2 e 3 ilustram a presenca de microambientes inundados e nao inundados no
interior de uma floresta paludosa localizada no municipio de Rio Grande, RS, Brasil. A
presenga de pequenas microelevagdes no solo (microrrelevos) ¢ marcante nesse ambiente. A
area desses microrrelevos varia entre 0,27 a 10,88 m’ (média 4,60 £ 2,69 mz) e nivel
topografico entre 9 e 47cm (média 24,71 + 8,05 cm) sendo assim, o estresse por inundagao ¢
atenuado nesses microambientes. A abundancia de plantas lenhosas € maior nos microrrelevos
do que nas areas inundadas (Figura 3). Sendo Citronella gongonha (Mart.) R.A.Howard,
Erythrina crista-galli L. e Ficus cestrifolia Schott ex Spreng as espécies com maiores valores
de importancia (VI) nos microrrelevos (DUARTE et al., dados ndo publicados). Em termos
fitossociologicos o VI corresponde a soma da frequéncia, densidade e area basal relativa entre
as espécies de uma determinada area amostrada (MUELLER-DOMBOIS; ELLENBERG,
1974).
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As espécies C. gongonha, E. crista-galli e F. cestrifolia que sdo frequentemente
representados por individuos adultos ocupando uma posicdo mais centralizada nesses
microambientes (Figura 3 e 5). Também ocorrem sobre os microrrelevos outras 26 espécies
arboreas. Algumas dessas espécies sdo representadas por poucos individuos adultos, porém
elevada abundancia de plantas em estagio jovem (DUARTE et al. dados ndo publicados). A
exemplo disso, pode ser citada a espécie Allophylus edulis (A.St.-Hil. et al.) Hieron. ex
Niederl (Figura 6).

A distribuigdo agregada de plantas, em ambiente com elevado estresse ambiental pode
indicar interagdo positiva entre plantas, um processo que também ¢ chamado de facilitagdo
(CALLAWAY; WALKER, 1997). Nesse processo sdo denominadas facilitadoras (nurse
plant) as plantas que melhoram o desempenho fisioldgico, a sobrevivéncia e / ou crescimento
de plantas vizinhas através da modificagdo do ambiente (CALLAWAY et al. 1995; BRUNO;
STACHOWICZ; BERTNESS, 2003). Em 4areas umidas algumas espécies tolerantes a
inundagdes podem aliviar a andxia do solo liberando O, para a rizosfera e isso pode permitir
que as plantas vizinhas tenham um melhor desempenho de sobrevivéncia ou crescimento
(LUO et al., 2010; ZHANG; SHAO, 2013). Além disso, o sistema radicular de algumas
arvores pode contribuir para modificagdo da microtopografia do solo em florestas paludosas
(SHIMAMURA; MOMOSE, 2005; SHIMAMURA; MOMOSE; KOBAYASHI, 2006). Os
individuos de C. gongonha e E. crista galli desenvolvem raizes adventicias e F. cestrifolia
tem raizes tabulares, esse tipo de raizes mais proximas a superficie do solo podem contribuir
para o acumulo de matéria organica e sedimentos no entorno das arvores criando
microrrelevos ou aumentando o tamanho de microrrelevos pré-existentes. Essas alteragdes em
nivel de microtopografia podem tornar as condi¢cdes favoraveis para o desenvolvimento

inicial de algumas plantas.

Espécies selecionadas

Conforme exposto anteriormente, as variagdes espaciais nas condi¢des hidrologicas do
solo podem permitir a coexisténcia de espécies com diferentes niveis de tolerancia a
inunda¢do. Nesse sentido, foram selecionadas duas espécies tipicas de florestas paludosas: C.
gongonha e A. edulis para estudar o comportamento ecofisiologico durante diferentes
periodos de inundagdo. As sementes para a realizacao dos experimentos foram obtidas a partir
de frutos maduros coletados em arvores de uma floresta paludosa localizada em Rio Grande,
RS, Brasil. Dados fitossociologicos obtidos nessa floresta (RICARDO, 2010) bem como

observagdes de campo sobre a distribui¢do de C. gongonha e A. edulis sugerem que elas
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possivelmente contrastam quanto a tolerancia aos eventos de inundacdo, utilizando-se de

diferentes estratégias para se desenvolver em florestas paludosas.

Citronella gongonha

Citronella gongonha (Mart.) R.A.Howard (Figura 4) ¢ uma espécie arborea da familia
Cardiopteridaceae, popularmente conhecida como congonha, laranjeira-do-banhado, erva-de-
anta, falso-mate entre outros nomes (LORENZI, 2009). E chamada de falso mate, pois existe
registro do uso das folhas aromaticas desta planta como substituto da erva-mate
(SAUERESSIG, 2014). Apresenta frutos do tipo drupa, roxo-escuros, com polpa suculenta,
sabor adocicado e muito apreciados pela avifauna (LORENZI, 2009). Essa espécie ¢
categorizada como pioneira ou secunddria inicial (LORENZI, 2009), sendo encontrada em
formacdes inundéaveis (SILVA et al. 2012) na Argentina, Brasil, Uruguai e Paraguai (VIANI;
VIEIRA, 2007). No Brasil ocorre de Mato Grosso e Minas Gerais até¢ o Rio Grande do Sul,
nos dominios fitogeograficos do Cerrado e Mata Atlantica (STEFANO, 2020).

Figura 4. Individuo adulto de Citronella gongonha com frutos maduros.

Fonte: A autora.
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C. gongonha ¢é encontrada preferencialmente em florestas paludosas (SILVA et al.,
2007), onde os eventos de inundacdo podem durar longos periodos. A espécie apresenta
elevada abundancia em areas da floresta paludosa onde a profundidade da 4gua ¢ maior
(RICARDO, 2010), no entanto a distribui¢do de individuos jovens e adultos ¢ visualmente
maior sobre microelevacdes do solo (Figura 5). As plantas de C. gongonha desenvolvem um
sistema de raiz adventicio que propiciam o aciumulo de matéria organica e sedimentos
contribuindo consequentemente para a elevacdo do substrato em torno da arvore em longo
prazo (KELLER; VELAZCO; KRAUCZUK, 2016). Assim, a associagao de individuos
arboreos adultos de C. gongonha a microelevagdes pode estar relacionada a seu papel na
formagao e expansdo desses microambientes. No entanto, a abundancia, visualmente maior,
de individuos jovens da espécie sobre as microelevagdes sugere que o desenvolvimento inicial

da espécie ¢ prejudicado pela inundagdo prolongada.

Figura 5. Em (a) individuo adulto de Citronella gongonha estabelecido em um microrrelevo
em uma formacao florestal paludosa localizada em Rio Grande, RS, Brasil. Em (b) e (c)
detalhe da superficie do substrato no microrrelevo evidenciando as raizes. A seta amarela

aponta para o tronco ¢ as vermelhas para raizes adventicias de C. gongonha.

Fonte: A autora.

Com base nesse contexto, foram formuladas as seguintes hipdteses (i) as sementes de

C. gongonha nao germinam e perdem a viabilidade quando inundadas por um longo periodo;
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no entanto, (ii) plantas jovens da espécie sobrevivem e mantém o crescimento sob condigdes
prolongadas de inundagdo, utilizando carboidratos de reserva e desenvolvendo adaptacdes

morfologicas.

Allophylus edulis

Allophylus edulis (A.St.-Hil. et al.) Hieron. ex Niederl (Figura 6) ¢ uma espécie
arborea que pertencente a familia Sapindaceae conhecida popularmente como chal-chal, fruta-
de-passarinho, vacum, baga-de-morcego, fruta-de-pombo entre varios outros nomes
(LORENZI, 1992; SAUERESSIG, 2014). Os frutos sdo coca, globosa, indeiscente, de
consisténcia carnacea com coloragdo avermelhada (ABREU et al.; 2005). Os frutos tém sabor
adocicado e sdo utilizados para produzir uma bebida vinosa conhecida como "chicha"
(SAUERESSIG, 2014). Além disso, a espécie tem importancia econdmica pela madeira de
boa qualidade; sendo indicada para arborizagdo urbana e para a recuperacao de ecossistemas
degradados (LORENZI, 1992; SAUERESSIG, 2014). Devido a caracteristicas como altas
taxas de germinagdo (ABREU et al.; 2005), crescimento rapido, fornecimento de flores
meliferas e frutos atrativos para a fauna pode acelerar o processo de restauracdo florestal
(TURCHETTO et al., 2017).

A area de distribuigdo geografica de A. edulis compreende Paraguai, Uruguai e
Argentina (COELHO, 2014). Em territorio brasileiro, a espécie apresenta ampla distribuigdo
geografica ocorrendo nos dominios fitogeograficos da Amazonia, Caatinga, Cerrado, Mata
Atlantica e Pantanal (COELHO, 2018), onde coloniza areas abertas (SAUERESSIG, 2014) e
formagdes florestais que apresentam inundagdo peridodica ou permanente (SILVA et al.,
2012). A. edulis, tem sido classificada como uma espécie seletiva hidrofita devido a
ocorréncia recorrente em solos imidos de planicies aluviais, inicio de encostas e beira de rios
(LORENZI, 1992). Estudos fitossocioldgicos evidenciam maior abundancia dessa espécie em
areas inundadas temporalmente do que em florestas paludosas, onde a inundagdo ocorre em
carater quase permanentemente (SLVA et al., 2007). Nas florestas paludosas do sul do Brasil,
os individuos jovens e adultos dessa espécie encontram-se estabelecidos principalmente sobre
microrrelevos (Figura 7). Com base nesse contexto, foi formulada a hipotese de que A. edulis
ndo tolera longos periodos de inundacdo durante os estagios iniciais de seu desenvolvimento.
Sendo, portanto, necessarias condi¢cdes ndo inundadas para a germinacdo de sementes, bem

como a sobrevivéncia e o crescimento de plantas jovens.
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Figura 6. Individuo adulto de Allophylus edulis com frutos em processo de amadurecimento.

Fonte: A autora.
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Figura 7. Individuo jovem de Allophylus edulis sobre um microrrelevo em uma formagao

florestal paludosa localizada em Rio Grande, RS, Brasil.

Fonte: A autora.

Parametros avaliados

O padrao de distribui¢do de uma espécie em ambientes palustres ¢ determinado em
grande parte pelo nivel de tolerancia das sementes e das plantas a saturacao hidrica do solo.
Viérios parametros podem ser usados para definir a tolerdncia de uma espécie vegetal a
inundagdo do solo e a resposta muitas vezes estd associada ao estdgio do seu ciclo de vida.
Geralmente as arvores adultas toleram a inundacdo do solo melhor do que as plantas jovens
da mesma espécie (HUENNEKE; SHARITZ, 1990; SIEBEL; BLOM, 1998; PAZ et al.,
2017). E possivel também, que as plantas jovens de uma determinada espécie tenham
adaptacdes para enfrentar com sucesso a inundagdo, enquanto as sementes sejam sensiveis e
tenham rapida perda da viabilidade sob condigdes de estresse (PAZ et al. 2017), e o inverso

da situacao também pode ocorrer.
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Diante disso, buscando abranger duas fases do ciclo de vida da planta, nessa tese
foram utilizados como parametros a germinacdo de sementes ¢ o crescimento de plantas
jovens das duas espécies selecionadas para o estudo. As avaliagdes dos parametros foram
feitas sob as condigdes de inundagdo por diferentes periodos. Adicionalmente utilizamos a
técnica da fluorescéncia da clorofila a para avaliar o desempenho fotossintético de plantas
jovens de A. edulis em diferentes periodos de inundagdo. E alguns pardmetros bioquimicos,
como carboidratos de reserva, para avaliar o comportamento de plantas jovens de C.

gongonha sob os diferentes periodos de inundacgao.

Germinagdo de sementes e desenvolvimento de plantulas

Durante a germinag¢do de sementes, ocorre uma sequéncia de reacdes bioquimicas
onde as substancias de reserva sdo quebradas e mobilizadas ao eixo embrionario
(BUCKERIDGE et al., 2004). A agua ¢ essencial para que ocorra esse processo, uma vez que
a ativagdo do metabolismo ¢ iniciada com a embebicdo (FERREIRA; BORGHETTI, 2004).
No entanto, o excesso de dgua pode ser prejudicial, por reduzir a disponibilidade de O,
requerida para que ocorram reacdes metabdlicas importantes na semente, especialmente a
respiracdo, sendo necessario para a degradacdo das substancias de reserva e suprimento de
energia para o desenvolvimento embriondrio (KOZLOWSKI, 1997). Ainda que, nos
primeiros momentos, a respira¢do seja anaerobica, posteriormente, passa a ser absolutamente
dependente de oxigénio, mesmo antes que a radicula rompa o tegumento (LARCHER, 2006).
Dessa forma, a maioria das sementes de plantas terrestres que possui alta taxa de germinagao
no solo, ndo germina na agua e pode rapidamente perder a viabilidade sob tais condi¢des
(PAROLIN, 2001).

Embora existam alguns casos, que a inundacdo possa estimular a germinagdo de
sementes (FERREIRA et al., 2006; WITTMANN et al., 2007), na maioria das vezes a
inundacao apresenta um efeito negativo inibindo ou retardando a germinag¢do de sementes
(KOZLOWSKI, 1997; OKAMOTO; JOLY, 2000). Em florestas inundéveis em que a época
de frutificacdo estd sincronizada com periodo de inundacdo, como € o caso da Amazonia, as
sementes e plantulas t€ém adaptacdes para tolerar as condigdes de inundagdo (PAROLIN,
2001a; PAROLIN, 2001b; PAROLIN et al. 2004). Dentre as adaptacdes das sementes podem
ser destacadas as caracteristicas morfologicas que melhoram flutuabilidade das sementes
(PAROLIN, 2001b; PAROLIN et al. 2004), dorméncia mecanica imposta pelo tegumento
(FERREIRA, 2005; LUCAS et al. 2012) e dorméncia fisioldégica (SCARANO; PEREIRA;

ROCAS, 2003). Além disso, os carboidratos de reserva estruturais podem diminuir a
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velocidade de embebigdo durante as condigdes de inundagdo ¢ os carboidratos de reserva nao-
estruturais podem aumentar a velocidade de germinagdo quando as condi¢des se tornam
favoraveis (FERREIRA et al., 2009).

O desenvolvimento das plantulas ¢ outra etapa critica para a colonizagdo de um
ambiente inundavel. Os aspectos relacionados ao tamanho, a capacidade fotossintética ou ao
acumulo de reservas nutritivas podem ser determinantes para o sucesso de uma planta em
estagio jovem. O tipo funcional da plantula fornece importantes pistas sobre as estratégias de
sobrevivéncia das plantas em ambientes inundaveis (PAROLIN, 2001a; PAROLIN, 2003;
CONSERVA et al., 2018). O tipo funcional da plantula refere-se a morfologia da plantula em
relacdo a funcdo e posig¢do do cotilédone. Essa classificagdo foi criada com base em espécies
lenhosas e tem sido usada, principalmente, em florestas tropicais para caracterizar estratégias
de regeneracdo das plantas (PEREZ-HARGUINDEGUY et al., 2016). As cinco categorias de
plantulas (Figura 8) resultam da combinag¢do de diferentes possibilidades em relagdo a
exposicdo do cotilédone (fanerocotilar ou criptocotilar), posi¢do (epigeal ou hipogeal) e

fun¢do (armazenamento ou foliaceo).
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Figura 8. Tipos funcionais das plantulas (folhas em branco, cotilédones em cinza, sementes
em preto). Morfologia funcional das plantulas: PHR = Fanero Hipogeal com cotilédones de
reserva (armazenador); PER = Fanero Epigeal com cotilédones de reserva; PFE = Fanero
Epigeal com cotilédones folidceos; CHR = Cripto Hipogeal com cotilédones de Reserva; e

CER =Cripto Epigeal com cotilédones de reserva.
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Fonte: PEREZ-HARGUINDEGUY et al., 2016

Alguns estudos, em florestas de varzea, indicam que as plantulas do tipo PEF (Fanero
Epigeal com cotilédones foliaceos) prevalecem em locais inundados por longos periodos
(PAROLIN, 2001a; PAROLIN, 2001b; CONSERVA et al, 2018). Dentre as caracteristicas
que podem conferir vantagem ecoldgica as plantulas PEF destacam-se a rapida germinagdo e
emergéncia de cotilédones fotossintetizantes os quais podem ser resistentes a inundagdes
prolongadas (CONSERVA et al, 2018). J& em florestas onde a inundacdo ocorre em menor

escala temporal muitas espécies t€ém sementes de germinagdo mais lenta, sem uma fina
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sincronia com os eventos de inundagdo, e tendem a ter cotilédones de armazenamento

(PAROLIN, 2001a; CONSERVA et al, 2018).

Crescimento e alteragoes morfologicas

Tanto as arvores tolerantes (OLIVEIRA; JOLY, 2010; LARRE et al. 2013) como as
intolerantes podem ter prejuizo no crescimento e producdo de biomassa mediante as
condig¢des de inundagao da raiz (KOZLOWSKI, 1997). Isso acontece devido a uma soma de
fatores associados as condi¢des de hipoxia ou andxia do solo, como menor absor¢ao de dgua e
nutrientes minerais, alteragdes nas trocas gasosas foliares, no balango hormonal, queda na
taxa fotossintética e na translocagdo de fotoassimilados (KOZLOWSKI, 1997;
KOZLOWSKI; KRAMER; PALLARDY, 2001; LARCHER, 2006; TEWARI; MISHRA,
2018).

Alguns autores tém associado as alteragdes no crescimento e desenvolvimento das
plantas inundadas a estratégias ecologicas que possibilitam a sua sobrevivéncia sob condi¢des
de estresse. Dentre as estratégias observadas destaca-se o rapido alongamento do caule, como
estratégia para evitar a submersao total da planta (PAROLIN, 2001). Ha também as espécies
que reduzem ou inibem o crescimento, a fim de reduzir o consumo de energia (VOESENEK;
BAILEY-SERRES, 2013). Também pode ocorrer a queda de folhas ou a reducdo da area
foliar para reduzir a superficie transpiracional e evitar a perda de 4gua (PAROLIN, 2004).

Quando os efeitos da inundagdo do solo se tornam muito severos as plantas podem
desenvolver lenticelas hipertrofiadas, raizes adventicias e aerénquima com canais de ar para a
parte aérea que permitem a difusdo de O, para as novas raizes (COLMER, 2003). Essas
modificacdes morfoldgicas sdo desenvolvidas por muitas espécies arboreas consideradas
tolerantes apos alguns dias de inundacdo (PAROLIN et al. 2004; MEDINA et al. 2009;
ALVES et al. 2013, LARRE et al. 2013) possibilitando a recuperacio de atividades
fisiologicas inicialmente prejudicadas pelo estresse (MIELKE et al., 2005; MEDINA et al.
2009; LARRE et al., 2013). Em alguns casos essas estruturas sio responsaveis pela retomada

de crescimento das plantas (KOZLOWSKI, 1997; PAROLIN et al., 2004).

Fluorescéncia da clorofila a
A fotossintese ¢ um processo fisiologico fundamental do metabolismo das plantas
através do qual as plantas convertem a energia luminosa em energia quimica (ATP e

NADPH), utilizada para a sintese de carboidratos que sdo fundamentais para a manutengao
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dos vegetais (TAIZ; ZEIGER, 2006). A fotossintese ocorre nos cloroplastos e compreende
duas etapas interdependentes e simultdneas. Uma ¢ a etapa fotoquimica que envolve reagdes
de absor¢do e conversao da energia luminosa, € ocorre nos tilacoides. A outra ¢ a etapa
bioquimica que envolve as reagdes de carboxilagdo e ocorre no estroma (TAIZ; ZEIGER,
2006).

Quando a luz incide sobre clorofila estda molécula altera seu estado eletronico,
passando da condigdo basal para a excitada. Esta condicao ¢ temporaria e a clorofila tem trés
maneiras de dissipar a energia absorvida: (1) dissipagdao fotoquimica (fotossintese); (2)
dissipagdo como calor, ou (3) re-emissdo de luz (fluorescéncia da clorofila a). Esses trés
processos ocorrem de maneira competitiva, e sob condi¢des de estresse, a fotoquimica
diminui enquanto a dissipacdo de calor e a emissdo de fluorescéncia aumentam
(CAMPOSTRINI et al., 2001).

Para que a etapa fotoquimica acontega, dois fotossistemas (FS) trabalham em série,
para oxidar a 4gua em O,, reduzir NADP" (nicotinamida adenina dinucleotideo fosfato) e
produzir ATP (adenosina trifosfato) que serdo usados no ciclo de Calvin-Benson para fixacao
de CO, ou em outros processos de assimilacdo. Cada FS ¢ composto por um complexo de
coleta de luz (complexo antena) que possui pigmentos € proteinas; € por um centro de reagao
(CR). O CR contém uma molécula especial de clorofila @ que tém o pico de absor¢do de luz
na faixa de 680 nm (FSII) e 700nm (FSI). Conforme, ilustra o diagrama da figura 9, a etapa
fotoquimica € caracterizada por uma cascata de fluxo de energia, onde podem ser definidos
varios eventos biofisicos (STIRBET et al., 2013).

A fotossintese € particularmente sensivel as restri¢des ambientais tornando as medidas
fotossintéticas um importante componente dos estudos de estresse em plantas (KALAIJI et al.,
2012; KALAJI et al., 2016; STIRBET et al., 2018). O estudo da fluorescéncia da clorofila a, ¢
um método rapido e ndo invasivo, que fornece dados precisos sobre a eficiéncia fotoquimica
que podem ser utilizados para monitorar mudancas no estado fisioldégico do sistema
fotossintético (KALAJI et al., 2016; STIRBET et al., 2018).

A técnica consiste em iluminar uma amostra fotossintética apos ela ter sido adaptada
ao escuro, a fim de avaliar a fluorescéncia da clorofila a. A emissdo da fluorescéncia da
clorofila a decorre de aumento polifasico ou transiente do processo a partir da fluorescéncia
inicial, FO, até a intensidade maxima, FM (ou Fp — 300 ms). Esta cinética, exibe a sequéncia
de passos, definidos como O, J, I e P, os quais refletem o sucessivo preenchimento do pool
dos aceptores de elétrons do FSII (LAZAR, 2006; KALAJI et al., 2016; STIRBET et al.,
2018).
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Figura 9. Diagrama da etapa fotoquimica da fotossintese, ilustrando uma membrana de
tilacoide com os quatro principais complexos de proteinas, que sdo usados para a produgao de
ATP e¢ NADPH. Da esquerda para a direita: Fotossistema II, citocromo (Cyt) bo6f,
Fotossistema I ¢ ATP sintase. O ATP ¢ o NADPH produzidos durante a fase fotoquimica da

fotossintese sdo usados no ciclo de Calvin Benson para fixar o CO; na produgdo de agucares.

Stroma H,0 <H,0;+0; 0,2NADPH 2NADP*ATP A ADP+P,

4nm

[ApH + AY]

( pmf :
2H,0 4H'+ 0, 8H* nH*

Photosystem Il Cytochrome b6f Photosystem | ATP synthase
Lumen

Fonte: STIRBET et al., 2013

A partir das analises do aumento da fluorescéncia transiente OJIP, STRASSER;
STRASSER (1995) propuseram um teste que foi intitulado Teste JIP. O Teste-JIP ¢ uma
analise multiparamétrica do rapido aumento da fluorescéncia OJIP, onde O ¢ a intensidade de
fluorescéncia inicial, J e I sdo intensidades medidas a 2 e 30 ms, respectivamente, ¢ P ¢ a
intensidade maxima da fluorescéncia da clorofila (STIRBET et al.,, 2018). O uso dos
parametros calculados pelo Teste-JIP permite a quantificagdo da eficiéncia de absor¢do e
aproveitamento da energia luminosa através da cadeia de transporte de elétrons (CTE) da
fotossintese. Além de avaliar a funcionalidade do FSII, que reflete a taxa de transporte de
elétrons no interior da membrana dos tilacoides e, subsequente funcionamento da ferredoxina-
NADP oxirredutase e ciclo de Calvin (KALAIJI et al., 2016; STIRBET et al., 2018).

O Teste JIP ¢ baseado na Teoria de Fluxo de Energia em Biomembranas (STRASSER,
1981). Essa teoria pode ser aplicada para qualquer amostra fotossintética em membranas
bioldgicas. O diagrama, na figura 10, mostra a relagdo entre varios parametros do teste JIP,

onde ABS refere-se ao fluxo de fotons absorvidos pelos pigmentos antena. Parte dessa energia
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absorvida ¢ dissipada (DI) como calor e fluorescéncia, outra parte ¢ capturada (“trapping” -
TR) pelo RC e convertida em forga redox, permitindo a redu¢do do aceptor primario de
elétrons de Qa para Q4. Quando o aceptor de elétrons € reoxidado tem inicio o transporte de
elétrons (“electron transport” - ET) para o intersistema, ou seja, plastoquinonas, citocromo
b6/f e plastocianina. Se ndo houver alteragdes na CTE havera a reducao do aceptor final de
elétrons (ferredoxina) no lado do aceptor de elétrons do FSI (STRASSER et al. 2004;
STIRBET et al., 2018).

Alguns estudos mostram que a inundacdo pode provocar alteragdoes na CTE
diminuindo o desempenho fotossintético (LARRE et al., 2013; MARTINAZZO et al., 2013).
O comprometimento da fase fotoquimica pode ter como consequéncia a formagdo de baixo
poder redutor (NADPH2), tendo como resultado, a formacao de espécies reativas de oxigénio
(EROs), que causam prejuizos para o metabolismo da planta por aumentarem a oxidacgdo de
proteinas e lipideos (TEWARI; MISHRA, 2018).

Mesmo espécies que apresentam alta taxa de sobrevivéncia e ampla distribui¢do nos
habitats propensos a inundacdes demonstraram queda no desempenho fotossintético e
crescimento sob condigdes de inundacao no solo (MIELKE et al. 2003; JING et al., 2009;
LARRE et al., 2013). Para evitar danos irreversiveis no FSII, as espécies mais tolerantes,
acionam o sistema de enzimas antioxidantes para remover as EROs (ALVES et al., 2013;
LARRE et al. 2016) e também rearranjam o aparato fotossintético, para evitar a produgao de
EROs, através da dissipacdo de energia por processos nao fotoquimicos (MIELKE et al. 2003;
RENGIFO; TEZARA; HERRERA, 2005; JING et al., 2009; LARRE et al., 2013).

Figura 10. Diagrama mostrando varios parametros do teste JIP com os processos sequenciais
que ocorrem durante a inducdo da fotossintese. ABS ¢ o fluxo de fotons absorvido pela
antena das unidades do FSII; TR ¢ a parte do ABS aprisionado pelos centros de reagdo do
FSII reduzindo a plastoquinona primaria do FSII; DI é a parte do ABS dissipado na antena
FSII por outros processos que ndo o aprisionamento de exciton; ET ¢ para o fluxo de energia
associado ao transporte de elétrons de Qa para receptores de elétrons entre sistemas; RE ¢
para o fluxo de energia associado ao transporte de elétrons dos aceptores de elétrons de QA
para FSI final; RC ¢ para o niimero total de centros de reagdo do FSII; PO (= TRO / ABS),
¢EO0 (= ETO / ABS), ¢RO (= REO / ABS), yEO (= ETO / TRO) ¢ 3RO (= REO / ETO0) séo
parametros, que sao proxies propostos para as proporgdes dos respectivos fluxos de energia;

PIABS, total ¢ o indice de desempenho total com base na absor¢ao; DFABS, ou, log (PIABS,
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total) (= DFRC + DFPo + DFEo + DFRo) ¢ a forca motriz total na base de absor¢do; Z ¢ o
doador secundario de PSII (Tyr-161 de D1); QB ¢ a plastoquinona secundaria (aceitadora de
elétrons) de PSII; P680 ¢ o principal doador de elétrons do PSII; Phe ¢ feofitina, o principal
receptor de elétrons do PSII; Cyt b6/f ¢ citocromo b6/f; PC ¢ plastocianina; ¢ Fd ¢

ferredoxina.
Plags total b =ABS - TR DF pgs total
2
]
nergy
RC/ABS % ABS j%lssmatlon DFpc = log(RC/ABS)
o 1 e R T
Trapping (primary PSI|
PP/(1—@Py) J\/l TR ¢P, photochemistry): DFp, = log[ePy/(1 — @Py)]|
Z P680* Phe- QA') {r reduction of Q,
* “AGLE T T e el i it +
ElectronTransport from Q,-
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Fonte: STIRBET et al., (2018)

Carboidratos de reserva

Os microambientes, nas florestas paludosa, que sdo expostos a longos periodos de
inundagdo apresentam uma reducdo de O, na rizosfera. Nas plantas sob deficiéncia de O,, o
metabolismo aerdbico ¢ substituido pelo anaerdbico levando a paralisacao do Ciclo de Krebs
e da cadeia transportadora de elétrons mitocondrial, tornando a glicélise e o metabolismo
fermentativo o principal meio de obtencdo de ATP pelas células vegetais (TEWARI;
MISHRA, 2018). A fermentagdo possui baixo rendimento energético, sendo a ineficiéncia do
processo compensada pela aceleragdo da glicolise para satisfazer as exigéncias por ATP do
metabolismo vegetal (SOUSA; SODEK, 2002; BAILEY-SERRES; VOESENEK, 2008).
Assim, em condi¢des de inundacdo ¢ essencial a disponibilidade de carboidratos prontamente
fermentaveis (BAILEY-SERRES; VOESENEK, 2008; FERREIRA et al., 2009; TEWARI;
MISHRA, 2018).
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De modo geral, as plantas que apresentam maiores reservas de carboidratos nas raizes
e um mecanismo metabolico eficiente associado a sua mobilizagdo via metabolismo
fermentativo, apresentam maior tolerancia para enfrentar o periodo de privagdo de O, (DAT
et al., 2006).As inundagdes tendem a reduzir a translocagdo de produtos fotossintéticos das
folhas para as raizes, o que pode provocar acumulo de fotoassimilados nas folhas, na forma de
amido (KOZLOWSKI, 1997; RENGIFO; TEZARA; HERRERA, 2005; DAT et al., 2006).
Assim, o acimulo de carboidratos, como o amido, no sistema radicular no periodo que
antecede as inundagdes ¢ uma importante adaptacdo para as espécies sob inundagao

(CRAWFORD, 1996; DAT et al., 2006).

Objetivos
Objetivo Geral

Avaliar os efeitos da inundacdo no desenvolvimento de duas espécies arbdreas
palustres: Citronella gongonha e Allophylus edulis, descrevendo algumas das estratégias

adotadas pelas espécies para colonizar com sucesso as florestas paludosas.

Objetivos Especificos

— Avaliar a resposta germinativa das sementes das espécies selecionadas sob
distintas condi¢des de inundagao;

— Investigar se o crescimento e a morfologia das plantas jovens das espécies sao
influenciados pelas condi¢des de inundagdo da raiz;

— Avaliar a resposta de plantas jovens de C. gongonha durante diferentes
periodos de inundagdo da raiz, usando parametros bioquimicos.

— Avaliar o desempenho fotossintético de plantas jovens de 4. edulis inundadas

na raiz, através de pardmetros da fluorescéncia da clorofila a;
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Highlights
e (Germination was impaired as seed flooding time increased.
e All plants survived 120 days of flood and post-flood period.
e Plants have developed morphophysiological strategies to tolerate the flooding.

e Hydrological conditions are determinants for the initial development this species
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Abstract

Citronella gongonha is an abundant tree species in flood-prone areas of southern South
America. In swamp forests, the distribution of young and adult individuals of the species
occurs mainly on hummocks. In this study, we address some aspects of the ecology and
physiology of C. gongonha that contribute to the knowledge of its distribution in swamp
forests. We evaluated seed germination and growth parameters, as well as chlorophyll,
malondialdehyde, hydrogen peroxide, nitrate and carbohydrate levels in young C. gongonha
plants during different periods of flooding. Germination did not occur under flooding
conditions, and seeds persisted only up to 30 days of flooding, losing germination potential as
submersion time increased. However, young plants survived a long period of flooding (until
120 days) by reducing growth, developing morphological adaptations and using carbohydrate
pools. These results help to explain the distribution pattern of C. gongonha in swamp forests,

predominantly on hummocks where soil flooding is attenuated.

Keywords: adaptive strategies, swamp forest, adventitious root, non-structural carbohydrates,

lenticels.
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1. Introduction

Swamp forests are fragile and naturally fragmented ecosystems due to their occurrence
restricted to hydromorphic soils (Teixeira et al., 2008; Zamith and Scarano, 2010). The
microtopographic variation in these forests determines a variety of hydrological conditions
through fluctuating water levels (Huenneke and Sharitz, 1990; Shimamura and Momose,
2005; Teixeira et al., 2008, 2011; Freund et al., 2018). The elevated areas (,hummocks*) are
less susceptible to inundation, whereas water collects in low-lying depressions (,hollows®)
(Freund et al., 2018). The high environmental heterogeneity in swamp forests may allow the
coexistence of tree species with different levels soil flooding tolerance (Shimamura and
Momose, 2005; Teixeira et al., 2008, 2011; Freund et al., 2018).

The extreme south of Brazil is characterized by a wide territory of wetlands that also
include swamp forests. These forests have a high density of tree species such as Citronella
gongonha, Erythrina crista-galli, Sebastiania brasiliensis and Ficus cestrifolia (Duarte et al,
unpublished data; Waechter and Jarenkow, 1998). As observed in other swampy forests, the
topography enables a mosaic of hydrological conditions; it is possible to distinguish non-
flooded and flooded microenvironments in a few meters scale. The abundance of woody
species is visually greater on hummocks where water depth and the duration of soil flooding
1s less. Low-lying areas remain flooded for up to seven months of the year with a water depth
of about 30 cm. Few woody plants occur in hollows, but herbaceous hydrophytes such as
Lemna valdiviana, Spirodela intermedia, Leersia hexandra and Luziola peruviana are
frequent in these microenvironments (Duarte et al, unpublished data).

The flooding causes a reduction in oxygen availability and electrochemical changes in
the soil that results in higher concentrations of toxic elements to plants (Kozlowski, 1997;
Colmer, 2003). Consequently, plant cells are exposed to internal oxygen variations, carbon
dioxide and reactive oxygen species (Voesenek and Bailey-Serres, 2013, 2015); in flooded
areas, seed viability and plant survival depend on metabolic, physiological and morphological
adaptations (Perata et al., 2011; Voesenek and Bailey-Serres, 2013, 2015). One of the most
critical factors for woody plant survival during soil flooding is the availability of energy
resources (Voesenek and Bailey-Serres, 2013); the ability to store and use reserve
carbohydrates can be a key factor for plant survival and growth during soil flooding (Irfan et
al., 2010; Perata et al.,, 2011; Béjaoui et al., 2016). Morphological adaptations such as
adventitious roots, aerenchyma and hypertrophied lenticels are also important because they
facilitate oxygen circulation to the roots, enable oxidation of the rhizosphere and contribute to

the release of toxic products (Kozlowski, 1997; Colmer, 2003; Zhang et al., 2017).
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Positive interactions result from neighboring plants that protect themselves from
stressful conditions; these are important community forces in physically stressful ecosystems
(Bertness and Leonard, 1997). In environments with flooded soil, some plants have improved
the conditions of the anoxic substrate by increasing the oxygen levels of the rhizosphere or
increasing the soil level (Fogel et al., 2004; Zhang and Shao, 2013). According to Wittman
and Parolin (2005), sediment deposition in the Amazon floodplain has a close relationship
with the root system of some pioneer tree species such as Salix spp., which produce roots
above ground in places flooded for long periods. Although the primary function of these
adventitious roots is to improve the oxygenation conditions for the plant, they also contribute
to the deposition of sediments, leading to a topographic increase in the sites associated with
the root system (Wittman et al. 2004; Wittman and Parolin, 2005). These geomorphological
changes make the conditions favorable to the establishment of other tree species (Wittman et
al. 2004).

In swamp forests, the root system of some flood-tolerant species can also contribute to
the soil sedimentation process by creating a mound around the tree (Shimamura and Momose,
2005). In this context, tree species with different levels of flooding tolerance may have
distributions associated with hummocks in the swampy forests of southern Brazil. The
individuals of species with greater tolerance to flooding would contribute to the formation and
expansion of hummocks. This microenvironment decreases soil flooding by favoring survival
and growth, as well as the physiological performance of plants with greater restriction to soil-
water saturation. Due to the complex nature of ecological relationships that determine the
patterns of plant distribution in swamp forests, it is important to know the response of seeds
and plants of different species to flooding. This information contributes to the knowledge
about the dynamics of these ecosystems, as well as to the planning of successful restoration
efforts (Zamith and Scarano, 2010; Freund et al., 2018).

Citronella gongonha (Mart.) R.A. Howard belongs to the Cardiopteridaceae family
and is a pioneer or secondary species in Argentina, Brazil, Uruguay and Paraguay (Viani and
Vieira, 2007). In the swampy forests of southern Brazil, young and adult individuals of this
species are predominantly associated with hummocks in areas where the soil is flooded for
long periods (Fig. 1). According to Keller et al. (2016), C. gongonha develops an adventitious
root system that, in combination with the roots of other plants, allows the accumulation of
organic matter, providing suspended load retention and long-term elevation of the substrate
around the tree. Accordingly, the predominance of adult C. gongonha trees on hummocks

may be associated with their role in the formation and expansion of these microenvironments.
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However, the greater abundance of young individuals of the species on hummocks, when
compared to hollows, suggests that their early development may be hampered by soil
flooding.

Despite many phytosociological studies that have reported the presence of C.
gongonha in flood-prone forests (Silva et al., 2007; Teixeira et al., 2008, 2011) the
ecophysiological response of this species to flooding is still unknown. Thus, in this work, we
evaluated the germination of seeds and the growth of young plants of C. gongonha under soil
flooding conditions for different periods. We also evaluated some biochemical parameters in
leaves and roots to describe the physiological performance of plants during soil flooding.
Given the predominance of young and adult C. gongonha individuals on hummocks in the
swampy forests, we hypothesize that the level of tolerance of this species to soil flooding
depends on the stage of its life cycle, with seeds being sensitive to flooding, and plants being

tolerant of stress.
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2. Material and methods
2.1. Characteristics of the site and trees selected for fruit collection

C. gongonha presents drupe fruits that, when ripe, have a dark purple color. The seeds
have an elongated shape, measuring about 1.3 cm x 0.66 cm. The collection of the fruits of C.
gongonha was performed in December 2016 in a swamp forest located in the municipality of
Rio Grande, RS, Brazil (32° 07' S; 52° 09' W). The climate in this region has four well-
defined seasons. According to the Provisional Climatological Norms from 1991 to 2010, the
municipality of Rio Grande has a large thermal amplitude between summer and winter, with
the highest average temperature in January (23 °C) and lowest in July (12 °C). Precipitation is
well distributed over the months, but evaporation follows a pattern similar to that of
temperatures, that is, with great contrasts between summer and winter. Evaporation values are
highest in December (140 mm) and January (140 mm) and lowest in July (55 mm) (Reboita
and Kruche, 2018). The K&ppen climate classification for the region is Cfa, humid subtropical
(Alvares et al., 2013).

The swamp forest where the fruits of C. gongonha were collected is characterized by
two hydrological phases, one flooded and the other dry (Duarte et al, unpublished data).
During the flooded phase, the forest interior presents a mosaic of flooded and non-flooded
microenvironments (Fig. 1A). The soil-flooded microenvironments have a water depth of
approximately 30 cm. This hydrological phase lasts approximately seven months and
comprises the months with the lowest averages of temperature and evaporation (May to
November). When there is an increase in the values of these two climatic factors, in late
spring, the water levels in the soil tend to fall. The dry phase occurs in the summer when the
temperature and evaporation values are high. The soil, in this hydrological phase, normally
does not have a water depth.

The fruits of C. gongonha were collected from eight trees established in different
hummocks (Fig. 1A) at least 5 meters apart. After collection, the fruits were taken to the Plant
Physiology Laboratory at the Federal University of Rio Grande where they were pulped to
obtain seeds. Seeds were disinfected by submersion in 1% commercial sodium hypochlorite
water solution for two minutes and washed in distilled water. The seeds were used soon after
collection in the germination tests (Sections 2.2 and 2.3) and to obtain plants for Experiment 3

(Section 2.4).
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2.2. Seed germination in flooded and non-flooded conditions (Experiment 1)

This experiment consisted of two treatments: non-flooded (NFL) and flooded (FL),
using ten Gerbox® boxes (11 cm % 11 cm % 3 ¢cm) with 20 seeds each, totaling 200 seeds per
treatment. In the NFL treatment, the sowing of the seeds was done in a paper moistened with
20 mL of distilled water; in the FL treatment, sowing was done in 150 mL of distilled water
(approximately 2 cm of water depth). The water of each recipient was changed weekly to
avoid toxin accumulation.

The germination tests were carried out for 60 days in a BOD germination chamber at 25
°C and a photoperiod of 12 hours. Seeds with changes in color, presence of fungi, susceptible
to breakage and with cracks in the integument were considered deteriorated and, therefore,
removed during the evaluations. We measured total germination, percentage of germination,
time to reach 50% of germination, percentage of seedlings formed and total length (cm)
(Oliveira et al., 2015). Seedlings of C. gongonha were classified to functional type according
to the position (length of hypocotyls), exposure (cotyledons covered or uncovered by seed

coat) and functionality of cotyledons (Garwood, 1996; Perez-Harguindeguy et al., 2016).

2.3. Seed germination after different flooding periods (experiment 2)

To simulate soil forest flood receding and to examine the effect of different durations
of seed submersion on germination, simultaneously, tests were performed in Gerbox® boxes,
using a layer of 2 cm of medium-textured, washed and sterilized sand. The germination tests
followed the same criteria of germination, temperature and photoperiod as in Experiment 1
(Section 2.2).

Experiment 2 consisted of four tests with ten samples of 20 seeds, totaling 200 seeds per
test. The seeds were submitted to four temporal levels of flooding. In the control treatment
(time 0), the seeds were sown directly on the non-flooded sand and moistened with 20 mL of
distilled water. In the other tests, to ensure submersion, the seeds were initially semi-buried in
a sandy substrate and submitted to 15, 30 and 60 days of flooding, characterizing different
stress levels by flooding time. To this end, the Gerbox® boxes were filled with 150 mL of
distilled water and maintained at a water depth about of 2 cm. At the end of each flooding
period, the seeds were removed from the flooded conditions (stress relief) and transferred to
Gerbox® boxes with the same conditions of the control treatment, to evaluate the germination
parameters.

2.4. Development of young plants under flooding conditions (experiment 3)

2.4.1. Plant material and growth conditions
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The seedlings for this experiment were obtained from the germination of C. gongonha
seeds in 5-L plastic pots containing organic soil obtained from the Rio Grande Federal
University through composting by windrow system. All pots were filled with soil from the
same production lot. An experiment to evaluate the effects of soil flooding on Citronella
gongonha plants was performed when the plants were 23.62 + 0.37 height shoot; 5 + 0.25
leaves and 3.88+ 0.07 cm stem diameter. For that, the plants were selected at random and
submitted to two treatments: (i) non-flooded plants (NFL) that were irrigated daily to keep the
substrate moist and (i1) flooded plants in the root zone (FL), where the pots were placed in 10-
L buckets to maintain a water depth of about 3 cm above the substrate. The water of each
bucket was changed weekly to avoid toxin accumulation.

The plants were kept in an area covered with a black shade net that partially
diminished the incident solar radiation on the plants (50% shading). The flood experiment
started in September and ended in December 2017. NFL and FL plants had several parameters
evaluated at 30, 60, 90 and 120 days of the experiment. Global daily solar radiation (mean +
SD), during 1 to 30 days, 31 to 60 days, 61 to 90 days and 91 to 120 days of soil flooding
were, respectively, 1005.4 £ 627.7 kJ/m™, 2007.6 + 836.6 kJ/m™, 1961.7 + 870.9 kJ/m™ and
1874.0 + 828.09 kJ/m™. The air temperature for the same periods were 18.1 + 0.9 °C, 18.4 +
1.7 °C, 19.4 £ 2.3 °C and 22.3 £ 1.9 °C, respectively. Daily values of global solar radiation
and air temperature were obtained by Rio Grande Automatic Meteorological Station, RS,
Brazil (32° 01' S, 52° 06' W) approximately 2 km from the flooding experiment and provided
by National Institute of Meteorology (INMET).

2.4.2. Growth performance and morphological changes

Plant growth was evaluated by total leaf area, number of leaves, height, stem basal
diameter and dry mass of the aerial part and roots. Evaluations were performed at 30, 60, 90
and 120 days on 10 plants per treatment.

Plant growth was evaluated by shoot height, stem diameter, number of leaves, total
leaf area, dry mass of the shoot and roots. Evaluations were performed at 30, 60, 90 and 120
days on 10 plants per treatment. Each plant evaluated had height measured from the base of
the stem, just above the soil surface, to its apex with a ruler (cm). Stem basal diameter (mm)
was measured 2 cm above the ground with a digital caliper. The total number of mature
leaves per plant was counted and ten of these mature leaves were scanned. Leaf images were
used to estimate the leaf area through the Image J software (Rasband, 2016); the height was

measured from the base of the stem, just above the soil surface, to its apex with a ruler (cm).
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Stem basal diameter (mm) was measured 2 cm above the ground with a digital caliper. To
estimate the dry mass, the plants were separated into the aerial components and root system,
individually stored in paper bags, oven-dried at 70 °C for 48 h and weighed on an analytical
balance. Additionally, every five days, possible morphological changes, such as the
development of hypertrophic lenticels and adventitious roots, were observed and recorded.

At the end of the experiment, ten plants that survived the soil flood treatment for 120
days were selected to assess soil post-flooding survival (PFL). For this, the pots with the
plants were removed from the buckets containing water (FL) and left under NFL conditions to

evaluate survival after 120 days.

2.4.3. Analysis of physiological parameters

The physiological parameters analyzed included photosynthetic pigments of leaves
obtained from five plants of each treatment (NFL and FL) at 30, 60, 90 and 120 days of the
experiment. The hydrogen peroxide (H,0O;), malondialdehyde (MDA), nitrate (NO; ) and
non-structural carbohydrates (total soluble sugars, sucrose and starch) contents were also
quantified in leaves and roots of five plants of each treatment at 30, 60 and 90 days of
experiment.

The photosynthetic pigments evaluated were chlorophyll a (Chl ,), chlorophyll 5 (Chl
) and total chlorophyll (Chl,;y,). The leaves were wrapped in aluminum foil and transported
on ice to the laboratory where a sample of each leaf was withdrawn and weighed.
Subsequently, the samples were macerated with 80% (v/v) acetone (Arnon, 1949) and filtered
using Whatmann nl filter paper, obtaining the extract from chloroplast pigments. The
absorbance readings were obtained from the ketone extracts at the wavelengths of 646 and
663 nm. From the absorbance and dilution factors, the pigment contents were quantified
according to the equations described by Wellburn (1994).

To quantify H,O, and MDA content, approximately 250 mg of fresh mass (FM) of
leaves and roots were macerated in liquid N, with added 20% polyvinylpolypyrrolidone
(PVPP) and 2 mL of a solution containing 0.1% trichloroacetic acid (TCA). The material was
homogenized and centrifuged (20 min, 12,000 % g), and the resulting supernatant was
transferred to 2-mL microcentrifuge tubes. H,O, content was determined according to
Velikova et al. (2000). In test tubes containing 10 mM potassium phosphate buffer pH 7.0 and
1 M KIl, an aliquot of the supernatant was added, followed by incubation at 30 °C for 10

minutes. Readings were taken by a spectrophotometer at 390 nm. The H,O, content was given
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on a standard curve prepared with known H,O, concentrations (0-100 umol mL™) and
expressed in pmol H,0, g FM.

Lipid peroxidation was determined by the quantification of thiobarbituric acid-
reactive species (TBARS) as described by Cakmak and Horst (1991). The reaction medium
was composed of 0.5% (w/v) thiobarbituric acid (TBA) and 10% (w/v) TCA; an aliquot of
the supernatant was added and then incubated at 90 °C for 20 minutes. The reaction was
stopped by rapid cooling on ice for 10 minutes immediately after removal from incubation.
The measurements were performed in a spectrophotometer at 535 nm and 600 nm. TBA
forms reddish colored complexes with low-molecular-weight aldehydes such as
malondialdehyde (MDA), which is a secondary product of the peroxidation process. The
concentration of the MDA/TBA complex was calculated by the following equation:
[MDA]= (A535 — A600) / (.b), where is the extinction coefficient = 155 x 10° M em™
and b is the optical length = 1. Peroxidation was expressed as pmol MDA g™ FM.

Plant root and leaf extracts were obtained according to the methodology adapted from
Bieleski and Turner (1966) for the evaluation of non-structural carbohydrates and nitrate
content. Plant root and leaf extracts were obtained according to the methodology adapted
from Bieleski and Turner (1966) for the evaluation of non-structural carbohydrates and nitrate
content. The samples with approximately 250 mg were macerated with liquid N, and
homogenized with 10 mL of methanol: chloroform: water (12: 5: 3, v/v/v). After 24 hours, the
extracts were centrifuged for 30 min at 600 x g. For each 4.0 mL of the obtained supernatant,
1.0 mL of chloroform and 1.5 mL of water were added. The extract was centrifuged again (30
min, 600 x g) and the upper phase was transferred to the water bath at 38°C reducing the
sample to half of the initial volume. Then, the total soluble sugars (TSS) (Graham and
Smydzuk, 1965), sucrose (Van Handel, 1968) and starch (McCready et al., 1950) were
determined in appropriately diluted root and leaf extracts. For NO; dosage 50 pL of plant
extracts duly diluted in pure water were mixed with 200 pL of salicylic reagent (5% salicylic
acid in concentrated H,SO4) and then vortexed. After 20 minutes at 25 °C, 4.75 mL of 2N
NaOH were slowly added to the tubes. The quantification of nitrate was carried out at 410 nm

according to Cataldo et al. (1975); KNOs3 (0-500 nmol NO; *) was used as standard.

2.5. Statistical analysis

The effect of the different flood periods on the germination of seeds parameters in
experiment 2 (Section 2.3) was evaluated with a one-way ANOVA. Subsequently, we applied

a Tukey post hoc test, at a significance level of 0.05 to compare all treatment levels.
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The effect of soil flooding conditions (NFL and FL) and time (30, 60, 90 and 120
days) on plant growth parameters (Section 2.4.1) and chlorophyll levels (Section 2.4.3) were
tested with a two-way ANOVA. The same test was used to assess the effect of soil flood
conditions (NFL and FL) and time (30, 60 and 90 days) on the biochemical parameters in
leaves and roots of plants (Section 2.4.3). Two-way ANOVA was followed by a Tukey post-
hoc test, at a level of significance of 0.05. We applied the Box-Cox transformation to the
height, number of leaves, nitrate (root), TSS (leaves) and starch (root) data to obtain
normality and homoscedasticity. In addition, we apply the logarithmic transformation to the
Chly, Chl (441 and H,O; data and to transform the dry mass data we use square root. All other

data presented normal and homoscedastic distribution.

3. Results
3.1. Seed germination in flooded and non-flooded conditions

There was no seed germination in the FL treatment; under NFL conditions there was
52.5% seed germination, of which 47% formed seedlings by the end of the evaluation (Table
1, Fig. 4A). The functional type of C. gongonha seedlings was phanerocotylar epigeal with
foliaceous cotyledons (PEF) (Fig. 4A and B).

3.2. Seed germination after different flooding periods

The germination percentage decreased as the time the seeds were flooded increased
(Table 1). The germination evaluation after the seeds were removed from the flooding
treatment for 15 and 30 days was terminated at 60 days of follow-up when the non-
germinated seeds showed signs of deterioration. No seed germinated after 60 days of flooding
(Table 1). Follow-up of flooded seeds germination for 60 days was done up to 40 days after
stress relief. The evaluation was terminated at this time due to the state of seed deterioration
(Fig. 2). The 15-day and 30-day flood treatments caused a delay in the start of the germination
of viable seeds. However, the seeds that underwent these treatments had germination with
greater synchronization than the seeds from the non-flooded treatment (time 0), reducing the

time required to germinate 50% of the viable seeds (Fig. 2).

3.3.Growth and morphological evaluation
All plants survived until the end of the experiment regardless of the treatment (FL,
NFL and PFL). After 10 days of flooding, 100% of the plants flooded at the root had

hypertrophic lenticels. At 30 days, this structure was quite developed and adventitious roots
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were also observed (Fig. 4C). Cortical cracks showed evidence of aerenchyma expansion near
the base of the stem (Fig. 4F), which resulted in hypertrophic growth in FL plants (Fig. 3C).
At 120 days, all FL plants had adventitious roots; many of these roots were arch-shaped (Fig.
4H). The biomass of the underground roots was affected by soil flooding (Fig. 4G), therefore
the increase in the total dry mass of roots is due to the formation of adventitious roots as the
time of soil flooding increases (Fig.3F).

In addition to the typical symptoms of morphological response to flooding, FL plants
exhibited some stress symptoms such as significant reductions in height, number of leaves
and shoot dry mass (Table 2 and Fig. 3). During the PFL period, the hypertrophied lenticels

had acquired a dehydrated aspect and some adventitious roots became lignified (Fig. 41).

3.4. Physiological performance

The concentrations of Chl , and Chl .4, were lower in FL plants compared to NFL, but
only at 120 days of the experiment (Table 2 and Fig. 5). Table 3 shows the effects of time and
soil flooding conditions on the concentration of the biochemical parameters evaluated. Leaf
H,0, and MDA concentrations were higher in FL plants than in NFL plants during the three
periods evaluated (Fig. 6A and B). In roots, the H,O, levels were also higher in FL plants
during the three periods evaluated (Fig. 6C), but MDA concentrations differed between FL
and NFL plants only at 60 days of the experiment (Fig. 6D). We found no differences for
NOs concentration in FL and NFL leaves (Fig. 7A). However, NO3™ concentration was lower
in FL plant roots by approximately 45%, 55% and 34% of NFL at 30, 60 and 90 days,
respectively (Fig. 7B).

The total soluble sugar (TSS) concentration in leaves was higher in FL plants
compared to NFL plants from 60 days of the experiment (Fig. 8A). Leaf sucrose
concentrations were lower in FL plants at 30 and 60 days; however, at 90 days, there was a
significant increase in sucrose concentration in the leaves of FL plants, reversing the pattern
observed in the two previous evaluations (Fig. 8B). Leaf starch concentration was higher in
FL plants at 30 days; however, at 90 days, the leaves of the FL plants had lower starch
concentration compared to NFL plants (Fig. 8C).

In the roots, we noticed higher concentrations of TSS in FL plants at 30 and 60 days of
flooding (Fig. 8D). FL plants had higher sucrose concentration in root tissues than NFL plants
during the three periods evaluated (Fig. 8E). The starch concentrations were higher in the

roots of NFL plants at 60 and 90 days of the experiment (Fig. 8F).
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4. Discussion

Our results show that seeds and young plants of C. gongonha respond differently to
flooding. The seeds are sensitive to flooding, however, the young plants of the species show
high tolerance to root flooding. Even if the adult plant of a particular species is soil flood-
tolerant, its seeds and seedlings may not be tolerant (Huenneke and Sharitz, 1990; Paz et al.,
2017). In the case of C. gongonha, even a short period of flooding can be detrimental to the
seed, since after 15 days of submersion in water the seed germination percentage decreased by
50% compared to control treatment (time 0). After 60 days of submersion, the seeds lost
viability. These results corroborate our hypothesis that C. gongonha seeds have low flood
tolerance and help to explain the greater visual abundance of young individuals of this species
on hummocks in the swamp forests. The fruiting of C. gongonha occurs from November to
January (Lorenzi, 2009). This period coincides with the period when water levels drop and
swamp forests in the extreme south of Brazil enter the dry hydrological phase. Given that
seeds of this species lose germination potential as flooding time increases, the preferred sites
for germination should be non-flooded microenvironments or those where the water level
drops most rapidly.

Flooding delayed the germination of C. gongonha seeds; however, when the seeds
were removed from the stress conditions, the time required to germinate the viable seeds was
reduced. Rapid germination is a characteristic of species whose strategy is to establish in the
environment as quickly as possible by taking advantage of favorable environmental
conditions (Borghetti and Ferreira, 2004). Several tree species from flooded areas start
germination soon after seed dispersal, probably because the appropriate conditions for
seedling establishment in these environments last for only a short time (Parolin et al., 2003;
Wittmann et al., 2006; Lucas et al., 2012; Conserva et al., 2018; Duarte et al., 2020).

In general, the period immediately after germination is the most vulnerable stage of
the plant life cycle (Leck et al., 2008). The variations in seedling morphology may provide
important clues about the regeneration strategy of the species (Ibarra-Manriquezet et al.,
2001; Perez-Harguindeguy et al., 2016). Seedlings of C. gongonha are classified as PEF; the
phanerocotylar epigeal germination is related to the rapid expansion and release of cotyledons
from above-ground seed envelopes. Foliaceous cotyledons have limited energy reserves and
therefore have morphofunctional adaptations for the first photosynthetic activity of the plant
(Perez-Harguindeguy et al., 2016). These characteristics help PEF seedlings maximize the
non-flooded period for seedling growth (Parolin et al., 2003; Conserva et al., 2018). Rapid

growth and accumulation of energy reserves prior to flooding is important to cope with stress,
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as long flooding periods can cause photosynthetic performance to decline (Gravatt and Kirby,
1998; Larr¢ et al., 2013; Santos Junior et al., 2015; Duarte et al., 2020).

The young C. gongonha plants survived the root flooding treatment for 120 days. This
is considered a long time under stress for most plants (Oliveira and Joly, 2010; Zanandrea et
al., 2010; de Melo et al, 2015; Yu et al, 2015). The plants were also tolerant to
reoxygenation of the soil, as they were all alive 120 days after being removed from flooding
conditions. Our results indicate that to withstand the long period of flooding, plants develop
morphological changes, decrease growth and use reserve carbohydrates, which also confirms
our hypothesis.

At 10 days of flooding, all plants had hypertrophied lenticels. Although the
physiological role of these structures is not yet clear, it is believed that they are involved in
the diffusion of oxygen to the roots as well as in the release of compounds produced as
byproducts of anaerobic metabolism (Patel et al., 2014). There was the expansion of
adventitious roots, but the biomass of the underground roots decreased (Fig. 4G). Long
periods of soil flooding tend to reduce the biomass of underground roots. Adventitious roots
contribute to maintaining the supply of water and nutrients when the functioning of the
underground root system is compromised. (Malik et al., 2001; Colmer, 2003; Zhang et al.,
2017). Adventitious roots originate from the stem and maintain contact with surface waters
that are richer in oxygen (Colmer, 2003). Species whose stem and root tissues have higher
porosity tend to be more tolerant to soil flooding (Armstrong, 1979; Colmer, 2003). The
intercellular gaps in the aerenchyma increase the porosity of adventitious root tissue, and thus
contribute significantly to gas diffusion inside and outside the organs surrounded by water
(Armstrong, 1979; Colmer, 2003; Voesenek and Bailey-Serres, 2013). Through adventitious
roots and aerenchyma tissue, oxygen diffuses into the underground roots, maintaining aerobic
respiration and basic root activities (Armstrong, 1979; Zhang et al., 2017).

The combination of arc-shaped adventitious roots with high porosity tissue and the
presence of many thin and short lateral roots in C. gongonha plants (Fig. 4F and H) may play
a role in rhizosphere oxidation. According to some studies these morphological characteristics
contribute to the oxidation of the rhizosphere by protecting the roots against toxins derived
from flooded soil (Colmer, 2003; Parolin et al., 2004). In addition to ecophysiological
adaptation, flooding-resistant species may play a role in the survival of less resistant species
in the same plant community (Ernst, 1990). The root morphology developed above the soil
surface by C. gongonha also favors the accumulation of organic matter and sediment retention

around the tree, which can contribute to the elevation of the substrate over time (Keller et al.,
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2016). Some tree species in areas where the soil is flooded for long periods can modify
microtopography by forming and / or accentuating hummocks through their root system
(Shimamura and Momose, 2005; Wittmann and Parolin, 2005; Shimamura et al., 2006). In
these places the relief from stressful flood conditions occurs, allowing the establishment of
species with greater restrictions on soil water saturation (Shimamura and Momose, 2005;
Keller et al., 2016).

Although the plants developed morphological adaptations and withstood a long period
of flooding, our results also show evidence of impaired growth of plants under flooding
conditions. Retarded growth is a common response to flooding, even for tolerant species
(Kozlowski, 1997; Yu et al., 2015; Infante-Mata et al., 2019). In many species, plant survival
occurs by reducing metabolism and saving energy through diminishing total biomass
(Voesenek and Bailey-Serres, 2013; Voesenek and Bailey-Serres, 2015). In addition, the
decrease in dry mass may be caused by a malfunction of the photosynthetic apparatus,
reduction of photosynthetic pigment contents and concomitant nutritional imbalance (Liu et
al., 2015).

Many authors have provided data on chlorophyll content reduction in leaves of
flooded plants (Jackson et al., 1991; Malik et al., 2001; Parolin et al., 2004; Santos Junior et
al., 2015). In this study, we found a reduction in chlorophyll content only at 120 days of soil
flooding. The leaves of the FL plants also maintained NOs" levels similar to those of the NFL
plants. However, there were lower NO;3™ concentrations in the roots of FL plants during the
three evaluated periods. As mentioned earlier, adventitious roots help to maintain endogenous
oxygenation in plants under soil flooding conditions. These roots also improve oxygenation in
the rhizosphere, which possibly contributes to the absorption, reduction and assimilation of
NOs". However, as flooding time increases, the more basal roots are possibly exposed to a less
oxygenated environment. Under hypoxic conditions many plants experience a reduction in
endogenous NOs;™ (Puiatti and Sodek, 1999; Brandao and Sodek, 2009; Cardoso et al., 2017).

After NOj is absorbed from the medium there are three major metabolic destinations
for this ion in the root cells: (i) it can be stored in vacuole, (ii) it can be reduced and
assimilated, forming amino acids or (iii) it can be transported through the xylem for reduction
and assimilation in the shoots (Brandao and Sodek, 2009). In general, the leaves are one of
the main sites of NO;™ assimilation, but depending on the species, the roots can also make an
important contribution to the process (Smirnoff and Stewart, 1985). However, under low
oxygen conditions, the reduction and assimilation of NO;™ in the roots can be severely

restricted. This is because in some species, hypoxic conditions determine a decrease in the

59



activity of nitrate reductase, the enzyme responsible for the initial step in reducing and
assimilating nitrate (Brandao and Sodek, 2009). In addition, the activity of nitrite reductase,
the second enzyme of the assimilation pathway, depends on the presence of O, (Botrel et al.,
1996). Thus, it is possible that NO;™ was absorbed in the roots of FL plants in our experiment
and transported to the aerial part where conditions were more favorable for its assimilation to
occur. This would justify the maintenance of chlorophyll levels in FL plants, because nitrogen
is part of the chemical structure of chlorophyll.

The cell membrane damage reflects the extent of lipid peroxidation caused by reactive
oxygen species (Halliwell and Gutteridge, 2015). Flood stress can cause lipid peroxidation of
the plasma membrane, affecting its permeability and pattern of ion leakage (Peng et al., 2013;
Yu et al., 2015; Peng et al., 2017). Malondialdehyde (MDA) is a cytotoxic product of lipid
peroxidation and an indicator of tissue damage under stress conditions (Halliwell and
Gutteridge, 2015). Thus, increased MDA content means increased oxidative stress. In our
experiments, the MDA concentration in leaves and roots was higher in FL plants than in NFL
plants; therefore, soil flooding was detrimental to C. gongonha plants. However, MDA levels
remained relatively stable on the leaves throughout the flood period (Fig. 6B). In addition, in
the roots after 90 days of flooding, the MDA values were similar to the NFL treatment (Fig.
6D), although the H,O; levels increased over the period of soil flooding (Fig. 6C). This
indicates a metabolic change due to improvements in oxygenation conditions through the
development of adventitious roots and aerenchyma.

Plants can reduce flooding stress damage and maintain growth by triggering reserve
carbohydrates (Irfan et al., 2010; Béjaoui et al., 2016). We found an initial increase in leaf
starch content in the FL plants. Starch accumulation has been reported in leaves of various
flooded plants (Irfan et al., 2010) and may be associated with reduced phloem transport,
perhaps because of a decline in root metabolism (Gravatt and Kirby, 1998). We also found
that as soil flooding time increased, starch levels decreased and total soluble sugars and leaf
sucrose increased, indicating that starch reserves were mobilized.

High levels of soluble carbohydrates (TSS and sucrose) were found in flooded roots
during the three evaluated periods. This result is associated with the fact that the starch
contents in the flooded roots remained stable and shows that the translocation of assimilates
from the aerial part to the roots was not affected. Continuous supply of fermentable sugars to
the roots is considered critical for the long term survival of various plants under soil flooding
conditions (Gravatt and Kirby, 1998; Zanandrea et al., 2010; Marcilio et al., 2019). Although

the FL plants did not increase aerial mass, there was growth of adventitious roots. The soluble
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carbohydrates were possibly directed to the development of adventitious roots and the
maintenance of anaerobic metabolism. In addition, the increased levels of soluble sugars may
provide protection for flooded plants because they improve the osmotic potential of cells and
maintain cell turgor pressure (Irfan et al., 2010; Tewari and Mishra, 2018). Therefore, the
increased concentration of TSS in the roots of flooded plants can be considered a form of
stress tolerance (Araki et al., 2012). The maintenance of low starch concentrations in leaves
and high starch concentrations in root tissues are also important characteristics that confer

flood tolerance (Gravatt and Kirby, 1998).

5. Conclusion

The success of Citronella gongonha in colonizing swampy forests in southern Brazil is
due to the high tolerance of young plants to soil flooding. To tolerate a long period of
flooding of the root zone, plants invest in hypertrophied lenticels and adventitious roots. It is
possible that these morphological changes have improved nitrogen absorption and
assimilation due to the increased production of energy triggered by aerobic metabolism. In
addition, maintaining the levels of photosynthetic pigments during the long period of soil
flooding may have contributed to a better yield of photosynthesis during stress, making
available the sugars necessary to reduce oxidative damage in tissues during the flooding of the
root zone

Our data showed 100% plant survival at 120 days of post-flood recovery. The
maintenance of reserve carbohydrate levels during soil flooding may have contributed to plant
recovery. The plants maintain the adventitious roots in an arc shape in the post-flood period,
which can improve the physiological performance and growth of these plants in a future flood
event. In addition, because these roots are above the surface of the soil, they may be
associated with the formation and expansion of hummocks in the Brazilian swampy forests.
Unlike plants, Citronella gongonha seeds are sensitive to flooding. The germination of seeds
of this species is inhibited by floods, and the duration of stress affects the germination
potential of the seed, making them unviable after 60 days of flooding. These results indicate
that the germination of seeds and the regeneration process of this species correlate with the

hydrological pattern of the southern Brazilian swampy forests.
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Tables

Table 1. Average germination percentage, number of days until half of the viable seeds

germinate (Days to 50%), and percentage of seedlings formed and total length of Citronella

gongonha seedlings. Experiment 1: seeds subjected to the non-flooded and flooded regimes;

Experiment 2: germination after relief from stress at 15, 30 and 60 days (n = 10, mean + SE)

Treatment Germination ~ Days to 50% Seedlings (%) Length of
(%) (cm)

Experiment 1

Non-flooded 52.5+3.81 34 47 +4.09 8.59+£1.05

Flooded 0.00 - - -

Experiment 2

0 days 48.5+7.83" 35 45.5+2.41° 8.73 £1.07°

15 days 24.0+3.48" 34 21.0 +£2.76° 7.25 +0.50°

30 days 18.0£2.70° 28 15.5+2.52° 8.80 + 1.49°

60 days 0.00 - - -

Means followed by equal letters in the columns did not differ (p> 0.05) by Tukey's test
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Table 2. Results of the two-way ANOVA on the influence of the time (30, 60, 90 or 120

days) and soil flooding conditions (non-flooded plants or plants flooded at the root) on growth

parameters (shoot height, number of leaves, stem diameter, leaf area, shoot and root dry mass)

and in the levels of chlorophyll a (Chl ,), chlorophyll 5 (Chl ) and total chlorophyll (Chl (4+1))

of Citronella gongonha.

Model term d.f F p-value
Growth
Shoot height
Time 3 8.1 <0.001
Soil flooding conditions 1 407.3 <0.001
Time x soil flooding conditions 3 20.6 <0.001
Number of leaves
Time 3 8.18 <0.001
Soil flooding conditions 1 79.32 <0.001
Time % soil flooding conditions 3 13.33 <0.001
Stem diameter
Time 3 95.74 <0.001
Soil flooding conditions 1 58.26 <0.001
Time x soil flooding conditions 3 2.97 0.046
Leaf area
Time 3 7.76 <0.001
Soil flooding conditions 1 87.17 <0.001
Time % soil flooding conditions 3 5.02 <0.001
Shoot dry mass
Time 3 172.5 <0.001
Soil flooding conditions 1 126.6 <0.001
Time x soil flooding conditions 3 1.9 0.14
Root dry mass
Time 3 42.7 <0.001
Soil flooding conditions 1 112.1 <0.001
Time % soil flooding conditions 3 5 <0.01
Chlorophyll
Chl ,
Time 3 2.93 0.049
Soil flooding conditions 1 32.37 <0.001
Time % soil flooding conditions 3 2.24 0.1
Chl,,
Time 3 41.06 <0.001
Soil flooding conditions 1 13.03 <0.01
Time x soil flooding conditions 3 1.2 0.037
Chl (a4p)
Time 3 22.56 <0.001
Soil flooding conditions 1 26.25 <0.001
Time x soil flooding conditions 3 1.04 0.39
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Table 3. Results of the two-way ANOVA on the influence of the time (30, 60 or 90 days) and

soil flooding conditions (non-flooded plants or flooded at the root) on the concentration of

hydrogen peroxide (H,0;), malondialdehyde (MDA), nitrate, soluble sugars (TSS), sucrose

and starch in the leaves and roots of Citronella gongonha.

Model term Leaf Root
d.f F p-value d.f F p-value

H,0,

Time 2 97.6 <0.001 2 22.8 <0.001

Soil flooding conditions 1 335.7  <0.001 1 4539  <0.001

Time X soil flooding conditions 2 6.4 <0.01 2 2.8 0.08
MDA

Time 2 7.2 <0.01 2 10.91  <0.001

Soil flooding conditions 1 182.6  <0.001 1 3037  <0.001

Time x soil flooding conditions > 0.7 0.49 o) 4.84 0.02
Nitrate

Time 2 9.13 <0.001 2 5.1 0.01

Soil flooding conditions 1 0.07 0.79 1 103.4  <0.001

Time % soil flooding conditions 2 3.86 0.04 2 23 0.12
TSS

Time 2 3237  <0.001 2 91.48  <0.001

Soil flooding conditions 1 84.35  <0.001 1 37.5 <0.001

Time x soil flooding conditions 2 5.84 <0.01 2 3.29 0.055
Sucrose

Time 2 102.3  <0.001 2 1.2 0.31

Soil flooding conditions 1 25.1 <0.001 1 128.1  <0.001

Time x soil flooding conditions 2 50.8 <0.001 2 2.4 0.11
Starch

Time 2 12.28  <0.001 2 10.3 <0.001

Soil flooding conditions 1 10.78  <0.01 1 130.8  <0.0001

Time x soil flooding conditions 2 52.63  <0.0001 2 50.6 <0.0001
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Figures

Fig. 1. Characteristic aspects of the trees and the swamp forest where the fruits of Citronella
gongonha were collected. From these fruits, seeds used in the three experiments of this study
were obtained. (A) C. gonhonha adult tree (orange arrow) with hummock associated root

system. (B) and (C) detail of the soil surface in hummock showing the roots of C. gongonha.
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Fig. 2. Germination of Citronella gongonha seeds under non-flooded (NFL) and after being
removed from flooded conditions for 15, 30 and 60 days. Vertical bars represent time for 50%

germination of viable seeds for each treatment.
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Fig. 3. Mean (£SE, n=10) values for shoot height, number of leaves, stem diameter, leaf area,

shoot dry mass and root dry mass of young Citronella gongonha plants during four periods of

evaluation. Asterisk indicates significant difference (p < 0.05) between non-flooded plants

and flooded plants in the root zone by Tukey's test.
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Fig. 4. Morphological aspects of germinated seeds, non-flooded plants (NFL), flooded plants
in the root zone (FL) and post-flooding plants (PFL) of Citronella gongonha. (A) seed
germination and seedling development the type phanerocotylar epigeal with foliaceous
cotyledons (PEF); (B) seedling emergence used in experiment 3; (C) FL plant at 30 days; (D)
FL plant at 60 days; (E) FL plant at 90 days; (F) detail of base of the stem in FL plant at 90
days; (G) FL and NFL plants at 90 days; (H) FL plant at 120 days and (I) PFL plant.
Aerenchyma (AE); adventitious roots (AR); foliate cotyledons (FC); hypertrophied lenticels
(HL); primary leaf (PL); primary roots (PR).
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the root zone by Tukey's test.
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Fig. 6. Hydrogen peroxide (H,0O,) and malondialdehyde (MDA) concentration (+SE, n=5) in
the leaves (A and B) and roots (C and D) of young Citronella gongonha plants during three
periods of evaluation. Asterisk indicates significant difference (p < 0.05) between non-

flooded plants and flooded plants in the root zone by Tukey's test.
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Fig. 7. Nitrate concentration (£SE, n=5) in the leaves and roots of young Citronella gongonha
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Abstract

The distribution of woody species in flooded environments depends on the duration
of stress as well as seed germination strategies and plant morphophysiological adaptations.
Allophylus edulis is a tree that occurs in temporarily or permanently flooded areas in several
countries of South America. In this paper, we evaluate seed germination, growth
parameters, photosynthetic pigment contents and chlorophyll a fluorescence in young plants
to understand the tolerance of the specie to flood events. The evaluations were performed in
non-flooded (NFL) and flooded (FL) plants in a temporal scale that included short (up to 30
days) and long (up to 90 days) flood periods. A short flooding (15 days) may favor
germination but maintaining stress for 60 days make the seeds unviable. Although 71.4% of
the FL plants survived up to 90 days of flooding, injuries such as chlorosis and foliar
abscission appeared. An increase in stem height and diameter was only observed in NFL
plants, whereas FL plants showed a growth inhibition. At 90 days NFL and FL plants
presented total dry mass of 1835 + 1.57g and 1.93 + 0.62g, respectively. The
photosynthetic performance indexes indicated acclimatization of the plants on the third day
of flooding, but the stress induced a progressive decline in the parameters, signaling
damages to the photosystem II. Both seeds and young plants of 4. edulis tolerate short
periods of flooding, but prolonged floods make the seeds unfeasible and damages the
photosynthetic apparatus, leading to death of the plants.

Keywords: Stress, Flood acclimatization, Hypoxia, Sapindaceae, Recalcitrant seed

81


mailto:carol_igansi@yahoo.com.br

Introduction

Periodic or permanent floods exert strong selective pressure on the species,
influencing aspects like the composition and structure of the tree flora in forest formations
(Silva et al. 2007). Flooding causes a number of changes in the soil such as decreased or
disappeared O,, accumulation of CO,, and formation of toxic compounds affecting various
the processes of plant development (Kozlowski 1997).

Flood events are challenging in all life stages of the plant, especially during the seed
germination and seedlings initial development (Zuiiga-feest et al. 2017). The seeds and
seedlings of some species are not tolerant to flooding although adult plants of the same
species tolerate stress (da Paz et al. 2017). The oxygen is less available to the embryos in
flooded soils, preventing or delaying the germination of seeds of various species (Kozlowski
1997). To withstand flooding events, seeds may have morphological adaptations that improve
their fluctuation (Parolin et al. 2004); physical dormancy (Lucas et al. 2012; da Paz et al.
2017); physiological dormancy (Scarano et al. 2003) and energy reserve compounds (Ferreira
et al. 2009).

Flooding of the root system can cause a number of consequences to the plant such as
increased shoot biomass to the detriment of the root (Liu et al. 2015; Yu et al. 2015), reduced
or inhibited growth (Bailey-Serres and Voesenek 2008; Colmer and Voesenek 2009),
decreased water and nutrient uptake (Colmer and Voesenek 2009; Liu et al. 2015), leaf fall
(Parolin et al. 2004), minor chlorophyll content and decreased photosynthetic performance
(Junior et al. 2015). The decrease in photosynthetic activity during flooding has been related
to several factors such as decreased stomatal conductance (Medina et al. 2009), lower
photosynthetic enzyme activities (Pezeshki 2001), lower chlorophyll content (Parolin et al.
2004), photosystem II damage and photosynthetic electron transport (Reginfo et al. 2005).
The stress duration influences the damage to the structure and activity of the photosystem II
and the development of photosynthetic adjustments in the plant (Larré et al. 2013).

The occurrence of some species in a predominantly flooded area is a strong but
inconclusive indication of their tolerance, since some abiotic and/or biotic factors facilitate the
occurrence of less tolerant species in these environments. In swamp forests, microtopographic
changes (Teixeira et al. 2011; Gattringer et al. 2018) and positive interactions between plants
(Scarano 2002) can attenuate the stress caused by flooding, favoring the germination process
and the survival of species less tolerant or living in flood-prone areas.

Flooding events can last for up to seven months in a year in some swamp forests in the

extreme south of Brazil. These forests are located on relief depressions where the ground
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water is close to the surface or emerging most of the year, with periods of high precipitation
rates, configuring long flooding events (Waechter and Jarenkow 1998; Duarte 2012). These
forests are characterized by great spatial variations in soil water conditions, containing
flooded microenvironments (water line formation) and non-flooded microenvironments
(humid soil) (Duarte 2012). The presence of arboreal individuals is noticeably greater in non-
flooded sites, being Allophylus edulis (A.St.-Hil et al.) Hieron. ex Niederl one of the species
possibly favored by these microenvironments.

Allophylus edulis is a pioneer tree distributed in several countries of South America,
including diverse phytogeographic domains throughout Brazil (Abreu et al. 2005). The
plantation of this species is recommended to accelerate forest restoration due to its rapid
growth and high amount of fruits that attract dispersers of seeds from other species to the site
(Turchetto et al. 2017). This species colonizes from open areas to forest formations subject to
flooding, and it is more abundant in temporarily flooded forests than in those permanently
flooded (Silva et al. 2007).

The species distribution in environments with different degrees of stress can be inferred

through the knowledge about their level of tolerance to factors such as soil water conditions.
Although important, this information is still scarce for subtropical and tropical tree species
in southern South America (Zufiiga-feest et al. 2017), becoming an obstacle to restoration
projects. This information is even more relevant if we consider the climate change scenario,
which will increase the frequency of extreme weather events such as rainfall and drought,
thereby influencing the hydrological regime in areas subject to flooding (Junk 2013; Parolin
and Wittmann 2010). In the extreme south of Brazil, the climate change is associated with an
increase in precipitations (Copertino et al. 2016), intensifying forest flood events on a spatial
and temporal scale. Such changes may impact the structure and distribution of the tree species
in flooded forests.
In this sense, we evaluated the tolerance of seeds and young plants of Allophylus edulis to
short and long-term flooding. Our hypothesis was that seeds and young plants of the species
would not tolerate a long period of flooding. Thus, short floods would reduce seed
germination, growth, content of photosynthetic pigments and photosynthetic indexes (PIs)
of young plants. While long periods of flooding cause plant death and seed unviability.

Material and methods
Fruits of various trees of Allophylus edulis were collected in a swamp forest located in

the municipality of Rio Grande, RS, Brazil (32°07'S; 52°09'W). This forest remains flooded
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for approximately seven months per year, with a depth of about 30 cm of water, and the flood
periods can be greater or lesser depending on the rainfall regime (Duarte 2012). The seeds for
the experiments I and II were collected in November 2016, and in December 2015 for the
experiment III. The fruits were pulped and the seeds were used shortly after the collection in
the tests in order to maintain their viability, since the seeds of A. edulis have a recalcitrant

behavior.

Experiment I: Seed germination in flooded and non-flooded conditions

This experiment consisted of two treatments using eight Gerbox® transparent plastic
boxes with 25 seeds each, totaling 200 seeds per treatment: non-flooded (NFL) and flooded
(FL), with seed sowing on a sheet of blotting paper moistened with 20 mL and 150 mL of
distilled water, respectively, totaling approximately 2 cm of water depth in FL treatment.

The germination tests were carried out for 30 days in a BOD germination chamber
under the temperature of 25 °C and constant light, as recommended by Abreu et al. (2005).
The criterion considered for germination was the presence of radicles larger than 2 mm in the
seeds. The percentage of germination (%G) and germination speed index (GSI) were
evaluated according to the equations described by Oliveira et al. (2009). At the end of the
experiment the seedlings that were morphologically perfect had the measured length (cm) and
were classified as normal seedlings (NS) and seedlings that had any of their essential
structures missing, deformed or severely damaged were classified as abnormal (AS) (Brasil

2009; Oliveira et al. 2009).

Experiment II: Germination with relief from flood-related stress

The experiment II consisted of four tests with eight samples of 25 seeds, totaling 200
seeds per test. All tests were performed in Gerbox® boxes, using a layer of 2 cm of medium-
textured, washed and sterilized sand (substrate). The germination tests followed the same
criteria of germination, temperature and photoperiod established in experiment I. The seeds
were submitted to four temporal levels of flood-related stress. In the control (time 0), the
seeds were planted directly on the non-flooded sand, moistened with 20 mL of distilled water.
In the other tests, to ensure submersion, the seeds were initially semi-buried in sand substrate
and submitted to different flooding periods (15, 30, 60 days), characterizing different stress
levels induced by flood duration. To this end, the Gerbox® boxes were filled with 150 mL of
distilled water, maintaining a water depth about of 2 cm. At the end of each flooding period,

the seeds were removed from the flood conditions (stress relief) and transferred to Gerbox®
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boxes with the same conditions of the control treatment, in order to evaluate the germination

parameters.

Experiment III: Development of young plants under flood conditions

The seedlings for this experiment were obtained from the germination of 4. edulis seeds
in 290 cm? tubes. After 60 days, the seedlings were transplanted to 5-L perforated plastic pots
containing organic soil obtained from the Federal University of Rio Grande. After seven
months, the plants were submitted to two treatments: (I) non-flooded plants (NFL), irrigated
daily to keep the substrate moist; (II) flooded (FL) plants, where the pots were placed into a
second, to 10-L non-perforated plastic vessel to maintain a water slide of about 3 cm above
the substrate. The experiment lasted for 90 days was and conducted in experimental area
covered with shade screen that partially diminished the solar radiation incident on the plants
(50% shading). Global solar radiation daily (mean + SD), during 30, 60 and 90 days of
flooding were, respectively, 953.30 £ 510.29 KJ/m?, 1451.2 + 569.35 KJ/m?, and 1626 +
681.39 KJ/m?. The air temperature for the same periods were 14.9 + 2,1°C, 16.1 £ 2,45°C and
19+ 2,66°C, respectively. Daily values of global solar radiation and air temperature were
obtained by Automatic Meteorological Station of Rio Grande, RS, Brazil (32 ° 01'S 52 °
06'W) distant about 2 km from area of flooding experiment and provided by National Institute
of Meteorology (INMET). Climate of the region is classified as Cfa, being characterized as
humid subtropical (Alvares et al. 2013).

To evaluate survival and growth, 35 plants of each treatment (NFL and FL) were
selected and evaluated after seven different periods: 1, 10, 20, 30, 45, 60 and 90 days after the
flooding started. The growth parameters analyzed were: plant height (cm), from the base of
the plant until the meristematic apex insertion; number of leaves; and stem diameter (cm),
measured at 2 cm above the ground with a pachymeter. Possible visual morphological
alterations induced by the treatments, such as hypertrophied lenticels and adventitious roots,
were weekly monitored.

At the end of the experiment, ten plants of each treatment were randomly selected to
estimate leaf area and dry mass. The leaf area was obtained through the foliar contour method,
scanning ten mature leaves of each plant (Benincasa 1988). To estimate the dry mass, the
plants were separated into leaves, stem and root, individually stored in paper bags, oven-dried
at 70 ° C for 48 h and weighed.

The concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll

(Chl,+p) and carotenoids (Cy+c) were determined from mature leaves of four plants of each
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treatment (NFL and FL) at 30, 60 and 90 days after the onset of flooding. The leaves were
wrapped in aluminum foil and transported on ice to the laboratory, where a sample of each
leaf was withdrawn and weighed. Subsequently, the samples were macerated with 80% (v/v)
acetone (Arnon 1949) and filtered using Whatmann nl filter paper, obtaining the ketone
extract from chloroplast pigments. The absorbance readings were obtained from the ketone
extracts at the wavelengths of 470, 646 and 663 nm. From the absorbance and dilution factors,
the pigment contents were quantified and the results expressed in microgram per gram of
fresh mass of leaf tissue (ug pigment g' MF), according to the equations described by
Wellburn (1994).

The fluorescence of chlorophyll @ was measured 1, 3, 10, 20, 30, 45 and 60 days after
flooding, using 18 plants of each treatment. In each collection, the central leaflets of two
mature leaves of each plant were measured, totaling 36 measurements in each water regime
(NFL and FL). The emissions of chlorophyll a fluorescence emission were measured using a
portable fluorometer Handy PEA (Hansatech Intruments). The leaves were adapted to the
dark for 90 min and exposed to a saturation pulse of 3,000 umol ms”of photons for 1s after
that period. The fluorescence intensity of chlorophyll a was measured for 50 ps (initial
fluorescence, Fy), 2 ms (Fy), 30 ms (F;) and maximum fluorescence (Fy). The parameters for
the JIP test (Strasser and Strasser 1995; Strasser et al. 2004) were then calculated and are
described in Table 1. The values of the JIP test parameters were normalized in relation to the

control plants (NFL) levels in each period of data collection.

Statistical analyses

The effects of the water conditions (NFL and FL) on the germination parameters (%G,
GSI, AS) of experiment I were evaluated with the 7 test. The effect of the different flood
periods on the germination parameters (%G, GSI, AS) of experiment II was evaluated with an
analysis of variance (ANOVA) followed by the Tukey"s test. The effects of water conditions
(NFL and FL) in different evaluation periods on plant growth (stem diameter, number of
leaves and height) were tested with two-way ANOVA with repetitive measures. The
differences in the pigment content of the plants were obtained with a two-way ANOVA. Leaf
area, dry mass, Pl,,s and Pliy, in different flood regimes (NFL and FL) were evaluated using a
t test. The percentage data (%G and AS) and dry mass were transformed using, respectively,
arcsine and square root of X, in order to achieve normality and homoscedasticity. All other
data presented normal and homoscedastic distribution and all the statistical tests followed Zar

(1999) with a level of significance of 0.05.
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Results
Seed germination in flood conditions and relief of flood-related stress

The flood reduced the percentage of germinated seeds and the GSI (Table 2). In
addition, seeds germinated in the FL treatment produced smaller NS and a high number of
abnormal seedlings (Fig 1a, Table 2), with short hypocotyls and atrophied radicles (Fig. 1b).
The germination began on the sixth day after sowing and the germination rate was high in the
control test (NFL). The stress relief after 15 days of flooding resulted in germination on the
third day, with high germination rate, high GSI and larger normal seedlings, indicating greater
germinative vigor. The potential to germinate continued after 30 days of flooding, with seeds
germinating on the fifth day after removed from the flood and transferred to a humid
substrate. In spite of this, the germination rate and GSI decreased and the number of abnormal

seedlings increased. After 60 days of flooding, the seeds became non-viable (Table 2).

Survival and growth of young plants

Plants of A. edulis from the NFL treatment had an increase of approximately 67% in
stem diameter at 90 days (Fig. 2a). In contrast, the stem growth of plants in the FL treatment
was inhibited, lacking morphoanatomical adaptations such as adventitious roots,
hypertrophied lenticels, cortical cracks and thickening of the stem due to the formation of
aerenchymal tissue, which are normally observed in species tolerant to flooded environments.
NFL plants had a progressive increase in height,48.16% larger at the end of the experiment,
differing from the FL plants (Fig. 2b). The flooding induced a stoppage in plant growth, and
the plant height measurements on the first day did not differ from the measure after 90 days of
flooding. In the NFL plants, after 90 days of flooding, the number of leaves doubled in
relation to the first day (Fig. 2¢). There was a leaf fall in the FL treatment after 20 days of
flooding, followed by a small increase in the number of leaves at 30 days and another fall
after 90 days of flood, when we verified a leaf number 26.3% lower than the at the first day of
flood.

After 90 days of experiment, all NFL plants were still alive, unlike plants undergoing
FL treatment, which showed a mortality of 28.57%. The surviving plants of the FL treatment
had severe stress symptoms such as leaf chlorosis and withered leaves (Fig. 1c) as well as
lower dry mass for both shoot and root (Fig. 1d). The flood caused a reduction in leaf area, so

that FL plants had leaves about six times smaller than the NFL plants (Table 3). The values of
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Chl a, Chl b and Chl,, were lower in FL plants at 60 days of flooding and remained stable
(Fig. 3).

Chlorophyll a fluorescence transient

After 30 and 60 days, there was an increase in the flux of light energy absorption
(ABS/RC) and captured energy flow (TR(/RC) per reaction center in the plants submitted to
FL treatment. Additionally, there was an increase in the dissipated energy flow (DIy/RC)
reaching values of 76% (30 days) and 61% (60 days) in relation to the plants submitted to the
NFL treatment (control) (Fig. 4). For the ET(/RC and RE(/RC parameters, there was no
discrepancy between FL and NFL (control) treatments. We verified a tendency of reduced
ET¢/ TRy (Fig. 4) levels in conditions of flood, indicating a lower probability that the captured
exciton moves electrons for the CTE besides the Q4". This can be confirmed by the decline in
the values of the parameters associated with the quantum electron transport yield of Qa”. (i)
for the electron acceptors of the intersystem (ETo/ABS); and (ii) for the final electron acceptor
of photosystem I (FSI) (RE¢(/ABS). The maximum photochemical quantum yield (TRy/ABS
or Fy/Fy) did not suffer influence of the stress duration, with values close to control levels
throughout all periods evaluated.

After the first day of flooding, there was a reduction in the performance indexes Plyps
(33%) and Pl (35%) in relation to the control treatment. After three days, the NFL
(control) and FL plants resembled in relation to Pl and Pli,. However, on the tenth day of
evaluation, FL treatment plants showed a significant drop in the value of the Pl that
remained in decline until 60 days of flooding. In the same way, there was a progressive
decrease in the Plio, as the flooding time increased. After 30 and 60 days of flooding, the
plants had the values of Pl,ps and Pliy, reduced in more than 50% in relation to the control

(Figs. 4 and 5).

Discussion

Allophylus edulis plants tolerate flooding for a short period, maintaining the seed
germination capacity and inhibiting the growth of young plants, though both stages are
sensitive to prolonged flooding. These characteristics, associated to the efficient dispersion
mechanism, justify the wide distribution of the species in temporarily flooded areas (Silva et
al. 2007, Silva et al. 2012).

The success in establishing a species in flooded areas depends initially on the strategy

of fruit dispersal associated with factors that allow seed germination and seedling survival
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during flooding (Marques and Joly 2000). The dispersal of A. edulis fruits can occur by
zoochory, hydrochory and autochory. Zoochoric dispersal is promoted especially by birds
(Abreu et al. 2005; Gagetti et al. 2016) and hydrochoric dispersion occurs due to the frequent
location of the specie near watercourses (Silva et al. 2007), contributing to that seeds are
dispersed in places that experience a wide variety of hydrological conditions.

Some seeds show great success in germination after flooding (Ferreira et al. 2006;
Wittmann et al. 2007) and others maintain viability after a long period of submersion
(Scarano and Crawford 1992; Parolin and Wittmann 2010). However, for most species stress
has a negative effect causing loss of viability (Kozlowski 1997; Okamoto and Joly 2000). In
our study, we verified that some seeds started germination under flooding conditions, forming
abnormal seedlings or small size normal seedlings which decreases the chances of
establishment in the soil. The fluctuation of seed may have exercised a positive effect on
germination under flood conditions. There is variation in seed size of 4. edulis (Abreu et al.
2005) what can have an effect on both seed fluctuating capacity and on the content of reserves
accumulated. In swamp forests submerged seeds are exposed to an environment with less
availability oxygen and light due to turbid waters. In experiment II, when the seeds were half-
buried and therefore prevented from floating the start of germination occurred only when the
seeds were transferred to the non-flooded treatment. Submersion possibly induced the
physiological dormancy in seed, postponing germination until conditions were favorable. The
seed dormancy is an ecologically advantageous response in flood prone habitats (Scarano et
al. 2003).

The stress relief test showed that the germination of A. edulis seeds can be favored after
a short flood period, since seeds flooded for 15 days and subsequently transferred to the non-
flooded treatment had high germination rate, higher germination speed producing also more
vigorous seedlings. Other studies have shown that short-term soaking in water increases the
germination of forest species seeds (Parolin et al. 2003; Lucas et al. 2012; Conserva et al.
2018). Soaking seeds in water probably breaks the physical barriers imposed on germination
by softening the coating and favoring the imbibition process (Lucas et al. 2012). The soaking
treatment for 15 days may have promoted the imbibition of A. edulis seeds. Thus when the
seeds were transferred to the non-flooded substrate they germinated faster.

The seeds of 4. edulis have a thin integument (Abreu et al. 2005) and imbibition is
generally rapid in seeds with permeable coating (Baskin and Baskin 2014). After the
germination process has started, the as maintenance of seeds in hypoxic conditions possibly

caused gradual damage to embryonic tissue and consequent loss of germination capacity. In

89



addition, other characteristics of 4. edulis seed such as relatively small size, absence of
endosperm and foliar cotyledons (Abreu et al. 2005) indicate that the seeds store low energy
reserves. Thus the decline in germination rate may also be linked to the depletion of energy
resources to maintain fermentative metabolism. Under low humidity conditions A. edulis
seeds also lose viability as they are recalcitrant (José et al. 2007). This type of seed has a
strong tendency to accumulate soluble sugars, especially sucrose (Berjak and Pammenter
2007) which is an immediate use reserve for energy production (Buckeridge et. al. 2004).
Thus, the rapid germination and formation of seedlings when conditions become favorable
may be associated with the presence of these sugars. In addition, soluble sugars may have
exerted an osmoprotective effect while the seeds were flooded, maintaining cell turgidity,
membrane stability and preventing protein degradation (Tewari and Mishra 2018).

In southern Brazil, the ripening of 4. edulis fruits occurs at the end of the flooded phase,
when the water level is falling. Thereby, many seeds must go through a brief period of
flooding and begin germination while floating or as soon as conditions of normoxia are
reestablished. The germination in the hydrological transition period is beneficial as it prevents
the seed from being exposed to extreme flood or dry conditions. The dry phase is
characterized by high temperatures and high evaporation (Reboita and Kruche 2018) rates that
can be as detrimental to seed germination as a long period of flooding.

Given that plants with recalcitrant seeds do not form seed banks in the soil (Barbedo
and Marcos Filho 1998), it is important to invest in seeds with rapid germination to form a
seedling bank (Berjak and Pammenter 2007). This investment becomes even more important
in floodable forests that offer a narrow window for seedling regeneration (Parolin et al .2003;
Wittmann et al. 2007). Furthermore, there is an association between functional type of
cotyledon and seed germination speed, being that seedlings with foliar cotyledon develop
faster because they have limited energy reserves (Parolin et al. 2003). The rapid germination
and emergence of foliar cotyledons when flooding ceases probably maximizes photosynthetic
activity and growth seedling in the non-flooded period (Parolin et al. 2003; Conserva et al.
2018).

According to Joly and Crawford (1982), a plant can be considered flood tolerant when it
is able to grow and increase its biomass under flood conditions. In our study, we verified that
the young plants of 4. edullis respond to flood conditions with changes in the energy flow of
the photosynthetic electron transport chain (ETC), reduction in plant size and biomass, and
leaf fall, which indicate reduced tolerance to prolonged flood. The hypoxic and/or anoxic

conditions imposed by the flood affect the growth of sensitive plants, as the water and nutrient
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uptake is compromised and the stomatal conductance of the leaves and photosynthetic
capacity are reduced (Batista et al. 2008; Yu et al. 2015; Bidalia et al. 2018). A deviation
from aerobic to anaerobic root system metabolism also occurs under these conditions,
resulting in a reduced energy efficiency (Drew 1997). To compensate low energy yields, root
cells increase their demand for carbohydrates, reducing their availability to other plant
functions (Bailey-Serres and Voesenek 2008). Thus, it is common for plants to respond to
flooding by inhibiting their growth or reducing their biomass (Andrade et al. 1999; Batista et
al. 2008; Peng et al. 2017; Bidalia et al. 2018).

Some plants are able to grow vigorously during long periods of flooding (Kolb and Joly
2009). In general, species that present high flood tolerance tend to inhibit growth when stress
begins and return to growth after a period of acclimatization (Larré et al. 2013; Zudiga-Feest
et al. 2017). During this period, the plant performs metabolic (Joly and Crawford 1982; Alves
et al. 2013; Larré et al. 2016) and photosynthetic (Medina et al. 2009; Larré et al. 2013)
adjustments, developing morphoanatomical structures that allow the plant to survive and
thrive in conditions of water saturation (Medina et al. 2009; Oliveira and Joly 2010; Larr¢ et
al. 2013). In this context, the formation of hypertrophied lenticels, cortical cracks and
adventitious roots are common morphological responses that confer advantage to the species
(Zhang et al. 2017). Although individuals withstand a long period of flooding, the plants of A.
edulis did not develop any morphological changes that could help the plant survive the anoxia
conditions. Stress conditions were signaled by injury symptoms, such as chlorosis, loss of leaf
mass and reduced growth.

The flood may compromise photosynthesis through stomatal and non-stomatal
limitations, decreasing the photosynthetic capacity due to a reduction in chlorophyll
concentrations, carboxylation efficiency or electron transport rates (Gravatt and Kirby 1998;
Herrera et al. 2008; Larré et al. 2013; Polacik and Maricle 2013; Junior et al. 2015). The
distinction between stomatal and non-stomatal limitations is important, since the stomatal
closure is a transient regulatory response that can be reverted when stressful conditions cease,
whereas the other responses reflect permanent changes (Herrera et al. 2008).

The plants of the FL treatment showed a reduction in chlorophyll content (Fig. 3) and
changes in JIP-test parameters (Fig. 4), which reflect the energy flux in the photosynthetic
ETC, signaling that long-term flooding promotes a decrease in photosynthetic capacity. The
reduction in pigment contents is a typical symptom of stress due to oxidative processes in the
chloroplast, resulting in slow synthesis or rapid breakdown of pigments (Smirnoff 1993).

Some species with a greater tolerance to flooding do not present a reduction in their content of
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photosynthetic pigments (Junior et al. 2015), even increasing their pigment content in
response to flooding (Parolin 2001). However, many plants, classified as tolerant or sensitive
to flooding, show a reduced chlorophyll content in water saturation conditions (Junior et al.
2015; Kozlowski and Pallardy 2002). During flooding, metabolic adjustments can occur,
reducing the chlorophyll content in the leaves, resulting in a lower absorption of light
energy by leaf area to protect PSII from photo-oxidation (Du et al. 2012).

In our study, the flood increased the absorption flux (ABS/RC) by the antenna
pigments, as well as the captured energy flow (TR(/RC), mainly after the first day, 30 and
60 days of flooding. The decrease in the ET(/TRy, ET¢(/ABS and RE(/ABS parameters show
a lower electron transfer to the ETC (Fig. 4). This can lead to the inactivation of a fraction
of the PSII reaction centers, converting them into non-reducing centers of Q™ resulting in
an increase in the mean antenna size by active RC (Junior et al. 2015). Consequently, an
increase in the energy flux dissipated by PSII reaction center (DIy/RC) was triggered. The
mechanism of dissipating energy in the form of heat or fluorescence may have been
employed by 4. edulis plants as a measure to avoid photoinhibition and consequent damage
to the photosystems.

Substantial changes in the electron transport per active reaction center were noted
with flooding. In general, the performance indexes (Pl,,s and Pliyta), energy flow parameters
per reaction center (ABS/RC, TR(/RC and DIy/RC) and parameters related to quantum
yields (ETo/TRy, ETo/ABS and RE(/ABS) show increased stress on the first day of flood.
However, the stress was followed by an acclimatization mechanism after the third day,
when FL treatment plants showed values similar to the control (Fig. 4 and 5). After this
short period, the discrepancies between the NFL and flooded treatments increased as the
flood time elapsed, culminating in low PI values at 30 and 60 days, which indicate damage
to PSII. The maximum quantum yield of primary PSII photochemistry (TRo/ABS or Fy/Fum),
widely used to monitor environmental stress in plants (Oxborough and Baker 1997), was
not an effective indicator in our study, which was also observed for other tree species under
flood conditions (Larré et al. 2013; Martinazzo et al. 2013).

The distribution of species in flooded forests is regulated by the duration of flooding,
their inherent mechanisms to tolerate flood-related stress (Bailey-Serres and Voesenek
2008), and the existence of microenvironments where stress is attenuated and the conditions
become favorable for the plant development. In this way, species with different levels of

flood tolerance may coexist in a flooded environment seasonally or permanently.
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We verified positive germinative response in 4. edulis seeds after a short period of
flooding (15 days) and low mortality of young plants after a long period of flooding (90
days). However, the period of 30 days of flooding was sufficient to cause a sharp drop in
seed germination and plant photosynthetic performance indexes (PIs). After 60 days of
flooding, the seeds lost viability and the PIs remained low, signaling damage to the
photosynthetic apparatus. At 90 days of flooding, the surviving plants presented serious
evidence of injury caused by the flood. Thus, we conclude that the initial development of A.
edulis is associated with environments with short periods of flooding, which explains the
greater abundance of individuals of the species in temporarily flooded forests. The
occurrence of the species in flooded forests for long periods is conditioned by the
occurrence of microenvironments protected from long floods. This species is recommended
for the restoration of flooded areas if planted where they are exposed to short periods of

flooding.
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Tables

Table 1 The JIP-test parameters, formulas and definitions. Note that PSI, PSII, RC, and Q4

are for photosystem I, photosystem II, total number of active PSII reaction centers, and the

first plastoquinone electron acceptor of PSII, respectively.

Parameters of fluorescence

Description

Extracted fluorescence parameters
FO =F50us (O)

FJ =F2ms (J)

FI=F30ms (I)

FP =FM (P)

F100us

F300us

Calculated parameters

Fv =(FM - F50pus)

VI = (F2ms - F50us)/(Fm - F50us)
MO = [4.(F300us - F50us)/(Fm - F50ps)]
Specific energy fluxes

ABS/RC = (MO /VJ) /oP0
TRO/RC =MO /V]

ETO/RC =MO0 /VJ x yEO

DIO/RC = ABS/RC - TRO/RC
REO/RC = REO/RC = (M0/VJ]) x yRO

Efficiencies and quantum yields
TRO/ABS = ¢P0 = Fv/FM

ETO0/ABS = @E0 = @P0 x yEO
ETO/TRO=wEO0O=1-VJ

REO/ETO = 6RO = yRO/YEO

REO0/ABS = ¢R0O = ¢P0 x yRO

Performance indexes

PIABS = (RC/ABS) x [¢P0/(1 — @P0)] x

[WEO/(1 — yEO)]
PIABS.total = PIABS x [8R0/(1 — 5R0)]

Fluorescence intensity at 50 ps
Fluorescence intensity at 2 ms
Fluorescence intensity at 30 ms
Maximum fluorescence
Fluorescence intensity at 100 ps
Fluorescence intensity at 300 ps

Variable fluorescence
Relative variable fluorescence at 2 ms
Net rate of PSII closure

Apparent antenna size of an active PSII
Maximum trapped exciton flux per active PSII
The flux of electrons transferred from QA- to
PQ per active PSII

The flux of energy dissipated in processes other
than trapping per active PSII

The flux of electrons transferred from QA- to
final PSI acceptors per active PSII

Maximum quantum yield of primary PSII
photochemistry

Quantum yield of electron transport from QA-
to PQ

Efficiency with which a PSII trapped electron
is transferred from QA- to PQ

Efficiency with which an electron from PQH?2
is transferred to final PSI acceptors

Quantum yield of electron transport from QA-
to final PSI acceptors

Performance index on absorption basis

Total performance index on absorption basis
measured for FSI and electron acceptors

For review see Strasser et al. (2004)
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Table 2 Average germination percentage, germination speed index (GSI), percentage of
abnormal seedlings (AS), and total length of Allophylus edulis seedlings. Experiment I: seeds
submitted to the non-flooded (NFL) and flooded (FL) regimes; Experiment II: germination

after relief from stress by flooding periods of 15, 30 and 60 days (n = 8, mean =+ SE).

Treatment Germination GSI AS (%) Length of seedlings
(%) (cm)

Experiment I

NFL 93.00+1.96 a 2.33+0.04a 1.66 £ 1.15a 546+0.13a

FL 32.00+3.93b 1.03+£0.29b  3527+£12.63b 1.65+0.39Db

Experiment 11

0 days (NFL) 84.50+3.81a 2.15+0.10a 333+1.11a 7.56+034a

15 days 92.50+2.06 a 3.77+0.14Db 8.06+1.34a 9.51+021b

30 days 62.00+3.38Db 1.88+0.14a 22.64+3.40b 7.18+0.34a

60 days 0.00 - - -

Means followed by equal letters in the columns did not differ (P> 0.05) after ¢ test (Experiment I) or
Tukey's test (Experiment II).

Table 3 Mean (+SE; n=10) values of dry mass of the stem, leaves and root, total dry mass and
leaf area of flooded and non-flooded young plants of Allophylus edulis after 90 days of
flooding, and statistical values [t statistics and probability associated with a type I error (p)]

obtained from the t test

Flooded Non-flooded t p
Dry leaf mass (g) 0.37 +0.06 6.55 +0.57 -10.82 0.000001
Dry stem mass (g) 0.84 +0.11 536 +0.63 7.07 0.00001
Dry root mass (g) 0.73 £0.06 6.44 +0.87 6.59 0.00003
Total dry mass (g) 1.93+0.62 18.35+£1.57 11.28 0.000001
Leaf area (mm?) 172.0 £27.8 997.0 + 53.69 -14.33 0.000001
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Figures

Fig. 1 Morphological aspects of seedlings and plants of Allophylus edulis. Normal seedlings
originated from non-flooded treatment (a); abnormal seedlings originated from flooded
treatment (b); young plants after 90 days of flooding presenting symptoms such as wilted
leaves and chlorotic spots (c); non-flooded and flooded plants at 90 days (d)
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CONSIDERACOES FINAIS E PERSPECTIVAS

As respostas da germinacdo de sementes e o crescimento de plantas de Citronella
gongonha e Allophylus edulis refletem a sua distribuicdo em ambientes sujeitos a inundagao.
A coexisténcia dessas espécies em ambientes palustres ¢ possivelmente determinada por suas
estratégias de desenvolvimento afinadas as variagdes nas condi¢des hidroldgicas do solo.

As sementes de C. gongonha ndo germinam sob inunda¢do, perdendo a capacidade
germinativa conforme aumenta o tempo de inundagdo das sementes. Embora a inundagao
tenha exercido efeito negativo na germinacao desta espécie, quando as sementes foram
removidas das condi¢des de estresse, 0 tempo necessario para germinar as sementes viaveis
foi reduzido. Ja A. edulis apresenta sementes com baixa taxa de germinagdo em condigdes de
inundagdo. No entanto, quando as sementes passam por um curto periodo de imersdo em agua
(até 15 dias) e posteriormente sdo postas em condi¢des nao inundadas verifica-se um 6timo
desempenho germinativo. A germinacgdo rapida ¢ uma caracteristica ecologicamente vantajosa
para espécies que colonizam florestas inundadas por longos periodos, uma vez que, as
condi¢cdes apropriadas para o estabelecimento das plantulas nesses ecossistemas podem durar
pouco tempo (WITTMANN et al., 2006; LUCAS et al., 2012; CONSERVA et al., 2018).

As duas espécies estudadas apresentam plantulas do tipo fanero epigeal com
cotilédones foliaceos. Esse tipo morfofuncional de plantula apresenta cotilédones
fotossintetizantes que favorecem o rapido crescimento e acimulo de carboidratos de reserva.
Os resultados obtidos no Capitulo 1, da presente tese, indicam que o uso de carboidratos de
reserva ¢ importante para que as plantas de C. gongonha possam enfrentar com sucesso um
longo periodo de inundagdo durante o estagio inicial de seu desenvolvimento.

As plantas jovens de C. gongonha e A. edulis sobrevivem as condi¢des de inundagao.
No entanto, ambas as espécies tiveram menor investimento em altura, nimero de folhas e area
foliar sob as condi¢cdes de inundacdo. Essa resposta, provavelmente, visa a economia de
energia mediante as condi¢des reduzidas de O, no solo. Além disso, a redu¢do da superficie
transpiracional através da reducdo da area foliar pode ser uma estratégia para evitar a perda de
agua por meio da transpiracao.

Outras respostas ecofisioldgicas indicam que as plantas jovens das duas espécies
estudadas diferem quanto ao nivel de tolerancia ao estresse por inundagdo. As plantas de C.
gongonha tiveram crescimento hipertréfico na base do caule e aumento de biomassa da raiz
devido a formagdo de raizes adventicias. Enquanto, as plantas inundadas de A. edulis tiveram
inibi¢do total do crescimento e alteracdes na cadeia transportadora de elétrons fotossintéticos.

A analise da fluorescéncia da clorofila a através do teste de JIP, mostrou aumento na
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dissipacdo de energia por processos ndo fotoquimicos nos tecidos foliares das plantas
inundadas o que, possivelmente, reduziu os danos no aparato fotossintético e possibilitou a
sobrevivéncia das plantas sob as condi¢des de estresse. Apesar disso, houve reducdo nos
indices de desempenho fotossintéticos (Plags € Plrorar) em plantas de A. edulis conforme
aumentou o tempo de inundagdo. O Plags e Plrorar sdo varidveis que quantificam as
principais etapas fotoquimicas dos fotossistemas II e I (FSII e FSI, respectivamente) incluindo
a absorcao de energia luminosa, interceptacdo da energia de excitagdo e conversao da energia
de excitagdo em fluxo elétrico. A queda acentuada dos PIs a partir dos 30 dias de inundagao
indicam danos no FSIIL.

O conjunto de dados apresentados ajuda a explicar a distribuicdo das espécies
estudadas ao longo do gradiente de inundagdo, sendo C. gongonha predominante em locais
inundados em carater quase que permanente € A. edulis mais abundante em locais
temporariamente inundados (SILVA et al. 2007). Além disso, os resultados permitem
entender a distribui¢do dos individuos das espécies estudadas predominantemente sobre
microrrelevos em florestas paludosas.

As variagdes espago-temporais nas condi¢des hidrologicas do solo exercem forte
influéncia na composicdo floristica e estrutura da vegetagdo de florestas paludosas
(SHIMAMURA; MOMOSE, 2005; TEIXEIRA; ASSIS, 2009; TEIXEIRA; ASSIS; LUIZE,
2011; DUARTE, 2011; FREUND et al., 2018). Essas caracteristicas tornam as florestas
paludosas ecossistemas de alta complexidade ambiental e, portanto, dificeis de restaurar
(ZAMITH; SCARANO, 2010). A restauracao de florestas paludosas degradadas, geralmente,
requer forte intervencao humana (SCARANO; RIOS; ESTEVES, 1998) devido as condigdes
de inundacdo prolongadas que tornam o ambiente indspito para o estabelecimento da maioria
das plantas (ZAMITH; SCARANO, 2010). Estudos ecofisiologicos fornecem informagdes
que podem aperfeigoar as praticas de restauracdo nessas florestas. As duas espécies estudadas
neste trabalho sdo adequadas para programas de restauragdo de areas inundaveis. Os dados
obtidos podem ser empregados durante a semeadura e o plantio das mudas a fim de alcangar
maior sucesso na germinagao das sementes e sobrevivéncia das plantas.

As sementes de C. gongonha devem ser dispostas em locais ndo inundados para
germinar, porém depois de desenvolvidas as mudas podem ser plantadas em locais sujeitos a
longos periodos de inundagdo. E possivel que depois de estabelecidas, as proprias arvores
criem condi¢des que favorecem o estabelecimento de plantas com maiores restricdes a
satura¢do hidrica do solo através da elevagao do solo. Sendo assim, estudos que investiguem o

possivel papel de C. gongonha como uma potencial planta facilitadora (nurse plant) em
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florestas paludosas ¢ importante, pois contribui para o conhecimento sobre 0s processos que
determinam estruturacdo e a diversidade desses ecossistemas e, portanto, podem fornecer base
para sua conservagao e restauracao.

Para A. edulis, recomenda-se a imersao das sementes em agua, logo apds a coleta dos
frutos, por até 15 dias antes da semeadura para aumentar a taxa e a velocidade de germinacgao,
bem como vigor das plantulas formadas. A semeadura ou plantio das mudas deve ser feito em
locais expostos a curtos periodos de inundacao (até 30 dias) tendo em vista que a inundagao
prolongada prejudica o desempenho fotossintético das plantas jovens dessa espécie, o que
pode causar a sua mortalidade. O comportamento germinativo de A. edulis indica uma
resposta adaptativa a hidrologia de florestas paludosas. Varios fatores podem ter influenciado
essa resposta, entre eles os compostos armazenados nas sementes. Portanto, mais estudos sao
necessarios para elucidar essa questao.

Ambas as espécies estudadas, tiveram maior crescimento e melhor desempenho
fisiologico sob as condi¢des ndo inundadas. Portanto, os individuos que se estabelecerem
sobre os microrrelevos em florestas paludosas, provavelmente terdo seu desenvolvimento
favorecido. Assim, os projetos que visam a revegetacdo de areas palustres podem avaliar a
possibilidade de plantio das mudas dessas espécies sobre substrato elevado, tais como os
microrrelevos naturais, objetivando favorecer o desempenho fisiologico das plantas e
aumentar as suas chances de sobrevivéncia durante o longo periodo inundado.

Tendo em vista, que alteragdes climaticas podem alterar o regime hidrologico de
florestas paludosas (MARENGO; DIAS, 2006), mais estudos com enfoque na ecofisiologia
das espécies palustres sdo necessarios para verificar os efeitos dos eventos climaticos
extremos, como as secas € inundacdes prolongadas que sdo previstos para o sul do Brasil.
Tais efeitos podem ser especialmente prejudiciais as espécies que tem sementes recalcitrantes.
Assim como A. edulis, muitas espécies arboreas de areas umidas apresentam sementes
recalcitrantes (LUCAS et al., 2012). As sementes recalcitrantes representam um desafio para
0 armazenamento em longo prazo, pois perdem a viabilidade em condi¢des de umidade
reduzida (BARBEDO; MARCOS FILHO, 1998; BERJAK; PAMMENTER, 2007). As
plantas com sementes recalcitrantes formam banco de plantulas ao invés de banco de
sementes (BERJAK; PAMMENTER, 2007), portanto alteragdes nas condigdes favoraveis a
germinagdo de sementes e estabelecimento de plantulas podem comprometer a regeneragao

dessas espécies.
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