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RESUMO

As éreas Umidas subtropicais do bioma Pampa sdo ecossistemas de elevada biodiversidade,
cuja estruturacdo é regida por gradientes ambientais e interacfes bidticas. Entre estas interacfes, a
dominancia de macrofitas pode atuar como um filtro determinante para a diversidade local. O presente
estudo analisou a influéncia da dominancia de Cyperus byssaceus Pereira-Silva na organizacao e
riqueza de comunidades de macroéfitas em trés areas imidas no sul do Brasil (Site 1: B25; Site 2: Via
9; Site 3: Pontal da Barra). Foram amostradas 75 parcelas para o levantamento da vegetacédo e
coletadas 45 amostras de solo para avaliacdo do banco de propagulos via método de emergéncia de
plantulas. Os resultados indicaram que a riqueza e a composicao variaram significativamente entre
0s sitios (Sonstotal = 39 espécies), sendo o Site 1 0 mais diverso (22 espécies). A espécie fundacédo C.
byssaceus exerceu forte controle sobre a estrutura da comunidade; parcelas com maior biomassa da
espécie apresentaram reducédo na riqueza de macrofitas coocorrentes. O banco de propagulos revelou
uma densidade média expressiva (6.198 + 566 prop/m2), com variacdes entre o Site 1 (7.640 + 1.220
prop/m?) e o Site 3 (3.853 + 765 prop/m?). Notavelmente, C. byssaceus ndo foi detectada no banco
de solo, sugerindo que sua persisténcia dependa de estratégias vegetativas. Conclui-se que a estrutura
destas comunidades ¢ moldada pela interacdo entre filtros abidticos e a seletividade da espécie
dominante. A existéncia de um banco diversificado assegura a resiliéncia e a manutencao da dinamica

ecoldgica do sistema.

Palavras-chave: Areas (midas; Fitossociologia; Planicie costeira; Plantas aquéticas; Regido

subtropical.



ABSTRACT

Subtropical wetlands in the Pampa biome are high-biodiversity ecosystems whose structure is
governed by environmental gradients and biotic interactions. Among these, macrophyte dominance can
act as a key filter for local diversity. This study analyzed the influence of Cyperus byssaceus Pereira-
Silva dominance on the organization and richness of macrophyte communities in three wetlands in
southern Brazil (Site 1: B25; Site 2: Via 9; Site 3: Pontal da Barra). We sampled 75 plots for vegetation
surveys and collected 45 soil samples to evaluate the propagule bank using the seedling emergence
method. Results indicated that richness and composition varied significantly among sites (total Sops = 39
species), with Site 1 being the most diverse (22 species). As a foundation species, C. byssaceus exerted
strong control over community structure; plots with higher biomass of this species showed reduced co-
occurring macrophyte richness. The propagule bank revealed a high mean density (6,198 + 566 prop/m?),
ranging from Site 1 (7,640 £ 1,220 prop/m?) to Site 3 (3,853 + 765 prop/m?). Notably, C. byssaceus was
not detected in the soil bank, suggesting its persistence depends on vegetative strategies. We conclude
that community structure is shaped by the interaction between abiotic filters and the selectivity of the
dominant species. The existence of a diverse propagule bank ensures the resilience and maintenance of

the system'’s ecological dynamics.

Keywords: Coastal plain; Aquatic plants; Phytosociology; Subtropical region; Wetlands.



APRESENTACAO

Esta dissertacdo, desenvolvida no ambito do Programa de Pés-graduacdo em Biologia de
Ambientes Aquaticos Continentais da Universidade Federal do Rio Grande (FURG), investiga a
estrutura e a composicdo floristica de comunidades de macréfitas aquaticas em areas Umidas
localizadas no Pampa Sul-brasileiro. O estudo foca em ecossistemas caracterizados pela dominancia
de C. byssaceus Pereira-Silva (sin. Scirpus giganteus Kunth). O trabalho esta estruturado em uma
introducdo geral, um capitulo cientifico e considerac@es finais. A introducdo geral e as se¢des finais
seguem as normas da Associacdo Brasileira de Normas Técnicas (ABNT), enquanto o capitulo
principal é apresentado no formato de artigo, seguindo as diretrizes do periédico Wetlands Ecology
and Management.

O objetivo geral foi analisar a organizacdo da diversidade e a composicdo floristica das
comunidades de macrofitas em trés areas de banhado dominadas por C. byssaceus, relacionando a
riqueza e a identidade das espécies aos gradientes abioticos (profundidade da lamina d’agua) e¢ aos
atributos estruturais da espécie fundacéo (altura e cobertura). A pesquisa utilizou um desenho amostral
hierarquico com unidades amostrais (UAs) distribuidas em transectos, permitindo uma anélise precisa
da abundancia-cobertura e das variaveis ambientais. Os resultados revelam lacunas importantes sobre
a interacdo entre a biomassa da espécie dominante e a resiliéncia do banco de propagulos, contribuindo
para 0 preenchimento de gaps de pesquisa sobre a conservacao da biodiversidade em areas umidas

subtropicais.
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INTRODUCAO GERAL

Areas Umidas

As areas Umidas sdo ecossistemas de elevado valor ecoldgico e socioeconémico,
reconhecidas pela alta produtividade priméria e por sustentarem uma vasta biodiversidade,
incluindo espécies endémicas. (JUNK et al., 2014). Conceitualmente, essas areas
compreendem sistemas na interface aquatico-terrestre, sejam eles continentais ou costeiros,
naturais ou artificiais, que se caracterizam por regimes de inundacdo permanente ou periodica
por aguas rasas ou solos saturados, abrangendo inclusive bidtopos salinos (JUNK et al., 2014).
Além disso, essas areas desempenham funcdes e servigos ecossistémicos fundamentais, como
a regulacdo hidrica (armazenamento e amortecimento de cheias), a ciclagem de nutrientes e o
sequestro de carbono, atuando como pilares para a manutencao da resiliéncia climatica regional
(JUNK, 2013; MENEZES; DUARTE, 2020; MALTCHIK et al., 2023). Essas unidades
paisagisticas destacam-se por sua complexidade, uma vez que sua estrutura e funcionamento
sdo condicionados pela dinamica hidrologica e pelas variagdes climéticas regionais (HALLS,
1997).

Embora sistemas de grande extensao e reconhecimento internacional, como o Banhado do
Taim, recebam maior atencdo conservacionista, as areas Umidas apresentam uma ampla
variacdo de dimensdes e importancia ecoldgica. Ecossistemas aquéaticos de menor escala,
frequentemente negligenciados, desempenham um papel funcional desproporcional em suas
bacias hidrograficas, sustentando elevada diversidade e servindo como refugio estratégico para
a fauna local (BOZELLI et al., 2018). Portanto, compreender a estrutura dessas comunidades
é fundamental para a gestao desses recursos (MITSCH; GOSSELINK, 2015).

Entretanto, a integridade dessas areas enfrenta ameacas crescentes decorrentes da
fragmentacdo de habitats e da conversdo do solo para uso agropecudrio, processos
particularmente intensos no bioma Pampa. Estima-se que a extensdo das areas Umidas globais
tenha diminuido aproximadamente 21% desde 1970, com perdas que chegam a 177 milhGes de
hectares em pantanos continentais (GLOBAL WETLAND OUTLOOK, 2025). No Sul do
Brasil, a drenagem de banhados e a alteracdo dos regimes hidrolégicos comprometem néo
apenas a biodiversidade, mas também servigos ecossistémicos vitais, como 0 estoque de

carbono e a regulacdo hidrica.
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Nesse cendrio de degradacdo, o ambito internacional estabelece diretrizes através da
Convencédo de Ramsar, que visa a conservacdo e o uso racional desses ecossistemas. O Brasil,
integrante deste acordo desde 1993, possui atualmente 27 sitios Ramsar reconhecidos
(RAMSAR, 1971; MMA, 2025). Contudo, a efetividade desses instrumentos depende de
inventarios regionais e iniciativas de monitoramento que reduzam lacunas de conhecimento.
Tais lacunas residem, primordialmente, na escassez de informacgfes sobre a ecologia de
espécies estruturadoras e como sua dominancia influencia a coexisténcia de macrofitas e a
composicao do banco de propagulos em escala local. Compreender esses mecanismos é crucial
para subsidiar acfes de manejo, como o controle de biomassa e a restauragdo de fluxos
hidroldgicos, garantindo que o banco de sementes permaneca viavel para a regeneragdo natural
em casos de distdrbios (SIMIONI; GUASSELLI, 2017). Sendo assim, a compreensdo da
estrutura e funcionamento das areas umidas torna-se fundamental, especialmente em zonas de
transicdo entre os biomas Pampa e Mata Atlantica, onde a biodiversidade singular exige
estratégias de conservacdo baseadas em dados empiricos sobre a resiliéncia dos

ecossistemas.Pampa e areas imidas no Rio Grande do Sul.

Pampa e areas umidas no Rio Grande do Sul

No extremo sul do Brasil, 0 Rio Grande do Sul constitui uma area de transicdo ambiental
onde se encontram e interagem formacGes associadas aos biomas Pampa e Mata Atlantica
(Figura 1) (IBGE, 2024). Essa delimitacdo e particularmente relevante no sul costeiro do
Estado, pois o Pampa faz fronteira no Brasil apenas com a Mata Atlantica e inclui formacdes

associadas a vegetacdo costeira e a areas de transicdo entre esses biomas (SILVA et al., 2025).

Mata Atlantica
Pampa
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Figura 1. Estado do Rio Grande do Sul no Sul do Brasil, com destaque para a distribuicdo dos biomas
Pampa e Mata Atlantica. Fonte: (IBGE, 2024).

O Pampa é caracterizado pelo predominio de formacdes campestres, mas também inclui
matas ciliares, formac6es arbustivas, afloramentos rochosos e areas Umidas, contribuindo para
a heterogeneidade ambiental e para a elevada diversidade floristica regional (STUMPF et al.,
2009; FILHO; WINCKLER, 2022). Nesse contexto, destacam-se importantes areas de
conservacao, como a Estacdo Ecoldgica do Taim, que protege um extenso complexo de areas
Umidas no sul costeiro do Estado (ICMBIO, 2023). Em escala sul-americana, o Pampa é
compartilhado com paises vizinhos (Argentina e Uruguai), o que reforca a importancia de

abordagens de conservacao articuladas regionalmente (CONAMA, 2025).

A heterogeneidade ambiental do Rio Grande do Sul pode ser descrita a partir de
compartimentos fisiograficos e variacdes de solo, relevo e cobertura vegetal, que se refletem
em marcantes diferencas floristicas e fitofisiondmicas (AB’SABER, 2005; BOLDRINI, 1997;
RAMBO, 1956; STUMPF et al., 2009). Essa complexidade paisagistica, no entanto, contrasta

com o historico de ocupacéo e degradacdo dessas areas.

Nas ultimas décadas, a conversdo de ambientes campestres e a expansdo de usos
antropicos tém sido apontadas como pressdes criticas sobre a vegetacdo nativa. No contexto
gaucho, destaca-se a expansao agricola, incluindo a orizicultura irrigada, frequentemente
associada ao uso intensivo de ambientes alagados (IRGA, 2024; ROLON, 2013). Somado a
iSs0, 0s ecossistemas abertos do sul do Brasil enfrentam uma persistente invisibilidade em
politicas de conservacdo, fendmeno discutido como 'negligéncia botanica’ (PORTO et al.,
2021). Essa lacuna de reconhecimento € particularmente critica em formacbes campestres
costeiras, onde a falta de protecdo institucional compromete a manutencdo de sua
biodiversidade Unica (MENEZES et al., 2015). A consequéncia direta desse cenario de pressao
agricola e desatencdo politica é a degradacdo acentuada do bioma Pampa, que perdeu 3,5
milhdes de hectares de vegetacdo nativa entre 1985 e 2023, contando com apenas 2,8% de seu
territorio sob protecdo (CONAMA, 2025).

Do ponto de vista hidroldgico, o Estado possui 25 bacias hidrograficas agrupadas em
trés regides hidrograficas (Guaiba, Litoranea e Uruguai), usadas como unidades

administrativas para planejamento e gestdo (MALTCHIK et al., 2003). Entre elas, destacam-
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se o0 Litoral e a Depressdao Central por reunirem parcela importante das areas Umidas naturais
do Rio Grande do Sul (MALTCHIK et al., 2003). O Litoral abrange os dois maiores corpos
hidricos do Estado, a Lagoa Mirim e a Lagoa dos Patos, que juntas formam o maior sistema
lagunar da América do Sul (VIEIRA; RANGEL, 1988).

Entre as diversas fitofisionomias que compdem a paisagem do Rio Grande do Sul,
destacam-se 0s banhados, que constituem um tipo de area Umida caracterizada por alagamento
permanente ou periddico, solos saturados ricos em matéria organica e condigdes fisico-
quimicas especificas, sendo colonizados por biota adaptada ao hidroperiodo (CARVALHO;
OZORIO, 2007). O termo “banhado” deriva do espanhol bafiado, refletindo a influéncia
uruguaia e argentina na regido sul do Brasil (BURGUER, 2000). Na literatura, os banhados sdo
descritos sob diferentes denominacdes e, por vezes, aproximados de termos como brejos,
charcos e varjoes, 0 que pode gerar interpretacfes divergentes e reforca a importancia de
definigBes operacionais e critérios claros para a caracterizacdo desses ambientes (SILVEIRA,
2020).

Na Planicie Costeira do Rio Grande do Sul, esses ambientes apresentam elevada
importancia bioldgica e ecoldgica para a fauna e a flora locais, incluindo relevancia
internacional para aves migratdrias e ocorréncia de espécies ameacadas (DIEGUES, 1994;
TAGLIANI, 2002). Esses sistemas também tém importancia paisagistica e turistica e podem
atuar como fonte de abastecimento de uso sustentavel para atividades produtivas (BELLOLI et
al., 2024). Além disso, por serem ambientes associados a solos hidromarficos e a regimes de
inundacao constantes ou temporarios, com vegetacdo adaptada as flutuaces do nivel da agua
(incluindo macrdfitas aquaticas), os banhados sdo particularmente suscetiveis a alterac6es de
uso e cobertura da terra, que podem alterar funcdes ambientais e servi¢os ecossistémicos
(BELLOLI et al., 2025; JUNK; CUNHA, 2024).

Entre as diversas fitofisionomias que compdem a paisagem do Rio Grande do Sul,
destacam-se os banhados, caracterizados por solos saturados ricos em matéria organica e biota
adaptada a regimes de alagamento periddicos ou permanentes (CARVALHO; OZORIO, 2007).
O termo 'banhado’ deriva do espanhol bafado, refletindo a influéncia cultural e geogréafica do
Uruguai e da Argentina na regido sul do Brasil (BURGUER, 2000). No estado, a importancia
técnica e juridica desses ecossistemas é ratificada pela Resolucdo CONSEMA n° 380/2018,
que estabelece critérios fisicos e biologicos rigorosos para sua definicdo. Esta normativa

fundamenta-se na ocorréncia de espécies indicadoras da flora e fauna para delimitar o
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ecossistema; entre as macrofitas, destacam-se taxons como Pontederia spp., Pistia stratiotes
L., Schoenoplectus californicus (C.A. Mey.) Sojak e Typha domingensis Pers. Além da flora,
a resolucdo considera a presenca de fauna associada, como o jacaré-de-papo-amarelo (Caiman
latirostris) e a capivara (Hydrochoerus hydrochaeris), reforgando que a identidade desses
ambientes é definida pela estreita interdependéncia entre o hidroperiodo e a biodiversidade
residente (RIO GRANDE DO SUL, 2018).

No contexto da delimitacdo ecoldgica dos banhados, fitofisionomias como turfeiras e
campos Umidos podem apresentar semelhancas estruturais, especialmente em relacdo a
fisionomia vegetal e as condi¢gdes ambientais, o que reforca a necessidade de critérios baseados
na vegetacdo indicadora e em caracteristicas ambientais (SILVEIRA, 2020). Nesse sentido, as
turfeiras sdo descritas como ambientes resultantes do acimulo de vegetagdo em decomposicao,
em condicdes saturadas, com baixo pH e reduzida disponibilidade de oxigénio, fatores que
limitam a atividade microbiana (SILVA, 2002).

Além disso, banhados podem ser interpretados como uma etapa intermediaria na
formacdo de turfeiras, ndo configurando ecossistemas climax e, portanto, devendo ser
preservados (COSTA et al., 2003; IRGANG; GASTAL JR., 1996). Campos umidos, por sua
vez, sdo descritos como formacGes herbaceas nativas associadas a solos mal drenados e ao uso
pecudrio, sem evidéncias de uso agricola anterior. Em contraste, banhados tendem a apresentar
maior dominancia e diversidade de macroéfitas aquaticas, incluindo formas submersas e
flutuantes (CORDEIRO; HASENACK, 2009; SILVEIRA, 2020).

Assim, diferencas na composicdo e nas formas de vida das plantas, combinadas com
atributos ambientais, podem ser decisivas para distinguir essas fitofisionomias em campo.
Apesar do avan¢o das pesquisas, 0 uso de critérios superficiais ou pouco padronizados para

classificacdo pode dificultar a protecdo efetiva desses ambientes (SILVEIRA, 2020).
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Macrofitas aquéticas

Do ponto de vista funcional, macrofitas participam da ciclagem de nutrientes e do fluxo de
energia e podem atuar como bioindicadoras da qualidade da agua (POMPEQ, 2017). Também
reduzem a turbidez pela sedimentacédo de particulas em suspensao, oferecem abrigo e alimento,
funcionam como sitio de reproducgdo para organismos aquaticos e contribuem para protecdo de
margens contra erosdo (ESTEVES, 1998; XAVIER et al., 2021).

As macrofitas aquaticas incluem espécies com ampla distribuicdo geogréfica, com ocorréncia
de taxons cosmopolitas, conforme discutido por SANTAMARIA (2002). No Brasil, os
primeiros esforgos sistematicos de estudo desse grupo ganharam destaque a partir da década
de 1990, especialmente em trabalhos pioneiros voltados a sistematica, taxonomia e ecologia
(IRGANG; GASTAL JR., 1996). Posteriormente, estudos ampliaram o conhecimento sobre a
diversidade e a distribuicdo das macréfitas aquaticas, por meio de levantamentos floristicos e
abordagens ecoldgicas em diferentes regides do pais (AMARAL et al., 2008; BAO et al., 2018;
BOVE; PAZ, 2009; PIVARI et al., 2008).

Tais organismos sao definidos como plantas que se desenvolvem em ambientes aquaticos ou
em solos saturados durante parte do ciclo de vida (IRGANG; GASTAL JR., 1996), abrangendo
desde macroalgas até plantas vasculares, herbaceas ou lenhosas (ESTEVES; CAMARGO,
1986). As definicdes variam entre autores: WEAVER; CLEMENTS (1938), por exemplo,
consideram plantas herbaceas em solos cobertos ou saturados, enquanto COOK (1974) destaca
como vegetais vasculares visiveis a olho nu com partes fotossintetizantes ativas submersas ou
flutuantes. Por outro lado, IRGANG; GASTAL JR. (1996) ampliaram o conceito para incluir
vegetais que ocupam desde brejos até ambientes verdadeiramente aquéticos, inclusive aguas
salobras, com estruturas fotossintetizantes total ou parcialmente submersas ou flutuantes.
Apesar da vida em ambientes alagados, muitas macrofitas mantém caracteristicas tipicas de
vegetais terrestres, como cuticula fina e estdmatos, o que pode favorecer ocupacdo de
ambientes sujeitos a variacdo hidrica e periodos de seca (ESTEVES, 1998). Com isso, a
distribuicdo das macrofitas aquaticas estd diretamente relacionada ao gradiente de
profundidade e as adaptacGes morfoldgicas das espécies (PEDRALLI, 1990). ClassificacGes
classicas reconhecem sete formas de vida principais: anfibias, emergentes, flutuantes fixas,
flutuantes livres, submersas fixas, submersas livres e epifitas, que tendem a se organizar em
padrdes de zonacdo ao longo do gradiente hidrologico (ESTEVES, 1998; IRGANG et al.,
1984; PEDRALLLI, 1990; TRINDADE et al., 2010).
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Essas formas de vida refletem diferentes estratégias de ocupacao do habitat: enquanto espécies
emergentes e anfibias possuem raizes fixas no sedimento e partes fotossintetizantes fora da
agua, as formas submersas e flutuantes dependem diretamente da coluna d'agua para suporte
ou dispersdo de nutrientes. A diversidade dessas formas em um banhado é um indicador da
complexidade estrutural do ambiente; contudo, esse padrdo de zonagdo pode ser alterado por
fatores como turbidez, vento e heterogeneidade do habitat, resultando em sobreposicdes entre
as formas de vida e criando mosaicos de vegetacdo em vez de faixas lineares (TRINDADE et
al., 2010).

Nesse contexto, as assembleias de macréfitas tém sido amplamente utilizadas como modelos
biol6gicos para compreender padrGes ecoldgicos em areas Umidas, especialmente em
abordagens relacionadas a ecologia de paisagem e a organizacdo espacial das comunidades
(BELTMAN et al., 2011; HALL et al., 2004; HARRIS, 1984; OERTLI et al., 2002). Essa
relevancia decorre da capacidade desses organismos de integrar variag6es nas condigdes fisicas
e quimicas da agua e do sedimento ao longo do tempo, refletindo a conectividade entre
diferentes fragmentos de areas imidas na paisagem. Em escala regional, a organizacédo espacial
dessas comunidades é influenciada pela capacidade de dispersdo das espéecies e pela
configuracdo da rede hidrica, enquanto em escala local, a estrutura é moldada por filtros
ambientais imediatos e interacdes bidticas.

Portanto, o gradiente de inundacdo atua como um filtro ambiental primario, selecionando
espécies conforme suas tolerancias fisioldgicas e formas de vida (CATIAN et al., 2018).
Espécies submersas e flutuantes, por exemplo, apresentam maior tolerancia a niveis profundos
e estaveis de agua, enquanto formas anfibias e emergentes sdo favorecidas em zonas de
transicdo ou periodos de aguas rasas (MALTCHIK et al., 2007). A dinamica de inundacgéo
influencia diretamente os atributos da comunidade: ambientes sujeitos a inundagdes frequentes
e imprevisiveis tendem a apresentar baixa diversidade devido ao estresse fisico constante. Por
outro lado, niveis de inundacdo estaveis e duradouros favorecem a dominancia de espécies
competitivas de grande porte, as quais, por meio da exclusdo competitiva e do sombreamento,
também reduzem a diversidade local (LACOUL; FREEDMAN, 2006; MALTCHIK et al.,
2005; ROLON et al., 2010). Assim, a maior riqueza é frequentemente observada em niveis
intermediarios de estabilidade e profundidade, onde a coexisténcia entre diferentes formas de
vida ¢ facilitada (JUNK et al., 2014).

Além disso, a comunidade de macrdéfitas pode variar em crescimento, biomassa, distribuicéo e
abundancia conforme condicBes climaticas, temperatura, sedimentos, disponibilidade de
nutrientes, turbuléncia e herbivoria (BIANCHINI, 2003; BORNETTE; PUIJALON, 2011). A
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area fisica, a altitude das areas umidas e a diversidade do habitat também influenciam riqueza
e composicdo (FERREIRA et al., 2010; ROLON; MALTCHIK, 2006). A propria composicao
da comunidade pode modificar a luminosidade que alcanga o sedimento e, assim, influenciar a
diversidade local, porém, ainda s&o relativamente poucos os estudos que testam essa relacéo
na presenca de espécies dominantes nativas ou exéticas (ERVIN; WETZEL, 2002; OLSON;
DOHERTY, 2014).

Pesquisas tém abordado diferentes dimensfes da ecologia de areas Umidas, incluindo a
classificacdo desses ambientes, a identificacdo de fatores preditores da riqueza bioldgica e a
influéncia da variacao hidrolégica (MALTCHIK et al., 2004, 2007; ROLON; MALTCHIK,
2006). Estudos recentes em areas Umidas subtropicais reforcam que o gradiente de inundacéo
¢ um dos principais determinantes do zoneamento e da organizacdo dessas comunidades
vegetais (SILVEIRA et al., 2025). Essas abordagens s@o fundamentais para compreender 0s
processos que estruturam os ecossistemas aquaticos, uma vez que padrdes de diversidade e
composicdo podem ser fortemente influenciados por espécies emergentes dominantes, como
Cyperus byssaceus Pereira-Silva. Tais especies sdo capazes de estruturar o habitat e modificar
gradientes ambientais locais (PEREIRA-SILVA et al., 2020), tornando essencial compreender
como plantas nativas que formam massas vegetais expressivas atuam na organizacdo desses
ambientes (IRGANG; GASTAL JR., 1996; ROLON et al., 2010).

Contudo, a compreensdo da organizacdo dessas comunidades ndo se limita a vegetacao
estabelecida (epigea). A persisténcia e a capacidade de regeneracdo das macrofitas frente a
disturbios naturais ou antrépicos dependem, fundamentalmente, do estoque de formas de vida
regenerativas contidas no sedimento. Nesse sentido, o estudo do banco de propagulos torna-se
um complemento indispensavel a analise da estrutura vegetativa, uma vez que ele atua como
uma meméria bioldgica do ecossistema e determina o potencial de resposta da comunidade as
variacGes ambientais (HAIG et al., 1998; VAN DER VALK, 1981).

Banco de propagulos

O banco de propagulos do solo € um componente central para a resiliéncia e a
restauracdo de areas Umidas, funcionando como uma memoria ecologica que mantém um
estoque de propagulos viaveis capaz de sustentar o recrutamento de espécies ao longo do
tempo, mesmo quando a vegetacdo acima do solo é reduzida por disturbios ou variagdes no
regime hidrolégico (KETTENRING; TARSA, 2020). Apesar disso, a eficacia dessa memdria
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ndo é absoluta, pois a densidade e a diversidade desse estoque podem ser comprometidas por
disturbios persistentes ou degradacdo ambiental, tornando a caracterizacdo do banco
indispensavel para avaliar se o potencial de autorrecuperacdo do ecossistema é suficiente ou se
intervencdes ativas sdo necessarias (KETTENRING; TARSA, 2020).

Em sistemas com forte dominancia de espécies persistentes, o banco de propagulos
funciona como um reservatorio de diversidade, favorecendo o reaparecimento de espécies
acompanhantes quando surgem janelas de recrutamento. Tais janelas ocorrem em funcéo de
alteracBes hidroldgicas ou mudancas na disponibilidade de microhabitats, como as bordas dos
estandes de macrofitas dominantes ou areas com reducdo do dossel. Nessas areas, a
modificacdo da estrutura vegetativa altera a oferta de micrositios, pontos especificos no
sedimento que apresentam niveis de luz, oxigénio e profundidade adequados para quebrar a
dorméncia e permitir a germinacdo (BAO et al., 2021; ROSBAKH; PHARTYAL;
POSCHLOD, 2020).

Nesse contexto, os filtros ambientais operam em mdaltiplas escalas: enquanto o
microhabitat é definido pela estrutura do dossel da espécie dominante (ex: C. byssaceus), 0
micrositio € o filtro final que seleciona quais propagulos do banco conseguem efetivamente
emergir. Contudo, a teoria de montagem de comunidades integra esses filtros as interacfes
bidticas, sugerindo que a persisténcia das espécies depende tanto da tolerancia as condigcdes
fisicas quanto da capacidade de coexisténcia sob  restricdes competitivas
(HILLERISLAMBERS et al., 2012). Em areas umidas, o hidroperiodo e a oscilacdo do nivel
de agua sdo filtros determinantes, pois diferentes grupos funcionais germinam apenas sob
combinagdes especificas de exposicdo do sedimento e variacdes de recursos no microambiente
(ROSBAKH; PHARTYAL; POSCHLOD, 2020).

Outros filtros comuns incluem temperatura e umidade do solo, bem como
caracteristicas fisico-quimicas do substrato, que afetam a emergéncia e podem explicar a baixa
similaridade entre o banco e a comunidade acima do solo (TER HEERDT et al., 2017).
Processos fisicos que alteram a posicdo da semente também importam: a deposicdo de
sedimentos, matéria organica ou “mantas” de detritos vegetais podem aumentar a profundidade
de soterramento e criar barreiras mecéanicas a germinacdo (CASTILLO et al., 2023). Por
exemplo, o soterramento por wrack (detritos acumulados) pode reduzir drasticamente a
germinacdo e o0 estabelecimento de macrofitas, conforme observado em experimentos

controlados (CASTILLO et al., 2023). Assim, a expressdo do banco de propagulos em areas
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Umidas depende ndo apenas da presenca de sementes vidveis, mas da ocorréncia de condi¢des
ambientais que abram janelas de oportunidade e permitam que a germinagcao se converta em
estabelecimento efetivo (BOUMA et al., 2024).

Caracterizacao de Cyperus byssaceus Pereira-Silva

Cyperus byssaceus Pereira-Silva (Cyperaceae) € uma macroéfita emergente de grande
porte com distribui¢do confirmada concentrada no Cone Sul da América do Sul, ocorrendo em
paises como Argentina, Paraguai e Uruguai (PEREIRA-SILVA et al.,, 2020). Embora
tratamentos floristicos classicos, como o de SVENSON (1943), tenham sugerido uma
distribuicdo cosmopolita abrangendo desde o México até a Argentina (sob o sindnimo Scirpus
giganteus Kunth), evidéncias mais recentes e revisdes taxondmicas indicam uma restri¢do ao
continente sul-americano (BEETLE, 1950; PEREIRA-SILVA et al., 2020). No Brasil, a
espécie € nativa e possui registros confirmados para os trés estados da Regido Sul: Rio Grande
do Sul, Santa Catarina e Parana (REFLORA, 2025). A nomenclatura adotada neste trabalho
segue a redefini¢do proposta por PEREIRA-SILVA et al. (2020), que revisou a circunscrigdo
do txon e estabeleceu C. byssaceus como 0 nome aceito, superando a sinonimia historicamente

aplicada de S. giganteus.

Do ponto de vista morfologico, C. byssaceus € descrita como uma planta perene
cespitosa (80—170 cm), com colmos robustos ¢ trigonos, folhas longas, coriaceas e em “V”,
bracteas involucrais desenvolvidas e inflorescéncia terminal do tipo antela laxa (PEREIRA-
SILVA et al., 2020). Uma caracteristica que se destaca € a presenca de trés estames com filetes
fortemente alongados apoOs a antese, que podem permanecer aderidos ao fruto, as glumas
variam de estramineo-avermelhadas a marrom-avermelhadas claras, e 0s aquénios sdo
pequenos, trigonos e castanhos (PEREIRA-SILVA et al., 2020).

Em obra floristica classica (SVENSON, 1943), a espécie € descrita como grande e
robusta, formando coldnias extensas e densas em areas palustres abertas (Figura 2) e também
¢ mencionada como “a gigante entre os bulrushes folhosos”, com inflorescéncias grandes e

vistosas e potencial de uso em margens e areas Umidas (BEETLE, 1950).
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Figura 2. Cyperus byssaceus. (A) Fisionomia de banhado com predominio da espécie; (B) héabito; (C) detalhe

das inflorescéncias. Fonte: Autoral.

A anatomia também fornece evidéncias relacionadas & ocupacdo de ambientes
alagados, uma vez que, C. byssaceus apresenta folhas e colmos com grandes cavidades de ar

(aerénquima), células estreladas associadas as lacunas e feixes vasculares distribuidos no
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clorénquima. Além disso, ndo apresenta anatomia Kranz, em coeréncia com o enquadramento
em linhagens C3 dentro de Cyperus (PEREIRA-SILVA et al., 2020). Esse conjunto de
caracteristicas é compativel com a tolerancia a saturacao hidrica e a andxia do solo, recorrente
em ciperaceas dominantes de banhados. Quando em floracdo, os brotos de C. byssaceus podem
chegar a 1 metro ou mais e as espiguetas se desenvolvem na ponta do caule. Além disso, possui
uma vantagem competitiva devido a sua estratégia de reproducdo por clonagem
(PRATOLONGO et al., 2005).

Em macréfitas emergentes, a clonagem geralmente ocorre pela emissdo de rizomas e
brotacbes que originam novos perfilhos (ramets), promovendo répida ocupacdo espacial e a
formacdo de estandes densos. Além da multiplicacdo vegetativa, conexdes entre ramets podem
permitir integragdo clonal, com translocacdo de recursos ao longo do clone, o que tende a
amortecer estresses e variagdes ambientais tipicas de banhados (por exemplo, heterogeneidade
de agua/nutrientes e distdrbios) e pode favorecer o desempenho e a dominancia local de
espécies rizomatosas (LIU et al., 2016).

Em Typha domingensis, por exemplo, a recuperacdo do estande apos rebaixamento do
nivel d’agua ocorreu por producdo de ramets, evidenciando o papel da regeneracao clonal na
persisténcia do estande (PALMA-SILVA et al., 2005). Em gramineoides emergentes
clonalmente integrados, estudos também mostram que a integracdo pode aumentar crescimento
subterraneo (rizomas/raizes) e influenciar respostas sob competicdo e estresse, reforcando a

relevancia ecologica desse tipo de estratégia em zonas umidas (ZHANG et al., 2025).

Em termos de habitat, C. byssaceus ocorre frequentemente em grandes populacdes em
areas Umidas assoreadas e ao longo de margens de cOrregos e pequenos riachos (PEREIRA-
SILVA et al., 2020). Em zonas umidas fluviais do Baixo Delta do rio Parand, por exemplo, sdo
encontradas formacgbes vegetais densas associadas a setores de baixa energia e ambientes
internos de ilhas, vinculados a regimes de inundacdo e condicBGes edaficas especificas
(KANDUS; MALVAREZ, 2004).

Em estudos com sensoriamento remoto no Delta do rio Parand, marismas dominadas
pela espécie foram descritas como estruturalmente homogéneas, com dossel denso e
comportamento relativamente estavel, possibilitando relacionar a arquitetura do estande a
variaveis hidrolégicas (GRINGS et al., 2009). No eco6tono subtropical-pampeano de Buenos

Aires, a espécie € citada como dominante marginal em pocas e ambientes com vegetacao
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aquética associada, reforcando seu papel como componente estrutural de habitats aquaticos
(VON ELLENRIEDER; FERNANDEZ, 2000). Esse conjunto de evidéncias é consistente com
descrigdes de dossel denso e grande desenvolvimento de biomassa acima e abaixo do solo,
favorecendo estandes extensos e frequentemente dominantes (GRINGS et al., 2009;
PEREIRA-SILVA et al., 2020).

A dominancia de C. byssaceus também se conecta a dindmica comunitaria. Em estudos
realizados no Rio Grande do Sul, a elevada cobertura de C. byssaceus foi associada a redugdo
da luminosidade no substrato, devido a arquitetura densa de sua parte aérea (KAFER, 2013).
Esses achados convergem com trabalhos anteriores que demonstraram uma relagéo negativa
entre a cobertura desta espécie e a riqueza de macrofitas coabitantes (KAFER et al., 2011;
KANDUS; ADAMOLLI, 1993).

Em uma perspectiva ecossistémica, banhados dominados pela espécie foram associados
a elevados estoques de carbono organico do solo e a discussdes sobre alteracdes no balanco de
carbono diante de mudancas no uso da terra (VICARI et al., 2011). Em estudos de
produtividade, destaca-se que a espécie apresenta crescimento continuo ao longo do ciclo
anual, caracteristica de macroéfitas perenes, resultando em expressivo acimulo de biomassa
aérea e fundamentando propostas metodologicas para a estimativa da producao primaria liquida
acima do solo (PRATOLONGO et al., 2005). Mais recentemente, estimativas de biomassa
aerea e carbono organico acima do solo obtidas por sensoriamento remoto reforcaram a
relevancia da espécie para o monitoramento espacial da produtividade vegetal e do ciclo do
carbono em areas palustres (BELLOLI et al., 2025).

Diante da relevancia das macrofitas aquaticas para a organizacao e o funcionamento de
banhados, e considerando o papel estrutural de espécies emergentes dominantes, este estudo
buscou analisar a estrutura e a composicdo floristica de comunidades de macréfitas em
banhados subtropicais dominados por C. byssaceus, avaliando o papel da dominancia biotica e
dos filtros ambientais na estruturacdo da comunidade da flora local e regional. Como objetivos
especificos: (1) Avaliar e comparar os padrdes de riqueza e diversidade de macrofitas aquaticas
entre as trés areas de banhado; (2) Determinar a influéncia da dominancia bidtica (atributos de
cobertura e altura) e de varidveis abidticas sobre a riqueza local de espécies acompanhantes;
(3) Investigar a importancia relativa da espécie dominante frente aos filtros ambientais
(hidrologia e solo) na determinacdo da composicdo floristica, utilizando o desacoplamento

analitico (matrizes com e sem a espécie dominante); e (4) Caracterizar o banco de propagulos
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e avaliar o seu potencial de recrutamento e regeneragdo da vegetacdo nos banhados sob

influéncia da espécie dominante.
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638 ABSTRACT

639 While subtropical wetlands are recognized for their biodiversity, the role of persistent
640  native macrophytes in regulating community structure and seed stocks still presents knowledge
641 gaps. This study evaluated how Cyperus byssaceus dominance influences macrophyte
642  composition and diversity in the South Brazilian Pampa, considering the role of biotic filters
643 and the propagule bank. The sampling design consisted of 75 plots (0.25 m?) for the
644  characterization of established vegetation (richness and cover) and 45 soil samples for the
645 evaluation of the propagule bank through the physical separation and counting method. Our
646  results indicate that the high biomass of C. byssaceus acts as a biotic filter associated with a
647  reduction in the richness of co-occurring species in the aboveground vegetation. The propagule
648  bank showed a mean density of 6,198 + 566 prop/mz, ranging from 3,853 to 7,640 prop/m?. A
649 floristic uncoupling was identified, as the dominant species was not detected in the soil bank,
650  which preserves a diversity composed predominantly of other Cyperaceae and Poaceae. The
651 relevance of this work lies in demonstrating that, while the biomass of a dominant native
652  species limits immediate diversity, the propagule bank functions as a biodiversity reservoir.
653  We conclude that the system shows potential for maintaining resilience and passive restoration
654  following shifts in biotic dominance.

655

656  Keywords: Biotic filter; Community resilience; Foundation species; Phytosociology; Propagule
657  bank.

658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677

22



678
679
680

681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711

1. Introduction

The Pampa biome is recognized as one of the most biodiverse yet neglected ecosystems
in terms of conservation in South America (Overbeck et al. 2007). Characterized by a
predominance of grassland formations, this biome hosts a high richness of plant species that
perform vital ecological functions, but it faces constant pressure due to land conversion for
agriculture and forestry (Pellegrini et al. 2022). Recent studies indicate that habitat loss in the
Pampa occurs at higher rates than those observed in forest biomes, compromising the
maintenance of its biological integrity and associated ecosystem services (Azambuja et al.
2022).

In this context, wetlands emerge as critical landscape components, acting as

biodiversity refugia and regulators of the hydrological cycle (Mitsch and Gosselink 2015).
These transition zones offer essential services such as pollutant filtration, carbon storage, and
flood protection (Bornette and Puijalon 2011). In subtropical regions, wetland dynamics are
influenced by seasonal precipitation variations, which determine the alternation between
flooding and dry periods, shaping resident biological communities (Rolon et al. 2010).
The wetlands (banhados) of the Rio Grande do Sul coastal plain represent a specific wetland
typology, formed in topographic depressions that accumulate fresh or brackish water (Costa et
al. 2003). The structure of these systems is governed by microtopographic gradients and
fluctuations in the water table, which establish microhabitat heterogeneity at local scales
(Villwock and Tomazelli 1995). This heterogeneity is fundamental, as it defines the availability
of suitable microsites for species recruitment, where variables such as light and sediment
oxygenation determine germination success. Local research demonstrates that many of these
wetlands function as regionally conserved species pools, where hydrological connectivity
facilitates the dispersal and establishment of propagules among different sites (Albertoni et al.
2019).

Aquatic macrophytes constitute the primary producers and the structural element of
these wetlands, influencing everything from nutrient cycling to habitat complexity for fauna
(Irgang and Gastal Junior 1996). Globally, studies indicate that macrophyte richness
contributes significantly to community structure in freshwater ecosystems (Murphy and
Lovett-Doust 2004). The richness and composition of these communities are frequently
determined by environmental filters which, integrated with biotic interactions, define local
species assembly and coexistence (HilleRisLambers et al. 2012). Among these factors, water

depth stands out as a key predictor of life-form distribution (Rolon and Maltchik 2006). Along
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bathymetric gradients, species turnover occurs according to physiological tolerances to
submersion, resulting in characteristic vegetation zonation (Wen et al. 2023).

However, community structure is not merely a reflection of abiotic filters; it is also shaped by
biotic interactions, such as the dominance exerted by species like Cyperus byssaceus Pereira-
Silva. This large perennial sedge acts as a foundation species, capable of forming dense,
homogeneous stands that define the physical structure of the habitat and regulate light and
space availability for co-occurring species (Judd and Francoeur 2019). Evidence suggests that
such biotic dominance can act as a persistent selective filter, where shading and litter
accumulation limit local richness and favor specialist competitors (Cuda et al. 2020; Ward et
al. 2025).

The soil propagule bank complements this structural organization, functioning as a
biological memory that ensures vegetation resilience after disturbances (Kettenring and Tarsa
2020). However, in wetlands dominated by high-biomass macrophytes like C. byssaceus, the
expression of this "hidden™ diversity is often suppressed. There is a knowledge gap regarding
how dominant native species shape the propagule bank through physical barriers, such as litter
accumulation and persistent canopy shading (Bouma et al. 2024; Castillo et al. 2023). This
biotic interference can result in a strong decoupling between aboveground vegetation and the
seed bank, limiting recruitment windows even when the hydroperiod is favorable (Rosbakh et
al. 2020).

Studies on high-biomass macrophytes suggest that biotic dominance may override
abiotic filters, as shading and physical space occupation limit local richness (Ervin and Wetzel
2002; Olson and Doherty 2014). Our hypotheses are: (i) C. byssaceus dominance acts as the
primary biotic filter, reducing richness and diversity as its cover increases; (ii) the influence of
the dominant species on floristic composition is superior to environmental filters (light, soil,
and water) due to its ability to modify the microenvironment; and (iii) there is a decoupling
between the propagule bank and the aboveground vegetation, where the bank preserves a higher
diversity than that expressed at the surface.

Despite the ecological importance of C. byssaceus in the Pampa, gaps remain regarding
how its presence interacts with environmental gradients to structure vegetation. The general
objective of this study was to analyze the structure and floristic composition of macrophyte
communities in wetlands dominated by C. byssaceus, evaluating the roles of biotic dominance,
environmental filters, and the soil propagule bank in biodiversity assembly. Specifically, the
study sought to answer: (i) how does C. byssaceus dominance influence macrophyte richness

and diversity? (ii) What is the relative importance of the dominant species compared to
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environmental filters in determining floristic composition? and (iii) to what extent does the soil
propagule bank reflect the established vegetation and ensure the resilience potential of these

communities?

2. Materials and Methods
2.1 Study Area

The study was conducted in the Pampa biome, southernmost Brazil, within the coastal
plain of Rio Grande do Sul. This region is a geologically recent formation (Quaternary) shaped
by marine transgression and regression processes, which resulted in extensive lagoon systems
and wetlands (Villwock and Tomazelli 1995). The climate is Cfa (humid subtropical) according
to Koppen’s classification, with an average annual temperature between 17°C and 18°C and
annual rainfall ranging from 1,200 to 1,500 mm (Alvares et al. 2013). The sampling sites are
located within the Patos Lagoon estuary system, a region characterized by a complex network
of freshwater and brackish wetlands essential for regional biodiversity (Overbeck et al. 2007).

Data collection was carried out in three distinct wetland areas (Fig. 1) that represent a

gradient of environmental characteristics and anthropogenic pressures:

Site 1 (B25) is a large palustrine system (31°59'34.61"S 52°17'34.69"W),
hydrologically fed by local surface water and groundwater from the Taim wetland complex
(Costa et al. 2003). Its vegetation is characterized by emergent macrophytes, peatlands, and
swamp forests (Maltchik et al. 2004), currently exhibiting distinct phytophysiognomies

dominated by C. byssaceus and Cladium jamaicense Crantz.

Site 2 (Via 9) is situated within an industrial and port complex (32°0820.83"S
52°07'34.81"W), representing a mosaic of coastal wetlands and salt marshes. This area has
undergone significant transformations due to urban expansion and industrial activities over the
last decades (Oliveira 2012).

Site 3 (Pontal da Barra) is located on the western margin of the Patos Lagoon
(31°45'53.38"S 52°16'03.12"W), near the mouth of the Sdo Gongalo Channel. This site
provides critical ecosystem services and serves as a refuge for endemic and endangered species,

such as the macrophyte Zizaniopsis bonariensis (Balansa & Poitr.) Speg. (Mauricio 2016).
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Unlike Sites 1 and 2, located in the Coastal Plain, Site 3 belongs to the Southeastern Slope
(Encosta do Sudeste) region (Fortes 1956).

Geographical Context
[ South America
,:] Brasil

Rio Grande do Sul
[ Rio grande
[] Pelotas
[ Boundaries of Federation Units

® Study areas

500  1.000 km

Elaboration: Lulsa Costa (2025) 0 50 100 150 200 250 300 350 400 450 500 km

Base Source: Google Earth (points dataset); Federative Units Boundaries

(2019); Marine Coastal System (2019). (== [ = — T ]
Geographic Coordinate System: SIRGAS 2000 Datum

Fig. 1 Location of Rio Grande do Sul, Brazil, and spatial distribution of the three study sites
(B25, PB, and V9) in the municipalities of Pelotas and Rio Grande, southern Brazil. Source:
Author.

2.2 Sampling Design

In each of the three study sites, we established five 10-meter transects extending from
the wetland margin toward the center, spaced 20 meters apart (Fig. 2). Along each transect,
five non-contiguous sampling units (SU) of 1 m2 were established, with a 1-meter interval
between them, totaling 25 plots per site and 75 plots for the entire study.

The first sampling unit (SU) was placed at the point where the presence and densification of C.
byssaceus began, ensuring that the species composition of all SUs was related to this species.
These plots remained permanent, allowing for the survey of macrophyte flora and the

measurement of environmental variables.
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Data collection and measurements were conducted between December 2024 and March
2025. It is important to note that this period followed a large-scale extreme weather event in
Rio Grande do Sul, the floods of May 2024. Although it was necessary to wait for water levels
to recede to allow access and data collection, the sampled areas did not suffer the most drastic
impacts observed in other regions of the state. This is due to the fact that the study sites are not
directly linked to the zones of greatest flooding influence from the Patos Lagoon and Mirim
Lagoon basins, where the flood pulse was more severe and persistent.
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Fig. 2 Design of the 1 m? plots across the three sampled wetlands in southern Brazil.

2.3 Floristic Survey and Community Structure

Species identification was performed using a Leica EZ4D stereomicroscope, following
specialized literature for the region (Irgang and Gastal 1996; Pott and Pott 2000; Amaral et al.
2009) and monographs of various genera and families. Additionally, specimens were cross-
referenced with the HURG (Herbarium of the University of Rio Grande) to confirm specific
taxa. The taxonomic framework followed the APG IV (2016) system for angiosperms.
Taxonomic nomenclature and author abbreviations were verified through the Flora e Funga do
Brasil (2026) database. For taxa that could not be identified to the species level due to the
absence of reproductive structures, the generic epithet was used followed by the abbreviation
'sp." in normal font (e.g., Eleocharis sp.). Species were classified by morphological habit
(herbaceous, shrubby, liana, or arboreal) according to the terminology adopted by Flora e
Funga do Brasil (2026). Additionally, species were categorized into biological life-forms
(amphibious, emergent, or fixed floating) based on the ecological groups proposed by Irgang
and Gastal Janior (1996).

Species abundance was estimated using the Domin—Krajina cover-abundance scale,

ranging from 1 to 5, corresponding to the following percentage cover classes: 1 = <20%; 2 =
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21-40%; 3 = 41-60%; 4 = 61-80%; 5 = 81-100% (Mueller-Dombois and Ellenberg 1974).
The cover of C. byssaceus was recorded separately in each plot using the same scale, given its
dominant role in the structure of the studied communities. Plant height, measured with a
graduated rule from the base to the tip of the highest leaf in its natural position (without
stretching), and C. byssaceus cover were considered structural attributes of the dominant
species and used as explanatory variables in subsequent analyses.

To characterize the horizontal structure of the vegetation, classical phytosociological
parameters were calculated for each site. Absolute Frequency (AF) was calculated as the
percentage of plots in which the species occurred, while Relative Frequency (RF) represented
the proportion of the AF of each species relative to the sum of all species frequencies in the
area. Absolute Cover (AC) was obtained from the sum of cover estimates in each plot, and
Relative Cover (RC) was calculated as the percentage contribution of each species to the total
cover of the area. Finally, the Importance Value (1V) was determined by the sum of relative
parameters (IV = RF + RC), resulting in a scale from 0 to 200.

2.4 Environmental Variables

In each plot, environmental variables potentially associated with the structure of the
aquatic macrophyte community were measured. These included: (1) water depth (cm),
measured at the center of each plot using a graduated rule; (2) physicochemical variables of the
water, including temperature, pH, dissolved oxygen, and electrical conductivity, obtained using
a HORIBA multiparameter probe; and (3) soil total nitrogen (g kg™'), for which soil samples
were collected in plots 1, 3, and 5 of each transect. Sampling was performed using 50 mL
Falcon-type tubes, which served simultaneously for the collection and storage of material in
the field. Laboratory analyses were conducted at the Limnology Laboratory of the Federal
University of Rio Grande (FURG). Sample processing followed the Kjeldahl method,
consisting of drying the material in an oven at 40°C, followed by sulfuric digestion, distillation,
and titration (Tedesco et al. 1995).

2.5 Data Analysis
All statistical analyses were performed in the R environment v.4.3.1 (R Core Team,

2023), primarily using the vegan, tidyverse, and ggplot2 packages. Community analyses were
conducted at the plot level, considering each permanent plot as an independent sampling unit.
Species richness was calculated per plot and summarized for each wetland as total richness

(number of distinct species recorded per area) and mean richness per plot. Sampling sufficiency
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was evaluated through species accumulation curves generated by random permutations (using
the specaccum function in the vegan package), allowing for the assessment of richness
stabilization with increasing sampling effort. To standardize richness comparisons among areas
with equivalent sampling effort, rarefaction analyses were performed, using the lowest number
of records observed among plots as a reference.

The relationships between environmental variables, structural attributes of C. byssaceus
(cover and height), and the macrophyte community were initially explored through simple
linear regressions to test direct associations between water depth and species dominance.
Subsequently, the effects of environmental variables and C. byssaceus attributes (height and
cover) on species richness per plot were evaluated using Generalized Linear Models (GLM).
A Poisson distribution family, suitable for count data, was used, with richness as the response
variable and environmental and structural factors as predictor variables.

Differences in floristic composition among the wetlands were tested using a
Permutational Multivariate Analysis of Variance (PERMANOVA). To identify specific
distinctions between sites, we applied a pairwise PERMANOVA with Bonferroni correction
to adjust significance levels, using the pairwiseAdonis package (Martinez Arbizu, 2017).
Considering the structural dominance of C. byssaceus in the studied wetlands, multivariate
analyses of community composition (NMDS, PERMANOVA, and envfit) were conducted
under two complementary approaches: including all recorded species and excluding C.
byssaceus from the matrices. This procedure allowed us to evaluate whether floristic
differentiation among areas and relationships with environmental variables persist
independently of the dominant species, as well as to examine the role of C. byssaceus in

structuring macrophyte assemblages.
2.6 Sampling and Processing of the Propagule Bank

To evaluate the regeneration potential of the communities, soil was collected in plots 1,
3, and 5 of each transect, totaling 45 samples. At each point, a 10 cm x 10 cm frame was used
to extract soil to a depth of 5 cm. This volume (500 cm3 per sample) is considered sufficient to
capture the highest density of persistent propagules in wetlands (Poiani and Johnson 1988;
Cronk and Fennessy 2001). Samples were individualized in plastic bags and transported to the
laboratory. The soil was subjected to oven-drying at 40°C until constant mass was reached, a
procedure that facilitates the mechanical disaggregation of particles without compromising the

physical integrity of the propagules (Boedeltje et al. 2003).
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Extraction followed the physical separation method (dry sieving), using a series of three
overlapping sieves with decreasing mesh sizes (2.00 mm, 500 um, and 355 um). The material
retained in each fraction was analyzed under a binocular microscope, where propagules were
quantified and classified into morphotaxonomic groups. The term "propagule™ was adopted
because it encompasses both seeds and fruits (achenes) as well as vegetative fragments with
regeneration potential, reflecting the diverse persistence strategies of macrophytes in wetlands
(Brock et al. 2003). To ensure the reliability of abundance data, visibly hollow or degraded

propagules were discarded.

Raw count data were converted to the standard unit of area through linear extrapolation:
since each sampling unit (100 cm?) represents 1/100 of a square meter, values were multiplied
by a factor of 100, expressing the final density in propagules per square meter (prop m2). Data
variability was represented by the Mean accompanied by the Standard Error (+ SE), a
dispersion measure chosen because it reflects the precision of the mean estimate given the
aggregated (patchy) distribution of propagule banks in hydrological systems (Brock et al.
2003).

3. Results

3.1 Floristic Composition and Richness

A total of 39 aquatic macrophyte species, distributed across 21 families, were recorded
in the three study areas (Banhado 25 - B25, Pontal da Barra - PB, and Via 9 - V9). Of the total
species, the vast majority belong to the angiosperm group (37 species), while pteridophytes
(monilophytes) were represented by only two species: Acrostichum danaeifolium and
Equisetum giganteum.

The families with the highest species richness were Cyperaceae (6 species), Poaceae (5
species), and Asteraceae (4 species), which together represent approximately 38% of the total
richness found. Richness per site was highest in B25 (22 species), followed by PB (19), and
V9 (15) (Table 1; Fig. 3). Species accumulation curves showed a trend toward stabilization
with increasing sampling effort across the three areas (Fig. 4a—b), indicating a representative

sampling of the local community.
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Table 1 Floristic list and life-forms of aquatic macrophytes recorded in the three studied
wetlands (B25, PB, and V9) in southern Rio Grande do Sul, Brazil. Habit/Life-form: H/E
(Emergent Herbaceous); H/A (Amphibious Herbaceous); Ar/E (Emergent Shrub); Ar/A
(Amphibious Shrub); L/E (Emergent Liana); L/A (Amphibious Liana); H/S (Submerged
Herbaceous); H/FF (Fixed Floating Herbaceous).

Habit/L ife-

Family Species form B25 PB V9

ACANTHACEAE Hygrophila costata Nees & T. Nees  H/A X X -
Alternanthera philoxeroides (Mart.)

AMARANTHACEAE  Griseb. H/E - - X
Eryngium pandanifolium Cham. &

APIACEAE Schitdl. H/E X - X
Oxypetalum macrolepis (Hook. &

APOCYNACEAE Arn.) Decne. H/E X - -

ASTERACEAE Baccharis junciformis DC. Ar/E X - -
Enydra fluctuans Lour. H/A X - -
Mikania micrantha Kunth L/A - X -
Pluchea sagittalis (Lam.) Cabrera H/E X - -

COMMELINACEAE Commelina erecta L. H/A - - X
Floscopa glabrata (Kunth) Hassk. H/E - X -

CONVOLVULACEAE Ipomoea indica (Burm.) Merr. L/E - X -

CYPERACEAE Cyperus byssaceus Pereira-Silva H/E X X X
Cyperus luzulae (L.) Retz. H/E - - X
Cyperus virens Michx. H/E X - -
Eleocharis sp. H/A X X X
Rhynchospora velutina (Kunth)
Boeckeler H/E X - -
Scleria hirtella Sw. H/E - X -

EQUISETACEAE Equisetum giganteum L. H/A X - X

FABACEAE Erythrina crista-galli L. Ar/E - X -
Mimosa bimucronata (DC.) Kuntze H/A - X -

JUNCACEAE Juncus effusus L. H/E X - -
Juncus microcephalus Kunth H/E X - -

LAMIACEAE Clinopodium brownei (Sw.) Kuntze  H/E - - X
Cuphea carthagenensis (Jacq.)

LYTHRACEAE J.F.Macbr. H/A - X -

MELASTOMATACEAE Pleroma asperius (Cham.) Triana Ar/E X X -
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Pleroma urvilleanum (DC.)

P.J.F.Guim. & Michelang. H/E - X -
Nymphoides humboldtiana (Kunth)

MENYANTHACEAE  Kuntze AJS - - X
Ludwigia multinervia (Hook. & Arn.)

ONAGRACEAE Ramamoorthy H/A X X -
Ludwigia peploides (Kunth)
P.H.Raven H/FF X - -

PLANTAGINACEAE  Bacopa monnieri (L.) Pennell H/S - = X
Dichanthelium sabulorum (Lam.)

POACEAE Gould & C.A. Clark H/E X - -
Eragrostis sp. H/A - -

Leersia hexandra Sw. H/A
Luziola peruviana Juss. ex J.F.Gmel. H/A

X X X
X X X
X X X X X

Panicum aquaticum Poir. H/A

POLYGONACEAE Polygonum hydropiperoides Michx.  H/A - -
Polygonum punctatum Elliott H/A X X -
Acrostichum danaeifolium Langsd. &

PTERIDACEAE Fisch. H/A X X -

URTICACEAE Boehmeria nivea (L.) Gaudich H/E - X -

The analysis of the biological structure revealed a strong predominance of the
herbaceous habit, comprising 79.5% of the total richness, a pattern accompanied by the
predominance of emergent (59%) and amphibious (38.5%) life-forms. This profile indicates a
community adapted to environments with saturated soil and variable water levels, where the
majority of plant diversity can complete its life cycle despite fluctuations in the water table.
The low representativeness of other forms, such as fixed floating macrophytes (2.5%),
reinforces that the study sites are predominantly characterized by shallower wetlands, typical

of the coastal plain of Rio Grande do Sul.
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Fig 3 Total observed richness (Sobs linhas horizontais) and estimated/rarefied richness (grey
dots) of aquatic macrophytes across the three study sites (B25, PB, and V9), southern Rio
Grande do Sul, Brazil.

When analyzing the rarefied richness of the plots in each area (Fig. 4c), it was observed
that the mean values (horizontal lines) were similar among the three wetlands, remaining close
to 1.0. However, the distribution of the points reveals a variation in diversity at the local scale:
while B25 and Pontal da Barra showed a higher frequency of plots with high relative richness
(points near 1.4), Via 9 exhibited greater dispersion, with plots situated in lower ranges of
rarefied richness (0.6 — 0.8).

Rarefaction indicated that, under equivalent sampling effort, B25 maintained higher
alpha diversity. Floristic dissimilarity based on presence/absence (Jaccard) evidenced a clear
differentiation among the areas (Fig. 4d), indicating that spatial variation involves not only the

number but also the identity of species (turnover).
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Fig 4 Richness dynamics and floristic relationships among the three study areas, southern
Brazil. (a) General species accumulation curve; (b) accumulation curves by site; (c) rarefied
richness per plot; (d) floristic dissimilarity dendrogram (Jaccard) highlighting the clustering

of the areas.
3.2 Species Structure and Hierarchy (Phytosociology)

The structure of the plant communities across the three study areas was marked by a
strong inequality in the distribution of the Importance Value (IV), characterized by the
hegemony of a single species over the other floristic components. Phytosociological parameters
confirmed that C. byssaceus holds the highest structural importance in the system, although the

intensity of its dominance varies according to the sampling site.

In the PB and V9 sites, the species showed its highest indices of occupation and
representativeness, with 1V values exceeding half of the total relativized community value (sum
=200). In contrast, B25 presented a comparatively more balanced structure where, although C.
byssaceus still figures as the primary taxon, its dominance was less pronounced, allowing for

a greater sharing of the phytosociological space with subordinate species.

In detail, the highest dominance was recorded in PB (IV = 108.62) and V9 (IV =
104.17), while in B25 the value was 67.84 (Table 2). Regarding accompanying species, a

variation in the composition of the secondary hierarchy was observed among the sites. In B25,
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Leersia hexandra (1V = 19.43) and Eryngium pandanifolium (IV = 13.84) stood out; in PB, the

position of the main subordinate was occupied by Ipomoea indica (IV = 22.69) and Ludwigia

multinervia (IV = 16.50); whereas in V9, the hierarchy was predominantly composed of E.

pandanifolium (IVV = 20.83) and L. hexandra (IV = 15.92).
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Tabela 2 Phytosociological parameters of the ten aquatic macrophyte species with the highest total Importance Value (V) across the three study

areas (B25, Pontal da Barra, and Via 9) in southern Rio Grande do Sul, Brazil. RF = Relative Frequency (%); RC = Relative Cover (%); IV =

Importance Value (sum = 200)

Family/Species Species Code E??T:m"fe' Banhado 25 Pontal da Barra VIA 9

FR CR v FR CR IV FR CR VI
ASTERACEAE
Baccharis junciformis bacj Ar/E 569 452 10,22 - - - - - -
APIACEAE
Eryngium pandanifolium eryp H/E 569 814 1384 - - - 12,50 8,33 20,83
APOCYNACEAE
Oxypetalum macrolepis oxym H/E 7,32 4,07 11,39 - - - - - -
CYPERACEAE
Cyperus byssaceus cypb H/E 20,33 47,51 67,84 36,23 72,39 108,62 37,50 66,67 104,17
Eleocharis sp. ele 325 181 506 29 123 4,13 312 1,79 491
CONVOLVULACEAE
Ipomoea indica ipoi L/E - - - 15,94 6,75 22,69 - - -
ONAGRACEAE
Ludwigia multinervia ludp H/A 325 181 586 1159 491 1650 - - -
POACEAE
Leersia hexandra leeh H/A 12,20 7,24 1943 290 1,23 4,13 9,38 6,55 15,92
Luziola peruviana luzp H/A 7,32 452 11,84 290 123 4,13 156 1,79 3,35
PTERIDACEAE
Acrostichum danaeifolium acrd H/A 7,32 407 11,39 580 245 825 - - -
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3.3 Relationship between C. byssaceus structure and local richness

Generalized Linear Models (GLM, Poisson family) indicated a negative association
between the structural attributes of C. byssaceus and the local richness of accompanying
species. The cover of the dominant species showed a negative relationship with the number of
accompanying species per plot (p=-0.014; p <0.001), and height was also negatively associated
with richness (B=-0.015; p < 0.001) (Table 3; Fig. 5a-b).

Tabela 3 Results of Generalized Linear Models (GLM) evaluating the effect of C. byssaceus
cover and height on the local richness of accompanying species in wetland areas of the Pampa,

southern Brazil

Predictor Variable Estimate () Standard Error zvalue pvalue
Cover -0,014 0,003 -4,35 <0,001
Height -0,015 0,004 -3,98 < 0,001
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Fig 5 Relationship between C. byssaceus structure and accompanying species richness in
wetland areas of the Pampa, southern Brazil. (a) Effect of cover (%) and (b) effect of mean
height (cm) of the dominant species on local richness. The lines represent the trends of the
Generalized Linear Models (GLMs), and colors indicate the different study areas (B25, Pontal
da Barra, and Via 9)



907

908
909
910
911

912
913
914
915
916

917
918
919
920
921
922
923
924

925

3.4 Variation in composition among areas and association with environmental variables

Floristic composition differed significantly among areas for both presence/absence and
abundance. This compositional segregation was accompanied by a distinct abiotic gradient
among sites, involving variables such as temperature, conductivity, and dissolved oxygen

(Supplementary Material 1, Fig. S1), as well as depth and total N (Table 5).

For the presence/absence matrix, the NMDS showed a stress value of 0.097, and
PERMANOVA indicated a significant effect of area (R?= 0.489; p = 0.001) (Fig. 6a; Table 4).
In the envfit analysis, environmental variables were associated with compositional gradients (p
< 0.05), including depth and total N (Table 5). In this matrix, C. byssaceus height was
significant (p = 0.038), while cover was not (p = 0.215).

When incorporating abundance (Domin—Krajina), the separation among areas was more
pronounced (R% = 0.612; p = 0.001; Stress = 0.065) (Fig. 6b; Table 4). Pairwise PERMANOVA
revealed that floristic composition differed significantly among all sampled areas (pagj= 0.003
for all comparisons). The greatest compositional contrast was observed between Pontal da Barra
and Via 9 (R?= 0.53), followed by the comparison between B25 and Via 9 (R? = 0.44),
indicating strong species turnover along the coastal plain. In this analysis, C. byssaceus cover
showed a strong association with the compositional gradient (p = 0.001) (Table 5), indicating

greater influence when abundance is considered.
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Fig 6 Non-Metric Multidimensional Scaling (NMDS) ordination of the aquatic
macrophyte community across the three study areas. (a) Presence/absence matrix (Jaccard
distance) and (b) abundance matrix (Bray-Curtis distance). Vectors represent significant

environmental and structural variables (p < 0.05)

3.5 Effect of the dominant species: matrices with presence and absence of C. byssaceus

The exclusion of C. byssaceus from the analyses was performed to test whether the
community structuring among areas was solely dependent on its numerical dominance.
PERMANOVA analysis for the presence/absence matrix remained statistically significant even
after the removal of the dominant taxon (R? = 0.229$; p = 0.001), indicating that the areas
maintain distinct floristic identities in the accompanying vegetation. For the abundance matrix
without the dominant species, a sharp reduction in represented variation was observed (Stress
near zero), which is consistent with the disproportionate contribution of C. byssaceus to the

physical structure and biomass of the system (Table 4).

Table 4. PERMANOVA results (999 permutations) and NMDS stress values for macrophyte
community composition across the three study areas. R? indicates the proportion of variance

explained by the "Area™ factor

Matrix

Approach Data Set Distance R2 p  Stress
Bray-

Binary Full Community  Curtis* 0,489 0,001 0,097
Excluding C. Bray-

(Presen) byssaceus Curtis* 0,229 0,001 **_**a
Bray-

Abundance  Full Community Curtis 0,612 0,001 0,065
(Domin- Excluding C. Bray-

Krajina) byssaceus Curtis  **—**b 0001 0,02

* The Bray-Curtis index applied to binary data is equivalent to the Serensen index. @ Stress
value not obtained due to lack of model convergence after the exclusion of the dominant
species. ® R? not reported due to the drastic reduction in explained variance in the remaining

abundance matrix
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In the environmental variable fitting (envfit) performed with the remaining community,
water depth (p = 0.005) and total N (p = 0.001) maintained significant associations with the
ordination axes. This suggests that these abiotic factors continue to shape species distribution
even in the absence of the dominant species (Table 5).

Table 5 Results of the environmental variable fitting (envfit), showing the correlation (r?) and

significance (p) of environmental and structural variables with the NMDS ordination axes

p-value (Binary p-value (Abundance

Environmental / Structural R? matrix) matrix)
Variable (Correlation)

Water Depth 0,557 0,005* -
Total Nitrogen (Total N) 0,107 0,001* -

C. byssaceus height 0,084 0,038* -

C. byssaceus cover 0,221} 0,215 0,001*

* Significant at the 5% level (p < 0.05). T Indicates the maximum correlation obtained for the
variable in the abundance matrix. — Variable not included in the final model for this matrix or

without significant association

3.6 Seed bank
The seed bank analysis revealed a significant density of regenerative life forms across

all areas, with an overall average of 6.198 + 566 prop/m?2. Significant variation was observed
among the studied areas, with Banhado 25 (B25) showing the highest mean density (7.640 *
1.220 prop/m?) followed closely by Via 9 (7.100 £ 930 prop/m?). In contrast, Pontal da Barra
exhibited the least dense seed bank (3.853 + 765 prop/m?), including the transect with the lowest
absolute abundance in the study (T2, n=28) (Fig. S2). Regarding C. byssaceus, despite its
absolute dominance in the standing vegetation across all areas, the species was not detected in
the soil seed bank (Table 6).
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Table 6 Richness of standing vegetation and mean density (+ SE) of the seed bank in three

subtropical wetlands dominated by C. byssaceus, southern Brazil

Study Area Standing Vegetation Seed Bank Density C. byssaceus Presence in
Richness (No. species) (seeds/m? £ EP) Seed Bank
B25 22 7.640 + 1.220 Absent
Via 9 15 7.100 £ 930 Absent
Pontal da Barra 19 3.853 + 765 Absent

SE = Standard Error. Standing vegetation richness based on taxonomic identification in 1-m?

plots.

The spatial distribution of seeds was heterogeneous (clumped) across all areas, as
evidenced by the high standard error values. In B25, the density peak occurred in Transect 2
(12,100 + 3,857 seeds/m?), while in Via 9, values were more balanced among the sampling
fronts. In Pontal da Barra, density ranged from 933 seeds/m? to 5,567 seeds/m?, reinforcing the
discontinuity of the seed bank in this area.

Regarding morphological composition, the bank was predominantly composed of
Cyperaceae and Poaceae achenes (Fig. S2), in addition to the presence of vegetative fragments.
The high seed density, especially in B25 and Via 9, suggests that these communities possess a
high potential for resilience and self-recovery, maintaining a hidden biodiversity reserve that is
not reflected in the standing vegetation. This stock represents a potential for resilience and self-
recovery, capable of being recruited in response to variations in the hydrological regime or

during mortality windows of the dominant species.

4. Discussion

The macrophyte communities in the three studied wetlands differed significantly in
richness and composition, indicating clear spatial structuring at both regional and local scales.
Total observed richness (Sobs) identified Site 1 (B25) as the most diverse environment (22
species), followed by Site 3 (PB; 19 species) and Site 2 (V9; 15 species). However, rarefied
richness at the plot level (Fig. 4c) revealed balanced relative diversity values (~1.0) across areas.
The observed variation lies in the greater dispersion and frequency of plots with high relative
richness in Sites 1 and 3, whereas Site 2 (VV9) showed greater heterogeneity, with more plots in
lower rarefaction ranges.

The total richness recorded (39 species) aligns with diversity patterns for subtropical
wetlands, where fluctuating water levels and microtopographical variations act as selective

filters (Rolon and Maltchik 2006). Recent studies in temperate marshes suggest that certain

6
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plant species function as ecological engineers, creating microtopographic niches that promote
coexistence and enhance local richness (Dusek et al. 2025). In our study, the presence of large-
stature species like C. byssaceus may similarly influence microhabitat availability, although the
intense dominance in some plots appears to constrain rather than promote diversity, as seen in
the lower richness of Site 2.

The predominance of Cyperaceae and Poaceae reinforces a floristic identity typical of
South American wetlands (Pott and Pott 2000), yet the lower richness observed in Site 2 (V9)
highlights the pressure of anthropogenic landscapes. Evidence from urbanized wetland systems
indicates that linear infrastructures and landscape-scale variables significantly influence
biological abundance and community structure (Mészéros et al. 2025). The proximity of Site 2
to industrial and port infrastructure likely imposes stressors that filter out sensitive species,
explaining the simplified composition compared to the more preserved Sites 1 and 3.

The evident dissimilarity based on presence data (Serensen/Bray-Curtis) demonstrates
a high turnover rate between areas. This pattern is widely reported in freshwater wetlands,
where community composition reflects interactive gradients of hydrology, light availability,
and sediment conditions (Bornette and Puijalon 2011). Such differentiation is especially
expected in shallow systems, where small water level oscillations impact underwater light

climate and sediment oxygenation (Wen et al. 2023).

4.1 C. byssaceus dominance and the decline in local richness

A central finding of this study was the negative association between the structural
dominance of C. byssaceus and the local richness of accompanying species (negative effects of
cover and height in the GLM; p < 0.001). This effect direction corroborates previous studies in
the same regional context, in which the high cover of dominant emergents was identified as a
factor reducing light near the substrate, limiting the establishment of smaller-sized species
(Kafer 2013; Pereira 2015). Although light radiation was not measured directly, the strong
agreement between the reduction in richness and the structural attributes of the dominant
species is consistent with an exclusion mechanism mediated by canopy shading (Cuda et al.
2020; Feldman and Kettenring 2017; Spier et al. 2023).

Studies in areas dominated by large macrophytes provide convergent evidence of this
process. Dominant emergents often act as "ecosystem engineers"”, modifying the environment
in ways that are unfavorable to other plants through litter accumulation and physical barriers
(Tuchman et al. 2009; Vaccaro et al. 2009). The proposed mechanisms (shading and

competitive asymmetry) are consistent with the drastic reduction in stress observed in the

7
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abundance matrix after the exclusion of C. byssaceus (Table 4), reflecting the monopolization
of space and resources by this species.

The ordination revealed that the relative importance of the dominant species' attributes
depends on the matrix analyzed. Variables linked to vertical architecture (height) aligned with
compositional gradients in the presence/absence space (Table 5; p = 0.038), while horizontal
occupation (cover) became more explanatory in the abundance matrix (p = 0.001). Presence
data are more sensitive to establishment thresholds, reflecting habitat suitability and
environmental filtering (Heino 2014), whereas abundance data capture the outcome of
competitive occupation and structural dominance (Legendre and Gallagher 2001; Magurran
2004).

4.2 Depth and nitrogen as persistent environmental filters

Water depth and total nitrogen were consistently associated with community gradients,
maintaining their relevance even after the statistical exclusion of the dominant species (depth: p =
0.005; total N: p=0.001; Table 5). This indicates that the differentiation among areas is not merely
a byproduct of the presence of C. byssaceus. Depth acts as a central axis, integrating the
hydrological regime and the zonation of life forms (Lacoul and Freedman 2006). The persistence
of this factor, corroborated by recent studies (Feldman and Kettenring 2017), supports the
interpretation of depth as a robust and independent filter that structures the accompanying

assemblies.

Similarly, the association with total nitrogen suggests that edaphic fertility contributes to the
segregation of the areas. Nutrient enrichment can alter competitive hierarchies (Uddin et al. 2020),
interacting with hydrology to filter recruitment (Lee et al. 2018). These results reinforce that,
beyond biotic competition, resource availability and hydrological stress act together to shape the

vegetation.
4.3 Seed bank: biological memory and resilience potential

The mean seed density found in this study (6,198 + 566 seeds/m?) reveals that, although the
aboveground structure is largely dominated by C. byssaceus, the soil maintains a robust and
diversified "biological memory" (Hopfensperger 2007). This scenario characterizes a "floristic
decoupling,” where the seed bank composition does not directly reflect the standing vegetation, a
common condition in areas dominated by perennial species (Hopfensperger 2007; Brock et al.

2003). It is important to note that these values were obtained via physical extraction, representing
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the total seed bank accumulated in the sediment. Although this method does not quantify the
immediate germination rate (active bank), it provides a direct measure of the ecosystem's storage
capacity (Kettenring and Tarsa 2020). In wetlands dominated by Cyperaceae, physical separation
is particularly informative, given that many species in this group produce achenes with prolonged
dormancy that might be underestimated in seedling emergence tests (Boedeltje et al. 2003).

The absence of C. byssaceus propagules in the seed bank results, despite its dominance in
the standing vegetation, suggests a combination of biological and methodological factors. First, the
species may prioritize clonal reproduction and vegetative maintenance, which is supported by the
detection of vegetative fragments in the sediment. Furthermore, the mechanical retention exerted
by the dense layer of plant debris (wrack) on the surface may have intercepted the recent seed rain,
preventing its incorporation into the collected mineral soil. From a methodological standpoint, it
must be considered that the screening protocol retained only material larger than 355 um; therefore,
it is plausible that smaller C. byssaceus achenes were carried into the through-fraction during
sieving. Thus, the absence of this species in the results should be interpreted as a potential detection

limitation of the method, rather than necessarily evidence of its absolute absence from the system.

The values found, especially in Banhado 25 (7,640 £ 1,220 seeds/m?) and Via 9 (7,100 +
930 seeds/m?), are higher than those reported for other subtropical wetlands, suggesting a high
regeneration potential for these communities (Bove 2003; Poiani and Johnson 1988). In contrast,
the lower density at Pontal da Barra (3,853 * 765 seeds/m?) may reflect historical differences in the
flooding regime or the stand age of the dominant species, factors that directly influence the

deposition rate and viability of propagules in the sediment (Cronk and Fennessy 2001).

The observed spatial heterogeneity (clumped distribution), exemplified by the high standard
error values in specific transects, is an intrinsic characteristic of wetland seed banks. This pattern
of dominance is usually a result of hydrochory (water dispersal) and microrelief, which favor
propagule accumulation in depositional zones or in areas with higher vegetation density acting as a
physical barrier (Brock et al. 2003). In B25, the density peak in T2 (12,100 + 3,857 seeds/m?)
reinforces that biotic dominance does not prevent seed accumulation but may act as a subsequent

filter, limiting germination through shading (Cuda et al. 2020).
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The predominance of Cyperaceae and Poaceae achenes and vegetative fragments in the
bank is directly related to the floristic identity of the areas. The presence of vegetative
propagules is a crucial adaptive strategy for perennial species in wetlands, ensuring rapid
recruitment after disturbances regardless of seed germination rates (Boedeltje et al. 2003). From
a conservation perspective, the coexistence of a dense bank beneath a high-biomass matrix
indicates that the reduction of the main species' dominance, whether through natural mortality
windows of C. byssaceus or cyclic disturbances, acts as a safety mechanism for maintaining the
system’s ecological dynamics. This allows the ‘hidden' diversity in the soil to manifest in the
standing vegetation, ensuring community resilience in the face of changing environmental

conditions.

5. Conclusions and future perspectives
This study expands the understanding of community ecology in subtropical wetlands by

demonstrating that biotic dominance and abiotic filters act complementarily in structuring
biodiversity. The central contribution lies in the statistical segregation of the effect of the dominant
species (C. byssaceus), allowing for the distinction of ecological control components. It was
observed that the presence of a foundation species with high biomass is associated with a reduction
in local diversity. From this perspective, reducing the density of dominant species may favor an
increase in richness and the recruitment of more diverse communities (Ward et al. 2025), although
the floristic response is context-dependent and may not occur immediately (Judd and Francoeur
2019).

On the other hand, floristic identity and differentiation among areas tend to reflect relatively
persistent environmental gradients, especially those associated with hydrological conditions, which
structure composition at both the site and landscape scales (Mauchamp et al. 2021; Richards et al.
2020) and can modulate or even mask simple relationships with nutrients under natural conditions
(Heminway and Wilcox 2022). Within this framework, the effects of C. byssaceus physical
structure on local richness occur through mechanisms such as shading and space occupation, while
the maintenance of community integrity and regional composition remains conditioned by the
hydrological regime and the context of soil fertility.

Furthermore, the results reinforce the importance of long-term monitoring and research in
wetlands under anthropogenic pressure, as changes in the hydrological regime, including those
resulting from restoration interventions, are associated with consistent reconfigurations of plant
composition over time (Richards et al. 2020). From an applied standpoint, the findings suggest that

the management of dominant species contributes to recovering local biodiversity components
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(Ward et al. 2025), but the community's sustainability and its post-management trajectory depend
on baseline conditions and environmental processes, such as hydrology and nutrient availability,
which can also be altered by interventions (Judd and Francoeur 2019; Heminway and Wilcox 2022).

Additionally, the results obtained from the seed bank provide a critical temporal dimension
to the resilience of these ecosystems. The high density of regenerative life forms (seeds, fruits, and
vegetative fragments) accumulated in the soil suggests that accompanying biodiversity was not
eliminated by C. byssaceus dominance but remains in a state of "latency" or biological reserve.
This finding indicates that these wetlands possess a high potential for passive restoration, where
controlling the dominant species or the natural opening of canopy gaps may be sufficient to trigger
the recruitment of accompanying vegetation from the local propagule stock itself (Abella et al.
2024; Hopfensperger 2007). However, the variation in bank density among areas, especially the
lower abundance observed at Pontal da Barra, warns that self-recovery capacity is not uniform and
may be limited by flooding history and the duration of the dominant species’ establishment at the
site.

In summary, the management of ecosystem engineer species in Pampa wetlands must
consider that, although the seed bank guarantees the "raw material” for recovery, the post-
management successional trajectory will be determined by baseline hydrological conditions. Future
long-term research is essential to monitor whether the expression of this "hidden diversity" sustains

itself against climate change and anthropogenic pressures on the coastal plain.

6. References

Abella SR, Chiquoine LP, Henry AC (2024) Seeding to overcome hydrologic extremes in
wetland restoration. Wetlands 44:12. https://doi.org/10.1007/s13157-023-01765-w

Albertoni EF, Palma-Silva C, Esteves FA (2014) Macrophyte community structure in coastal
wetlands. lheringia Ser Bot 74(1):25-38

Albertoni EF et al (2019) Macrophyte community in coastal wetlands: species richness and
composition. Iheringia  Ser  Bot  74:e2019011.  https://doi.org/10.1590/S2446-
82312019000100011

Alvares CA, Stape JL, Sentelhas PC, Gongalves JLM, Sparovek G (2013) Koppen's climate
classification map for Brazil. Meteorol Z 22(6):711-728

11


https://doi.org/10.1007/s13157-023-01765-w
https://doi.org/10.1590/S2446-82312019000100011
https://doi.org/10.1590/S2446-82312019000100011

1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193

APG IV - Angiosperm Phylogeny Group (2016) An update of the Angiosperm Phylogeny
Group classification for the orders and families of flowering plants: APG V. Bot J Linn Soc
181(1):1-20

Azambuja B et al (2022) Land use changes and the conservation of the Pampa biome. Rev Bras
Cienc Ambient 57:112-125

Basso LA (2012) Banhados: Abordagem conceitual. Bol Geogr Rio Gd Sul 30:1-12
Belloli TF, Guasselli LA, Simioni JPD, Cunha CS (2025) Machine learning for estimating
aboveground biomass and organic carbon in subtropical wetlands. Wetlands Ecol Manage

33(1):55. https://doi.org/10.1007/s11273-024-10042-y

Bornette G, Puijalon S (2011) Response of aquatic plants to abiotic factors: a review. Aquat
Bot 94:1-27

Bouma, t. j.; rosbakh, s.; phartyal, s.; poschlod, p. seed banks and recruitment dynamics under

environmental constraints. journal of vegetation science, 2024.
Bove CP, Gil ASB, Moreira CB, Anjos RFB (2003) Hidréfitas fanerogamicas de ecossistemas
aquaticos temporarios da planicie costeira do estado do Rio de Janeiro, Brasil. Acta Bot Bras

17(1):119-135

Castillo, j. m.; martinez, j.; pérez, r. physical barriers and seedling establishment in wetlands.

wetland ecology, 2023

Costa CSB et al (2003) A vegetacdo das areas imidas do litoral sul do Brasil. In: Areas Umidas:

Biodiversidade e Conservacdo. Unisinos, Sdo Leopoldo, pp 1-25

Cuda J et al (2020) Invasive and native Phragmites australis: effects of litter and shading on

germination and growth of aquatic macrophytes. Preslia 92:34-45

12



1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226

Dusek, J., Novotny, J., Navratilova, B., et al. (2025). Plant species as ecological engineers of
microtopography in a temperate sedge-grass marsh. Scientific Reports, 15(1), 13432.
https://doi.org/10.1038/541598-025-98067-z

Feldman RE, Kettenring KM (2017) The role of plant traits and environment in predicting
macrophyte species richness. Wetlands 37(2):345-356. https://doi.org/10.1007/s13157-016-
0871-1

Heino J (2014) The importance of considering both presence-absence and abundance data in
community ecology. Terr Arthropod Rev 7(2-4):125-146

Heminway S, Wilcox DA (2022) Interaction between hydrology and nutrient availability in
shaping wetland plant communities. Wetlands 42(3):22

HilleRisLambers, J., Adler, P. B., Harpole, W. S., Levine, J. M., & Mayfield, M. M. (2012).
Rethinking Community Assembly through the Lens of Coexistence Theory. Annual Review of
Ecology, Evolution, and Systematics, 43, 227-248. https://doi.org/10.1146/annurev-ecolsys-
110411-160411

Irgang BE, Gastal Junior CVS (1996) Plantas aquéticas da planicie costeira do Rio Grande do

Sul. Edicao dos autores, Porto Alegre

Judd KE, Francoeur SN (2019) Long-term macrophyte community response to herbicide

control of invasive Phragmites australis. Restor Ecol 27(6):1431-1439

Kafer PS (2013) Dinamica e estrutura de comunidades de macrofitas aquaticas em banhados

continentais (Rio Grande, RS). Dissertacdo de mestrado, Universidade Federal do Rio Grande.

Kettenring, k. m.; Tarsa, c. w. seed banks and wetland resilience. wetland ecology and

management, 2020

Krusche N et al (2002) Condi¢bes meteoroldgicas no Rio Grande, RS (1991-2000). Editora da
FURG, Rio Grande

13



1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260

Lee SY, Walters S, Glass AL (2018) Hydrologic requirements for macrophyte recruitment and
growth. Wetlands Ecol Manage 26:1015-1027

Legendre P, Gallagher ED (2001) Ecologically meaningful transformations for ordination of
species data. Oecologia 129(2):271-280

Mauchamp A et al (2021) Hydrological gradients and the persistence of wetland plant
communities: a long-term monitoring study. Aquat Bot 170:103345

Mészéros, B., Blrgés, J., Tamas, M., et al. (2025). Scale-dependent landscape variables and
linear infrastructures influence smooth newt (Lissotriton vulgaris) abundance in wetlands of a
heavily urbanized lake. Scientific Reports, 15(1), 13882. https://doi.org/10.1038/s41598-025-
97988-z

Mitsch WJ, Gosselink JG (2015) Wetlands. 5th edn. Wiley, New York

Mueller-Dombois D, Ellenberg H (1974) Aims and methods of vegetation ecology. Wiley, New
York

Murphy, K. J.; Lovett-Doust, L. Aquatic plant ecology. In: Encyclopedia of Plant and Crop
Science. New York: Marcel Dekker, 2004. p. 43-47.

Overbeck GE et al (2007) Brazil's neglected biome: The South Brazilian Campos. Perspect
Plant Ecol Evol Syst 9:101-116

Palma-Silva C, Albertoni EF, Esteves FA (2005) Clonal growth of Typha domingensis...
Wetlands Ecol Manage 13:191-198

Pellegrini G et al (2022) Plant diversity in Pampa wetlands: a regional species pool perspective.
Biodiversity 23:112-125

Pereira CL (2015) Efeitos de fatores ambientais na comunidade de macrofitas em pequenos

cursos léticos perenes subtropicais. Dissertacdo de mestrado, FURG, Rio Grande

14



1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294

Pereira-Silva L et al (2020) New combinations and new names in Cyperus (Cyperaceae) after
inclusion of the South American genus Androtrichum. Plant Ecol Evol 153(3):446-454

Richards L et al (2020) Reconfiguration of wetland vegetation composition over time in
response to hydrological changes. J Appl Ecol 57(4):789-801

Rolon AS, Maltchik L (2006) Phytosociology of aquatic macrophytes in coastal wetlands of
Southern Brazil. Biota Neotrop 6(2):1-15

Rolon AS, Maltchik L, Heckman LH, Oliveira LL (2010) The influence of area, habitat
heterogeneity and altitude on richness of aquatic macrophytes in southern Brazil wetlands. J
Veg Sci 21(3):438-446

Rosbakh, s.; phartyal, s.; poschlod, p. environmental filters and seedling emergence in wetlands.

perspectives in plant ecology, evolution and systematics, 2020.

Silveira, F. P., da Silveira, F. F., Porto, A. B., et al. (2025). Zonation of aquatic plant
communities along a flooding gradient in subtropical wetlands. Folia Geobotanica.
https://doi.org/10.1007/s12224-025-09460-5

Spier L et al (2023) Light competition and height-growth strategies in herbaceous plant
communities. J Ecol 111:1234-1245

Tuchman NC et al (2009) Patterns of environmental change associated with Typha x glauca
invasion in a Great Lakes coastal wetland. Wetlands 29(3):964-975

Uddin MN, Robinson RW, Buyani TD, Harun MA (2020) Competitive hierarchies and the role

of nutrients in structuring macrophyte communities. Aquat Bot 166:103254

Vaccaro LE, Bedford BL, Johnston CA (2009) Litter accumulation as a mechanism of rapid
shift from marsh to meadow in Great Lakes coastal wetlands. Wetlands 29(3):1036-1048

Villwock JA, Tomazelli LJ (1995) Geologia costeira do Rio Grande do Sul. Not Técnicas
CECO-IG-UFRGS 8:1-45

15



1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328

Ward A, DeGazio J, Bowman M (2025) Managing dominant species to enhance local
biodiversity in subtropical wetlands. Wetlands Ecol Manage 33(1):12—-25

Wen L et al (2023) Water depth as a major driver of macrophyte traits: evidence from a global
meta-analysis. J Ecol 111(4):845-857

Final Considerations and Perspectives

The present dissertation investigated the mechanisms governing macrophyte
community assembly in Pampa Biome wetlands, integrating the analysis of standing vegetation,
the role of biotic dominance, and the regenerative potential contained within the seed bank.
Prior to the implementation of this study, the understanding of the structuring of wetlands
dominated by C. byssaceus lacked an analysis that separated the structural effect of the
dominant species (biotic filter) from abiotic gradients (environmental filters). The state-of-the-
art was largely limited to floristic or phytosociological descriptions that did not statistically
isolate these forces. The innovation of this work lies in the analytical "decoupling,” which
revealed that C. byssaceus dominance acts as a local filter, reducing richness through physical
barriers (shading/space occupation), while regional floristic identity and differentiation among
areas are maintained by water depth and nutrients.

In this scenario, the seed bank analysis added a critical temporal dimension to the study,
revealing that local biodiversity is not merely suppressed, but rather "stored™" in the soil. The
high mean density found (6,198 + 566 seeds/m?) indicates that the pool of seeds and vegetative
fragments functions as a resilience stock. The observed variation (with B25 and Via 9 showing
significantly higher densities than Pontal da Barra) demonstrates that self-recovery capacity is
heterogeneous and depends on the historical and environmental context of each site.

The primary impacts of this study are both theoretical and applied. Theoretically, we
confirm that community assembly in subtropical wetlands is a multi-scale process, where biotic
filters, abiotic filters, and the propagule stock operate across different dimensions of
biodiversity. From an applied standpoint, the study provides a foundation for conservation and
management strategies in the Pampa Biome. We demonstrate that the management of dominant
species is a promising tool for increasing local richness via passive restoration, leveraging the
existing seed bank. However, long-term effectiveness will invariably depend on the
maintenance of the hydrological regime and soil fertility, filters that sustain community identity

across time and space.
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Fig. S2 Seeds sampled in the study areas representing different morphotypes: (a) morphotype

1 (Solanum sp.), (b) morphotype 2 (Eleocharis sp.), (¢) morphotype 3 (unidentified), (d)

morphotype 4 (Cyperus sp.), (€) morphotype 5 (Euphorbia sp.), (f) morphotype 6 (Cyperus sp.),

(g) morphotype 7 (Regnellidium sp.), and (h) morphotype 8 (Cyperus sp.).

Table S1 Seed bank density

Area Transect  Abundance (n)  Mean Density (seeds/m? + SE)
B25 T1 274 9.133 £ 2.814
T2 363 12.100 * 3.857
T3 215 7.167 £ 2.367
T4 180 6.000 £ 1.735
T5 114 3.800 £ 872
Mean B25 1.146 7.640 £ 1.220
VIA9 T1 197 6.567 + 1.417
T2 246 8.200 *+ 4.464
T3 180 6.000 + 764
T4 205 6.833 +£1.821
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Area Transect  Abundance (n)  Mean Density (seeds/m? + SE)
T5 237 7.900 + 1.644
Mean VIA 9 1.065 7.100 =930
PONTAL T1 167 5.567 + 3.232
T2 28 933 + 260
T3 99 3.300 + 1.646
T4 142 4,733 +418
T5 142 4.733 + 664
Média PONTAL 578 3.853 + 765
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