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RESUMO

Nas areas alagaveis amazoOnicas, os regimes de cheias e secas criam gradientes de
mundacdo que influenciam a ocorréncia e distribuicdo da floresta alagada e desencadeiam
ritmos de crescimento e ciclos reprodutivos das espécies de arvores. A floragdo e maturagao
dos frutos ocorre em sincronia com o aumento no nivel daagua dos rios. Essa ¢ uma importante
adaptacdo, que possibilita a dispersao das sementes pela agua (hidrocoria) e por peixes
frugivoros (ictiocoria). A ictiocoria em florestas alagaveis da Amazonia tem sido reconhecida
como um importante mecanismo de dispersao para muitas espécies arboreas, e tem o potencial
de influenciar a composicdo de espécies e a estrutura desses ecossistemas, pois ao consumirem
sementes viaveis os peixes podem transporta-las para locais adequados a sua germinacao e
estabelecimento. Esta Tese mnvestiga alguns fatores que podem afetar a dispersdo de sementes
por peixes, incluindo a viabilidade e velocidade de germinacdo das sementes apoOs passagem
pelo trato digestorio dos peixes e arelagdo entre o tamanho dos peixes e o tamanho das sementes
encontradas nos seus tratos digestorios; a estrutura e vulnerabilidade (modularidade,
aninhamento, especializacdo e robustez) da rede de dispersdao de sementes; e a influéncia do
gradiente de mundacdo (varzea baixa e varzea alta) na dispersdo de sementes pelos peixes e na
estrutura da rede de dispersdao. Realizamos coletas de peixes e plantas em campo e
complementamos essas informagdes com dados obtidos da literatura cientifica. Encontramos
que o comprimento € o peso dos peixes frugivoros estavam positivamente relacionados ao
tamanho das sementes no trato digestorio, embora a passagem das sementes pelos tratos
digestérios ndo tenha aumentado a velocidade de germinagdao. Observamos uma estrutura de
rede modular e aninhada, conferindo relativa robustez a rede de dispersdo, e que o comprime nto
e peso dos peixes € o tamanho das sementes ndo mostrou diferencas significativas em relacao
a especializagdo. Ainda, encontramos que a riqueza de frutos e sementes consumidas pelos
peixes foi maior nas florestas de varzea baixa, quando consideradas somente espécies de arvores
restritas a cada gradiente, e que a rede apresentou estrutura aninhamento. Esses resultados
aumentam a compreensao geral de como as iteragdes entre peixes e plantas podem ser
influenciadas por impactos antropogénicos nesses ecossistemas e auxiliam na elaboragdo de

medidas de conservagdo para peixes frugivoros e florestas alagaveis tropicais.

Palavras-chave: Ecologia de redes, ictiocoria, florestas alagaveis, pulso de mundacdo,

viabilidade de sementes.
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ABSTRACT

In the Amazonian floodplains, flood and drought regimes create flooding gradients that
influence the occurrence and distribution of flooded forests and trigger growth rhythms and
reproductive cycles in tree species. The flowering and ripening of the fruit occurs in
synchronism with the rise in river water levels. This is an important adaptation, which enables
seeds to be dispersed by water (hydrochory) and by frugivorous fish (ichthyochory). The
ichthyochory in flooded forests of the Amazon has been recognized as an important dispersal
mechanism for many tree species and has the potential to influence the species composition and
structure of these ecosystems, since by consuming viable seeds, fish can transport them to
locations suitable for germination and establishment. This Thesis investigates some factors that
may affect seed dispersal by fish, including seed viability and germation speed after passing
through the digestive tract of fish, and the relationship between fish size and the size of seeds
found in therr digestive tracts; the structure and wvulnerability (modularity, nestedness,
specialization and robustness) of the seed dispersal network; and the nfluence of the flood
gradient (low varzea and high varzea) on seed dispersal by fish and on the structure of the
dispersal network. We collect fish and plants in the field and supplement this information with
data obtained from scientific literature. We found that the length and weight of frugivorous fish
were positively related to seed size in the digestive tract, although the passage of seeds through
the digestive tract did not increase germination speed. We observed that the network structure
was modular and nested, giving the dispersal network relative robustness, and that the length
and weight of the fish and the size of the seeds did not show significant differences i relation
to specialization. Furthermore, we found that the abundance of fruits and seeds consumed by
fish was greater in low varzea forests when considering only tree species restricted to each
gradient, and that the network presented a nested structure. These results increase the overall
understanding of how interactions between fish and plants can be influenced by anthropogenic
impacts in these ecosystems and assist in the development of conservation measures for

frugivorous fish and tropical floodplain forests.

Keywords: Network ecology, ichthyochory, floodplain forests, flood pulse, seed viability.



APRESENTACAO

Esta Tese segue os padrdes de formatacdo do Programa de Pés-graduacdao em Biologia
de Ambientes Aquaticos Continentais (PPGBAC) da Universidade Federal do Rio Grande
(FURG). A Introdugdo Geral contém o corpo teorico do tema em estudo, bem como os objetivos
que serdo investigados nos capitulos; esta secdo segue as normas de formatacdo da Associagdo
Brasileira de Normas Técnicas (ABNT). O primeiro capitulo da tese tem como titulo “7he
effectiveness of ichthyochoric dispersal in forested wetlands of the Amazon depends on the
species of fish and its size” e esta publicado no periddico Forest Ecology and Management
(Qualis Capes: Al), e sua formatacdo segue as normas da revista. Neste capitulo, investigamos
a dispersdo de sementes por peixes frugivoros em uma floresta alagada por 4dguas barrentas
(varzea) na Amazonia Central, onde avaliamos a velocidade de germinacdo das sementes apos
a passagem pelo trato digestorio dos peixes e como o tamanho dos peixes e das sementes pode
influenciar a dispersdo das sementes de arvores das varzeas. O segundo capitulo, “Structure
and vulnerability of the ichthyochory network in wetland forests of Central Amazonia” segue
as normas de formatacdo e esta publicado no periddico Ecology of Freshwater Fish (Qualis
Capes: A2). Neste capitulo avaliamos a estrutura (modularidade, aninhamento, especializagao
e robustez) da rede de dispersdo de sementes por peixes frugivoros em uma floresta de varzea
na Amazonia Central. No terceiro capitulo, mtitulado “The flooding gradient affects seed
dispersal by fruit-eating fishes in Amazonian whitewater floodplain forests”, avaliamos o
consumo de frutos pelos peixes e o potencial de dispersdo de sementes ao longo do gradiente
de mundagdo (varzea baixa e varzea alta), e a estrutura da rede de dispersao. Este capitulo segue
as normas e estd em revisdo no periodico Biotropica (Qualis Capes: A2). Finalizamos com a
secdo de Consideragdes Finais e Perspectivas, onde as citagdes e referéncias bibliograficas

seguem as normas da ABNT.
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INTRODUCAO GERAL

A bacia amazdnica compreende a maior e mais complexa rede de canais fluviais do
mundo (LATRUBESSE et al, 2017). Nessa regido, merecem destaque as areas uUmidas,
consideradas como os ambientes de 'transicdo entre sistemas terrestres e aquaticos"
(COWARDIN et al., 1979), também chamadas por Junk e colaboradores em 1989 como as
zonas de transicdo aquatico-terrestre “ATTZ”. As areas imidas associadas aos grandes rios
amazonicos constituem as areas alagaveis, ecossistemas onde o pulso de inundagdo ¢ aprincipal
forca motriz responsavel pela existéncia, produtividade e interagdes da biota (JUNK ef al,
1989), pois desencadeiam ciclos biogeoquimicos, ritmos de crescimento e ciclos de vida da
biota associada (JUNK, 1997). De acordo com suas caracteristicas fisico-quimicas, que
refletem a geologia das areas de captacdo, as areas alagaveis podem ser formadas por rios de
dguas pretas ou claras, denominadas de igapds, ou por rios de aguas brancas, denominadas de
varzeas (SIOLI, 1965; PRANCE, 1979; JUNK et al,, 2011). Os rios de aguas pretas (como o
rio Negro) drenam o escudo pré-cambriano da Guiana, que se caracteriza por grandes areas de
areias brancas (podzols); os rios de aguas claras (como os rios Tapajoés, Xingu e Tocantins) t€m
suas origens principalmente no escudo central brasileiro; enquanto os rios de dguas brancas
(como o curso principal do Amazonas e os rios Jurua, Japura, Purus e Madeira) se originam nos
Andes, de onde transportam grandes quantidades de sedimentos ricos em nutrientes (IRION et
al., 1997; JUNK et al., 2011). Esses grandes rios, apresentam um pulso de inundagdo anual,
monomodal, previsivel, de longa duracdo e de alta amplitude, que resulta da sazonalidade das
estacdes secas e chuvosas pronunciadas em suas bacias hidrograficas, possibilitando trocas
laterais entre o rio e suas planicies de inundagdo (JUNK efal, 1989; SCHONGART & JUNK,
2007; JUNK & PIEDADE, 2010).

Os ecossistemas naturais sdo geralmente muito complexos e existem em séries de
coordenadas espaciais, temporais ou espago-temporais, que podem apresentar gradientes de
estrutura e fingdo (MULLER, 1998; FIEDLER & BECK, 2008), que podem ocorrer devido a
temperatura, precipitacdo, caracteristicas do solo ou nundagdes sazonais (SCHWEITZER et
al.,, 2014; MARKS et al.,, 2020; MYSTER, 2025). Gradientes referem-se a inclinacdo de uma
curva (e.g. curva de riqueza em fun¢do de alguma caracteristica ambiental), e apresentam um
ou mais recursos ou condigdes que diferem no espaco ou no tempo (FOX ef al, 2011), onde a
biota se adaptou e continua a responder a esses gradientes (MYSTER, 2002). Nos ecossistemas
aquaticos, a dindmica e alta variabilidade dos cursos de agua, geram gradientes espaciais e

temporais nas caracteristicas abidticas e bioticas (ALLAN & CASTILLO, 2007). Por exemplo,
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aprofundidade daédgua forma um gradiente ambiental complexo (TITUS, 2009), que determina
padroes de ocorréncia e distribuicdo de espécies (MYSTER, 2025) e mfluencia a
heterogeneidade dos rios e suas planicies de mundacdo (RAYBURG et al, 2023). A
heterogeneidade ambiental € um dos principais fatores que influenciam a estrutura e a dmdmica
de populagdes e comunidades (YANG et al, 2015), e estd intrinsecamente ligado a estrutura
das redes ecologicas nas mais diversas escalas (TYLIANAKIS & MORRIS, 2017).

Nas areas alagaveis amazonicas, as variagdes topograficas podem resultar em diferengas
na amplitude e tempo de inundacdo anual, mudando ao longo do curso do rio (JUNK, 1989;
FERREIRA, 1997). Dependendo da topografia local, as inundagdes sazonais podem durar de
varias semanas a varios meses por ano, e criam um gradiente espacial de diminuicao da duragao
das inundagdes e da profundidade maxima com o aumento da distancia do rio (WITTMANN
et al., 2002; MYSTER, 2018), que controla o estabelecimento, a distribuicdo e o crescimento
das espécies arboreas (JUNK et al, 1989). As florestas de varzea da Amazonia t€m sido foco
de diversos estudos que buscam entender como o pulso de inundag¢do influencia ascomunidades
arboreas ao longo do gradiente de inundagdo (ASSIS & WITTMANN, 2011; WITTMANN et
al., 2012; LUIZE et al., 2015, 2018). O monitoramento e os diversos inventarios floristicos
realizados nas varzeas representam um importante avango para a compreensdo desses efeitos e
t€ém demonstrado que a riqueza de espécies aumenta das 4reas mais proximas ao canal do rio
(varzea baixa) em direcdo as partes mais elevadas (varzea alta), com poucas espécies sendo
encontradas ao longo de todo o gradiente (WORBES et al, 1992; FERREIRA, 1997;
WITTMANN et al, 2006, 2010). Esse gradiente, portanto, estrutura as florestas alagaveis
(MYSTER, 2025), pois a duracdo e a altura da nundacdo determinam a elevagdo na qual uma
arvore ocorre (JUNK, 1989).

As florestas de varzea, associadas aos rios de dguas brancas, ocupam uma extensa area
na bacia fluvial amazonica, estimada em aproximadamente 450.000 kn?, e cobrem entre 70—
90% das areas de varzea (MELACK & HESS, 2010). Sdo normalmente inundadas a uma
profundidade de até 7,5 m por até 230 dias por ano (JUNK ef al, 2011). Embora a mundac¢ao
represente um fator limitante ao estabelecimento das espécies de arvores (JUNK et al., 1989),
devido a hipoxia ou anoxia sazonais (FURCH, 1984; PAROLIN, 2009), as varzeas possuem as
florestas alagaveis mais diversas do mundo (WITTMANN et al., 2006). Para sobreviver nesses
ambientes, as comunidades vegetais desenvolveram uma série de adaptagdes estruturais,
bioquimicas, fisiologicas e fenologicas desencadeadas pela pressdo seletiva dos ciclos anuais
de cheias e secas (SCHONGART et al., 2002; PAROLIN et al., 2004; PIEDADE et al., 2010),

que levam a uma zonacdo bem definida das espécies ao longo dos gradientes de mundagdo
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(FERREIRA, 1997; WITTMANN et al.,, 2002, 2010). Entre essas adaptagdes, a sincroniza¢ao
do periodo reprodutivo das espécies arboreas com o aumento do nivel da agua dos rios
(GOULDING, 1983; PAROLIN et al, 2013), representa um importante mecanismo que
possibilita a dispersdo de frutos e sementes (CORREA et al., 2015).

De modo geral, sementes podem ser dispersadas pelo vento (anemocoria), pela agua
(hidrocoria), pela gravidade (barocoria) e por uma grande variedade de animais (zoocoria),
através daingestdo de frutos e sementes, bem como pelo transporte de sementes através de suas
patas, plumagem ou pelos (PIEDADE et al., 2006; PAROLIN et al., 2013; TRAVESET et al,
2014; HOFFMANN et al, 2024). Embora a dispersdo de muitas arvores das planicies de
mundacdo esteja ligada as dguas do rio, a germinagdo das sementes e o estabelecimento das
arvores sdo sincronizadas com a fase terrestre (OLIVEIRA WITTMANN et al, 2010). Para
espécies de sementes que nao flutuam, sdo esperadas condicdes de hipoxia apos a submersao,
inadequadas a germinagdo, que podem levar a periodos mais longos de dorméncia
(FRANKLAND et al, 1987; KOZLOWSKI & PALLARDY, 1997). A dorméncia ¢ o estado
de natividade metabolica das sementes, que impede o embrido de crescer ¢ a semente de
germinar (CONSIDINE & CONSIDINE, 2016). Em florestas de varzea, embora uma maior
proporcao de plantas produza sementes dispersadas por agentes abidticos, em particular pela
dgua (KUBITZKI & ZIBURSKI 1994; PAROLIN et al, 2013), a dispersao de sementes por
peixes (ictiocoria) tem sido reconhecida como um dos mecanismos fundamentais (GOULDING
1980; HAWES & PERES, 2014), que ajuda a dispersar as sementes de muitas espécies de
plantas (WEISS et al, 2016; ARAUJO et al., 2021; COSTA et al., 2023; PEREYRA et al,
2023). Dependendo do consumidor, as sementes reagem de maneira diferente apds serem
ingeridas, de modo que ao passarem pelo trato digestorio do animal a germinacdo pode
aumentar, atrasar ou nao ser afetada (TRAVESET, 1998; YULE et al, 2015). Nesse sentido,
alguns estudos tém sido realizados na tentativa de se compreender a importancia dos peixes na
quebra de dorméncia e germinacdo das sementes apds a passagem por seus tratos digestorios
(HORN, 1997; MANNHEIMER et al., 2003; POLLUX et al., 2006; WEISS et al., 2016, 2022),
pois ao consumirem sementes viaveis, os peixes podem transporta-las por longas distancias,
depositando-as em habitats adequados a sua germinacao e estabelecimento (ANDERSON et
al,, 2009, 2011).

Os peixes consumidores de sementes (frugivoros) ocorrem em todas as regioes
biogeograficas, incluindo os Neotropicos (HORN et al, 2011), onde aproximadamente 150
espécies de peixes consomem frutos e sementes de quase 600 espécies de plantas (HORN et

al, 2011; CORREA et al,, 2015). Na bacia amazonica, as espécies de peixes que consomem
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frutos de florestas alagaveis, pertencem as ordens Characiformes e Siluriformes (GOULDING,
1980, 1983; SOUZA-STEVAUX, 1994; MANNHEIMER et al., 2003; PIEDADE et al., 2006;
CORREA et al, 2007), e estdo distribuidos principalmente entre as familias Doradidae,
Pimelodidae, Serrasalmidae e Bryconidaec (CORREA et al, 2015; COSTA et al., 2023). Essa
diversidade de espécies de peixes e plantas em areas alagaveis forma complexas redes de
mteragdes mutualisticas, que moldam a estrutura das comunidades (STRAUSS e IRWIN, 2004;
CORREA et al., 2016; ARAUJO et al,, 2021). Nos tltimos anos, os estudos sobre dispersdao de
sementes tém se diversificado, principalmente no sentido de descrever a estrutura das redes de
mteracdes (BASCOMPTE & JORDANO, 2007; CORREA et al., 2016), e de entender como a
estrutura das redes varia ao longo dos gradientes ambientais (TYLIANAKIS & MORRIS,
2017). Por isso, além das interagdes (e.g. presenca/auséncia ou frequéncia), os estudos sobre
redes ecologicas tém levado em conta a distribuicdo das espécies (SCHLEUNING et al., 2015),
pois os gradientes naturais podem influenciar a estrutura das redes, em fungdo de mudangas na
abundancia e riqueza de espécies, que influenciam a probabilidade ou a frequéncia com que as
mteracdes ocorrem (TYLIANAKIS & MORRIS, 2017). A comparagdo de redes ecologicas
entre gradientes ¢ necessaria para se compreender os processos que moldam sua estrutura e
distribuicdo ao longo do tempo e do espago (PELLISSIER et al, 2017).

O reconhecimento de padrdes em comunidades ecologicas ¢ um dos mais persistentes
desafios da ciéncia ecologica (LEWINSOHN et al, 2006), e o estudo das redes ecologicas
fornecem maneiras de quantificar e comparar alguns desses padrdes entre comunidades
(BASCOMPTE & JORDANO, 2007). De forma geral, para redes ecologicas (e.g polnizacao,
parasitismo e dispersdo de sementes), dois padrdes podem ser observados: o aninhamento e a
modularidade (OLESEN et al, 2007; FORTUNA et al, 2010; CORREA et al, 2016). O
aninhamento envolve ligagdes entre espécies especialistas e generalistas (NIELSEN &
BASCOMPTE, 2007), onde as espécies de plantas e animais mais generalistas interagem entre
si, gerando um nucleo denso de interagcdes ao qual o restante da comunidade estd conectado
(BASCOMPTE et al, 2003). Redes que apresentam modularidade consistem em modulos
interconectados, onde cada modulo ¢ um grupo de espécies que estdo mais intimamente
conectadas entre si do que com espécies em outros modulos (OLESEN et al., 2007). Apesar da
importdncia do aninhamento e da modularidade para a estabilidade e persisténcia das
comunidades, a relagdo entre esses padrdes estruturais permanece desconhecida (FORTUNA
et al., 2010). Como a estrutura das redes tem implicacdes importantes para a estabilidade das
espécies (BASCOMPTE & JORDANO, 2007), detectar esses padrdes e entender a estrutura
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das redes de mteragdes mutualisticas ¢ fundamental para inferir sua robustez diante das
mudangas ambientais (BASCOMPTE & JORDANO, 2014).

A dispersdo de sementes mediada por animais € considerada um mutualismo, no qual
uma espécie de planta pode ser dispersada por muitas espécies de frugivoros (SCHUPP et al,
2010). Assim como outros grupos de frugivoros, os peixes podem atuar como predadores
(interacdes antagonisticas) ou dispersores (interagdes mutualisticas) de sementes (ANDERSON
et al, 2011; DRACXLER & KISSLING, 2021), onde algumas espécies possuem adaptagdes
que facilitam sua atividade como predadores ou dispersores de sementes (GOULDING, 1980;
CORREA et al, 2007, 2015). Entre elas, o tipo de denticdo ¢ um fator determinante, que
mfluencia a dispersdao de sementes (GOULDING, 1980). Por exemplo, muitos Characiformes
Neotropicais, alguns dos géneros Colossoma e Piaractus, tém dentes multicuspidados e
molariformes que facilitam a quebra de frutos e sementes com casca dura. Outros géneros de
Characiformes como Brycon, Pristobrycon e Serrasalmus tém dentes multicuspidados afiados
que podem cortar sementes (GOULDING, 1980), causando danos varidveis as sementes
durante a ingestdo (CORREA ef al, 2007). Quando mutualisticas, as interagdes entre frutos e
frugivoros representam uma relacdo mutuamente benéfica entre vertebrados e plantas
(FLEMING & KRESS, 2011), que ¢ um componente crucial para a ecologia florestal e
funcionamento de um ecossistema (HOWE & SMALLWOOD, 1982; LEVIN et al, 2003;
NATHAN & MULLER-LANDAU, 2000), bem como para recuperacdo de ambientes
degradados, pois transportam sementes que, quando dispersas em locais adequados, podem
miciar processos de sucessio (WUNDERLE JUNIOR, 1997; GALETTI et al, 2004;
TRAVESET et al, 2014). Contudo, com a degradagdo dos habitats e a sobreexploracdo das
espécies, t€m havido um declinio das populagdes de plantas e animais, bem como a extingdo de
frugivoros de grande e médio porte (PEREZ-MENDEZ et al., 2016; COSTA-PEREIRA et al.,
2018; GALETTI et al, 2021).

O tamanho dos animais, além de outras caracteristicas, ¢ um importante fator que pode
mfluenciar a efetividade da dispersao (GALETTI et al, 2008; POLLUX, 2011), que ¢ definida
como o numero de novas plantas adultas produzidas pelas atividades de dispersao dos
dispersores (FEDRIANI ef al, 2023). Na regido amazdnica, devido a pressao da pesca,
principalmente proximo aos centros urbanos, os grandes peixes frugivoros (e.g. Colossoma
macropomum € Piaractus brachypomus) estdo ameagados pela exploragdo excessiva continua
(ISAAC & RUFFINO, 1996; COSTA-PEREIRA et al, 2018). Em espécies de peixes
consumidores de frutos, individuos maiores aumentam a eficicia da dispersdo, porque

consomem mais sementes em termos de diversidade, numero e biomassa, e as dispersam para
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mais longe da sua origem devido aos longos tempos de retencdo nos seus tratos digestorios
(GALETTI et al, 2008; ANDERSON et al, 2009, 2011; CORREA et al, 2015). O
desaparecimento de grandes dispersores de sementes devido a sobreexploracdo ou a perda de
habitat, se traduz em uma reducdao da dispersao de sementes (DIRZO & MIRANDA, 1990;
WRIGHT, 2003), e diminui o papel ecologico que as espécies desempenham nos ecossistemas
(FRICKE et al., 2025). Apesar de sua importancia para a biodiversidade, as florestas alagaveis
da Amazdnia estdo entre os ecossistemas mais ameagados globalmente, sendo as mudangas no
uso do solo, a construcao de hidrelétricas e as mudangas climaticas globais alguns dos principais
fatores (CASTELLO et al, 2013; RENO & NOVO, 2019), que juntamente com a exploragdo
excessiva dos peixes frugivoros ameagam significativamente a persisténcia das interagdes entre
a ictiofauna e as florestas alagaveis (ISAAC & RUFFINO, 1996; COSTA-PEREIRA et al.,
2018; CORREA et al., 2025). Por isso, compreender a complexidade das interagdes entre peixes
consumidores de frutos e as florestas alagaveis da Amazonia, ¢ de vital importancia para o

manejo e conservacao dessas espécies frente as crescentes ameagas antropicas nessa regiao.

Objetivos

Objetivo geral

O objetivo geral desta Tese ¢ investigar a influéncia do gradiente de inunda¢do no
consumo e dispersdo de frutos e sementes por peixes e avaliar a estrutura da rede de dispersao

em uma area de varzea na AmazOnia central.

Objetivos especificos

- No primeiro capitulo, examinamos os efeitos da passagem das sementes pelos tratos
digestorios dos peixes na germinagdo e a relacao entre o tamanho dos peixes e o tamanho das

sementes encontradas em seus tratos digestorios;

- No segundo capitulo, avaliamos a estrutura (modularidade, aninhamento, especializacdo e
robustez) e a vulnerabilidade da rede de dispersdo de sementes entre peixes e as florestas de

varzea da Amazonia central;
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- No terceiro capitulo, nvestigamos como a distribuicdo da vegetacdo ao longo do gradiente de
mundacdo (varzea baixa e varzea alta) influencia a comunidade de peixes consumidores de

sementes e a estrutura da rede de interagdo em areas de varzea.
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The effectiveness of ichthyochoric dispersal in forested wetlands of the Amazon depends

on the species of fish and its size

Abstract

The nteraction between fish and plants in Amazon floodplain is findamental for the
maintenance of frugivorous fish and tree communities. The viability of seeds after passing
through the digestive tract of fish is a central factor for seed dispersal since it can influence
colonization and regeneration of these environments. Our study investigated the seed dispersal
by frugivorous fish in a flooded forest in the Central Amazon. We also evaluated the seed
germination speed after passage of the digestive tract of fish and how the size of fish and the
seeds can influence the dispersion of tree seeds in floodplains. A total of 5,012 seeds from 49
plant species were found in the digestive tracts of 11 frugivorous fish species. The length and
weight of the frugivorous fish were positively related to the size of seeds in the digestive tract.
The germination of the seeds removed from the fish varied between species. The passage of the
seeds of the different plant species through the digestive tracts of the fish did not significantly
increase the germmation speed. Considering the anthropogenic pressures present in these
environments, we can expect that a reduction in body size for some species of fish, due to
overexploitation, may have negative consequences for some tree species that are dispersed

mainly via ichthyochory.

Keywords: Fish size, floodplain forests, frugivory, ichthyochory, seed size, seed viability.
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Introduction

Seed production, dispersal and germination are important ecological processes for plant
survival and growth (Eriksson and Ehrlén, 2008; Anderson et al, 2009; Weiss et al., 2016,
2022). Fruit and seed dispersal determine species composition and influences ecosystem
structure (Howe and Smallwood, 1982; Correa et al., 2015a), and frugivory is a key process in
plant dynamics and natural habitat regeneration (Jordano, 2000). Regeneration is essential for
maintaining forest biodiversity and the functions of ecosystems (Neuschulz et al, 2016). In the
Amazon region, the hydrological regime plays a key role in the structure and functions of
aquatic ecosystems (Junk et al, 1989), as well as in the composition of plant species in the
floodplains (Kubitzki and Ziburski, 1994; Worbes, 1997; Parolin et al., 2004; Piedade et al.,
2006; Ferreira et al., 2010). Fruit maturation occurs mainly at high-water levels, and the flood
pulse favors dispersal of seeds via water (hydrochory) and fish (ichthyochory) (Ferreira, 1998;
Parolin etal, 2013). These two mechanisms are the mamn forms of seed dispersal in floodable
areas of the Amazon (Horn, 1997).

Seasonal flooding n Amazonian floodplain areas allows fish populations to exploit
allochthonous resources from the flooded forests (Goulding, 1980), with lateral migrations
during rising waters as they go in search of food and shelter (Castello, 2008). In these
environments, the consumption of fruits by fish contributes to seed dispersal, which mnfluences
the structure (Howe, 1993; Pollux et al, 2006; Anderson et al, 2009; Pollux, 2011) and
diversity of plants along the rivers (Hulme and Benkman, 2002; Correa et al., 2007). Although
hydrochory is considered the main dispersal mechanism for riparian and aquatic vegetation
(Nilsson et al., 1991; Malanson, 1993; Cam et al., 2000; Pollux et al., 2009), it operates almost
exclusively along the river contmuum (Williamson and Costa, 2000). On the other hand, seeds
can be dispersed by fish upstream and downstream, laterally within the floodplain (Horn, 1997;

Anderson et al, 2011), and for much greater distances than those reached by terrestrial
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vertebrates such as monkeys, rodents and even birds (Cain et al,, 2000). In flooded forests, fish
consume most of the fruit and seed biomass, even surpassing birds and monkeys that eat
propagules and leaves (Goulding, 1983).

The tropical wetlands of the planet are mhabited by a high diversity and abundance of
frugivorous fish (Horn et al., 2011), with approximately 280 species, that consume fruit at least
some period of therr lives. In the Neotropical region, there are approximately 150 species of
fruit-eating fish, which are distributed in 75 genera and 17 families (Horn et al., 2011). These
species consume fruits and seeds of at least 566 plant species from 295 genera and 82 families
(Correa et al., 2015a). In the Amazon basin, there are more than 3,000 species of fish (Van der
Sleen and Albert, 2018), of which at least 93 are consumers of fiuits and seeds from floodable
forests (Correa, 2012), though this number can reach 200 species (Goulding, 1980).

Frugivorous fish have adaptations that facilitate therr foraging activities and their
dispersal of seeds (Goulding, 1980; Correa et al., 2007, 2015a). Since they do not have strong
teeth, most fiugivorous catfish are able to swallow whole fruits, and most seeds can pass intact
through the mtestine and later germinate (Goulding, 1980; Mannheimer et al, 2003; Weiss et
al,, 2016). However, not all fruit-eating fish species act as dispersers (Prudente et al., 2016),
since the effectiveness of a frugivore as a seed dispersal agent depends either on the quantity
and quality of the dispersion, or on the likelihood that the seeds will be deposited unharmed in
places with high prospects for establishment (Jordano and Schupp, 2000). These quantitative
and qualitative variables include the amount of seeds ingested, the mechanics of ingestion, the
effects on germination due to the seed’s passage through the digestive tract, fish movement
patterns (Schupp, 1993), and the size and weight of the disperser (Galetti et al., 2008; Costa-
Pererra and Galetti, 2015).

Approximately 15% of the Amazon basin is covered by floodable forests (Melack and

Hess, 2010), and only in the fertile floodplain forests of the white-water rivers of the Amazon
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basin (“varzea”, sensu Junk etal, 2011), more than 1,000 tree species are found (Wittmann et
al., 2006, 2010). While seed dispersal of many of these species is linked to hydrochory and
aquatic dispersers, seedling establishment is restricted to the terrestrial phase (Oliveira-
Wittmann et al, 2010). After a seed is released from the plant, the duration and timing of
germination are key processes for its establishment (Oliveira-Wittmann et al, 2010). The
characteristics of the seeds are of great importance for their germmnation and, consequently, for
the regeneration of floodable forests (Parolin et al, 2010). In this way, fish can play an
important role in this process, since the ingestion of seeds by frugivores is an advantage that
can increase germination percentages and speeds (Van der Pil, 1982; Maia et al, 2007;
Lehouck et al, 2011; Reid and Armesto, 2011). The passage of seeds through the digestive tract
can promote chemical or physical scarification, which can remove parts of the fruit responsible
for mechanical and chemical dormancy (Baskin and Baskin, 2004), thus eliminating nhibiting
factors for germmation and facilitating the activation of metabolic processes (Traveset and
Verda, 2002). This process may have implications for plant recruitment and establishment,
since early germination may increase competitive fitness (Verdu and Traveset, 2005; Traveset
et al., 2007; De Luis et al., 2008).

Several studies onthe viability of seeds after their passage through the digestive tract of
fish have been conducted (Horn, 1997; Mannheimer et al., 2003; Pollux et al., 2006; Maia et
al,, 2007; Weiss et al., 2016, 2022). However, there is still a large gap in the understanding of
the mechanisms of the effects of seed ingestion by fish on germination and its potential for
future plant recruitment (Santos et al., 2020). It is possible that the interaction between fish and
plants is one of the most threatened mutualisms (Galetti et al., 2008), mainly due to the loss of
floodable forests (Junk et al., 2000; Reno et al., 2016; Ren6 and Novo, 2019) and overfishing
of frugivores (Castelo et al, 2013; Tregidgo et al., 2017; Costa-Pereira et al., 2018, Araujo et

al, 2021) since large species remain the main target of fishing activities in the Neotropics
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(Correa et al,, 2015a), thus endangering the dispersal of large seeds (Costa-Pereira et al., 2018).
Similarly, seed dispersal in upland (terra firme) forests can be affected by the removal of large
mammals (Fragoso, 1997). In this sense, it is essential to understand the role of frugivorous fish
as seed dispersers to predict the impact of their decline on the populations of plants dispersed
by them (Galetti et al., 2008).

Here, we identified the species of seeds dispersed by frugivorous fish in floodplains of
the Amazon basin. We tested whether the germination speed vary with the passage through the
digestive tract of fish and whether the seed size varies with the weight and length of frugivorous
fish. We expect to find that: (a) the passage of seeds through the digestive tract increases

germination speed, and (b) the size of the seeds found in the digestive tracts is greater in larger

fish.
M aterial and Methods

Study area

The study was carried out in a stretch of flooded forest of the Solimdes River known as

Paciéncia Island (03° 18°12" S; 60° 13° 51" W), in the central Amazon (Figure 1).
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Figure 1. Study area located on Paciéncia Island in the Solimdes River.
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The annual rainfall in the region is approximately 2,100 mm/year, with a marked
difference between the dry (June/October) and rainy (December/May) seasons (Parolin, 2000).
The fluctuation of the water level i the stretch of flooded forest is of approximately 10 m, thus
distinguishing the two hydrological phases, ie., the aquatic phase, with the peak of the high-
water period in June/July and the terrestrial phase, with the peak of the low-water period in
October/November (Junk, 1989; Junk et al, 1989). The Solimdées River is a typical “varzea”
floodplain river, and has white waters, with a pH close to neutral, and is rich in suspended

matter that carries clay minerals and releases nutrients to the alluvial soils (Irion et al., 2010).
Sampling design and collection of fish

A total of eight collections were carried out fortnightly between April and July 2022,

which corresponds to the beginning of the rising-water period and high-water period of the
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Solimdes River, a period of greater production and availability of fruits and seeds. A set of nine
gl nets (with meshes sizes from 24 to 110 mm, 10 m long, between 1.5 to 3.0 m in height) that
were joined to each other was used for the collection of fish. The collection period was 24
hours, with inspections every four hours. For each collection, the nine fishing nets were placed
at a subsequent point (n=8), separated by a distance of about 400 meters.

The captured fish were immersed i an anesthetic (eugenol) dissolved in water, and kept
in the solution for up to 10 minutes after the opercular movements ceased. While i the field,
the standard weight and length of the subjects were obtained and the digestive tracts (stomach
and itestine) were removed for further analysis in the laboratory. One representative of each
species was labeled and stored in a Styrofoam box and transported to the National Institute for
Amazonian Research (INPA) for confirmation of the identity of the species with the help of
specialists. In the laboratory, the analysis of the digestive tracts was carried out with the aid of
a magnifying glass (10x). The seeds found mtact in the digestive tract were quantified and
stored to be identified by a parabotanist, and their identification confirmed at the INPA
herbarum. The licenses for fish collections were obtained via the Biodiversity Authorization
and Information System (SISBio; protocol number 81822-1/2022) of the Chico Mendes
Institute for Biodiversity Conservation (ICMBio). The research was approved by the INPA

Ethics Commitee on the Use of Animals (CEUA; number 67/2022).

Morphometry of fish and seeds

The standard length (SL) of the fish was obtamed from the tip of the nose to the end of
the caudal peduncle with the aid of a millimeter ruler, and weighed on a precision digital scale.
The size of the seeds was obtained at the points of greater width or length of the seeds with the
aid of a digital caliper. The seed species found i large quantities in the digestive tracts were

randomly limited to a number of ten seeds per species to obtain an mean value. The relationship

35



between length and weight of fish with seed size was evaluated together for all frugivorous

species.

Sowing and germination of seeds

Seeds were collected in the field from trees in different individuals of each plant species
and mixed to produce a homogenized sample (control treatment). The goal of collecting from
multiple individuals was to eliminate dependence on seeds from the same individual. The seeds
identified in the digestive tracts of the fish and collected directly from the trees remained
immersed (10 cm deep) in water for 10 days before sowing in “varzea” floodplain soil, with
monitoring and daily watering. All seeds from the digestive tracts were sown when the »n was
equal to or greater than 30 seeds per species of fish. The criterion for establishing seed
germination was the protrusion of the radicle from the embryo. Each experiment was followed
up for a period of 60 days. Germination was monitored in a greenhouse of the Ecology,
Monitoring and Sustainable Use of Wetlands group (MAUA/INPA). During the period of the
germination experiment, the temperature ranged from 24 °C to 37 °C, the relative humidity
ranged from 35% to 95%, the accumulated precipitation in this period was 241 mm, and mean

photosynthetic active radiation was 470.23 pmol-s™!m™2.

Design of germination experiments

The germmnation potential of the seeds was evaluated for three tree species: Bothriospora
corymbosa (Rubiaceae), Crataeva tapia (Brassicaceae) and Cecropia latiloba (Urticaceae),
which were taken from the digestive tracts of five fish species: Trachelyopterus galeatus
(Auchenipteridae), Chalceus  erythrurus  (Chalceidae), = Colossoma  macropomum
(Serrasalmidae), Triportheus albus (Triportheidae) and Schizodon fasciatus (Anostomidae).
These five species of fish were the ones that contained seeds in large number of a given tree

species. For the germination experiment, tree species with relatively high abundance found in
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the digestive tract of fish and in the trees of the environment were used. A total of six
comparison experiments between seeds removed from the digestive tracts versus seeds
collected from the trees (control) were performed. For each treatment, the same amount of seeds
was used in the respective controls, but the number of seeds was different in each treatment.
For the plant species C. latiloba taken from C. macropomum, T. albus and S. fasciatus, a single
control was used. They were organized as follows: treatment T1 - B. corymbosa seeds removed
from 7. galeatus (N = 130) versus control; treatment T2 - B. corymbosa seeds removed from
C. erythrurus (N = 150) versus control; treatment T3 - C. tapia seeds removed from C.
macropomum (N = 35) versus control; treatment T4 - C. latiloba seeds removed from C.
macropomum (N = 200) versus control; T5 treatment - C. latiloba seeds removed from T. albus

(N =200) versus control and treatment T6 - C. latiloba seeds taken from S. fasciatus (N = 200)

versus control.

Data analysis

A Generalized Mixed Effects Model was performed to assess the relationships between
the size of the seeds found m the digestive tract (response variable) and the length and weight
of the fish (predictor variable), using fish as a random factor. This analysis was carried out with
Ime4 and ggplot2 packages in R. By using the GermmnaQuant function ofthe GermmaR package
(Lozano-Isla et al, 2019), the main germination indices were obtained for seeds found in the
digestive tracts of fish and seeds of control treatments: number of germinated seeds (NGS),
germination percentage (GP%), mean germination time (MGT), mean germination rate (MGR).

To assess differences in the speed of germination between seeds removed from the
digestive tract and the control treatment, we performed a Cox proportional hazards survival
model, assessing the proportion of germinated seeds (response variable) as a function of time

in days (predictor variable). This analysis was carried out with the coxph, survfit and ggsurvplot
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functions of the survival (Therneau, 2023) and survminer (Kassambara and Kosinski, 2017)
packages in R. The results were accessed using Wald chi-square (y2) tests for significance. All

analyses were performed using the R software (R version 4.3.1-2023).

Results

A total of 5,012 intact seeds from 49 species and 33 families were found in the digestive
tracts of 241 frugivorous fish of 11 species.

The most abundant and most consumed fruits by fish were of three species: C. latiloba
(N =2,503), B. corymbosa (N = 1,277) and Ficus amazonica (N = 792), totalng 90% of the
seeds found. The size of the seeds found in the fish ranged between 1.2 and 44.9 mm (+ 1.27
SE) (Table 1). The three species of seeds that had the largest size were Swartzia argentea (44.9
mm), Simaba multiflora (37.09 mm) and Astrocaryum jauari (32.5 mm). The majority of the
species of seeds were found in the digestive tract of only one species of fish. Four species of
seeds were found m the digestive tracts of at least five fish species: C. latiloba, Rhigospira sp.,
Bactris riparia and B. corymbosa. Fleshy and indehiscent fruits were found in 34 species

(69.3%) and non-fleshy and dehiscent fruits in 15 species (30.6%) (Table 1).

Table 1: Plant species consumed by fish. Mean seed size by species, number of seeds, fleshy (1)
or non-fleshy (0) fruit, fish species and code: Ba — B. amazonicus, Ce — C. erytrutus, Cm — C.
macropomum, Lf — L. fasciatus, Ma — M. asterias, Mal — M. albiscopum, Pg — P. granulosus, Rm

— R. microlepis, St — S. fasciatus, Ta— T. albus, Tg — T. galeatus.

Family Plant + Seed size  Total  Fruit Fish
species (mm) seeds  type species / code
Annonaceae Guatteria inundata 21.33 4 1 Tg. Pg. Ba.
Pseudoxandra polyphleba 12.64 10 1 Tg. Pg.
Apocynaceae Odontadenia puncticulosa 19.03 1 1 Tg.
Rhigospira sp. 11.48 33 1 Tg. Pg. Ta. Sf. Rm.
Aquifoliaceae llex inundata 5.6 8 1 Mal. Ma.
Arecaceae Astrocaryum jauari 32.5 3 1 Tg. Pg. Cm.
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Burseraceae
Capparaceae

Celastraceae

Chrysobalanaceae

Combretaceae
Connaraceae

Dilleniaceae

Dioscoreaceae

Euphorbiaceae

Fabaceae

Humiriaceae
Lamiaceae

Lauraceae

Linaceae
Lythraceae
Malpighiaceae
Malvaceae

Moraceae

Myrtaceae
Ochnaceae
Olacaceae
Passifloraceae
Quiinaceae

Rubiaceae

Bactris riparia
Protium strumosum
Crataeva tapia
Salacia multiflora
Leptobalanus apetalus
Leptobalanus sp.
Combretum laxum
Connarus perrottetii
Davilla sp.

Tetracera sp.
Dioscorea sp.

Hevea brasiliensis
Maprounea guianensis
Sapium sp.

Ormosia excelsa
Swartzia argentea
Schistostemon sp.
Vitex cymosa
Nectandra amazonum
Ocotea sp.

Roucheria columbiana
Cuphea sp.

Byrsonima sp.

Pseudobombax munguba

Brosimum parinarioides

Ficus amazonica
Sorocea duckei
Mpyrciaria dubia
Sauvagesia sp.
Minquartia guianensis
Passiflora sp.

Quiina rhytidopus
Alibertia edulis

12.16 61
11.3 1
10.16 40
13.41 1
20.75 3
12.45 1
12.28 1
9.47 10
7.04 5
6.63 8
4.47 1
22.78 1
6.1 1
5.46 8
19.3 3
44.9 1
16.46 1
14.94 6
15.67 2
9.06 1
7.78 1
3.17 1
9.81 2
5.35 11
3.53 34
1.2 792
14.4 16
12.54 6
3.49 5
21.07 1
5.5 1
13.53 62
6.4 25

S O O O O O o o o o

—_—

Tg. Pg Ba. Cm. Ce.

Pg.
Cm.
Tg.
Ba.

Tg. Pg.
Tg.

Pg.
Mal. Ma.
Ma.

Ta.

Tg.

Pg.

Tg.
Mal. Lf
Tg.

Tg. Ta. Mal
Tg.

Tg Pg. Ta.
Tg. Ta.
Pg.

Ta.

Tg. Pg. Mal
Tg.
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Bothriospora corymbosa 1.58 1.277 1 Tg. Pg Ta. Ba. Ce.

Faramea capillipes 9.88 2 1 Tg.

Faramea sp. 10.17 6 1 Tg Ta.

Psychotria sp. 4.41 40 1 Ba.
Sapotaceae Micropholis guyanensis 13.96 1 1 Ba.

Pouteria caimito 23.19 6 1 Pg.
Sapindaceae Paullinia cupana 7.25 2 0 Ba.
Simaroubaceae Simaba multiflora 37.09 2 1 Cm.
Smilacaceae Smilax sp. 7.51 1 1 Ta.
Urticaceae Cecropia latiloba 2.29 2.503 1 Tg. Ta. Ba. Mal. Cm. Sf.

The most abundant fish species were 7. galeatus (N = 68), Mylosoma albiscopum (N =
44) and T. albus (N =43). The length of the fish ranged between 145 and 276 mm (+ 13.3 SE)
and the weight between 76.6 and 386 g (= 26.7 SE) (Table 2). The fish species that consumed
the most fruit species were 7. galeatus (N = 23), Pterodoras granulosus (N = 18) and T. albus
(N'=12). The fish species found with the greatest number of seeds were S. fasciatus (N =1,281),
T. galeatus (N = 1,238) and T. albus (N =997). The fish species found with the least seeds were

Leporinus fasciatus (N = 4) and Rhytiodus microlepis (N = 1) (Table 2).

Table 2: Species of frugivorous fish that consumed fruits. Mean of standard length (+
SL mm) and weight (= W g) of fish and number of seeds and species of seeds consumed.

Family Flsh T(?tal +SL =W  Total Plar}t
species Fish  (mm) (2 seeds species
Anostomidae Leporinus fasciatus 1 270 386 4 1
Rhytiodus microlepis 12 276  301.8 1 1
Schizodon fasciatus 15 216 205  1.281 2
Auchenipteridae  Trachelyopterus galeatus 68 153 1124 1.238 23
Bryconidae Brycon amazonicus 18 184 168.3 84 9
Chalceidae Chalceus erythrurus 18 192  149.6 410 2
Doradidae Pterodoras granulosus 12 176  246.9 92 18
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Seed size (mm)

Serrasalmidae

Triportheidae

Colossoma macropomum 8
Mpyloplus asterias 2
Mylossoma albiscopum 44
Triportheus albus 43

210
157
145
171

210.1
179
130

76.6

729
13
163
997

12

Relationship between size of fish and size of seeds

The Generalized Mixed Effects Model revealed that length (Wald’s test, X% = 20.247,

df =1, p <0.001) and weight (Wald’s test, X2= 24911, df = 1, p <0.001) of the frugivorous

fish were positively related to the size of the seeds found in the digestive tracts (Figure 2). The

longer the length and weight of the fish, the larger the size of the seeds observed.
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Figure 2: Relationship between the length and weight of 11 species of frugivorous fish

and the size of the seeds found in their digestive tracts. Fish code, top to down: Ba — B.

amazonicus, Ce — C. erytrutus, Cm — C. macropomum, Lf — L. fasciatus, Ma — M.

asterias, Mal — M. albiscopum, Pg— P. granulosus, Rm — R. microlepis, Sf—S. fasciatus,

Ta — T. albus, Tg —

T. galeatus.
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Viability of seeds

The germination of the seeds found in the digestive tract of fish varied between species

and began between 4 and 12 (£0.79 SE) days after sowing. The Cox regression model revealed

a significant effect of fish consumption on the germination speed only for seeds of B. corymbosa

removed from the digestive tract of 7. galeatus (T1; Wald’s test, X°=14.61, df = 1, p <0.001,

Fig. 3a), compared to the control treatment. The passage of seeds through the digestive tracts

of T. galeatus reduced the germination speed (Figure 3).
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Figure 3: Proportion of germinated seeds over time, for seeds removed from the digestive tracts

n relation to the control treatment. Each curve is surrounded by a 95% confidence nterval
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With the exception of the C. latiloba seeds consumed by 7. albus (T5), all other
treatments showed germmation percentages of over 60%. The highest percentage of
germination was observed in the C. tapia seeds recovered from the digestive tract of C.
macropomum (T3) (GP = 85.7%), and the lowest percentage of germmnation was observed in
the C. latiloba seeds consumed by 7. albus (GP = 51.5%). The highest mean germination time
was observed for the B. corymbosa seeds consumed by T. galeatus (T1) (MGT = 20.4), and the
lowest mean germination time was for the C. tapia seeds of the control treatment (MGT = 7.6)

(Table 3).

Table 3: Germination parameters: number of germinated seeds (NSG), germination

percentage (GP%), mean germination time in days (MGT), mean germmation rate (MGR).

Germinati d
Treatments Toal * \Gs Gpow MGT MGr Ccrmmation spee
seeds Wald’s test, X?
T. galeatus 130 97 746 204 0.05
p <0.001
B. corymbosa (control) 130 100 769 133 0.069
C. erytrurus 150 95 633 10.8 0.093
p>0.114
B. corymbosa (control) 150 93 62 13.8 0.069
C. macropomum 35 30 857 7.8 0.144
p>0.399
C. tapia (control) 35 26 742 7.6 0.154
C. macropomum 200 148 74 17.1  0.059
p>0.143
C. latiloba (control) 200 144 72 19.3  0.052
T. albus 200 103 515 17.6 0.058
p>0.05
C. latiloba (control) 200 144 72 19.3 0.052
S. fasciatus 200 120 60 16.8  0.062
p>0.154
C. latiloba (control) 200 144 72 19.3 0.052
Discussion

Our study showed a high number and high diversity of seeds in the digestive tracts of
frugivorous fish. This result demonstrates the importance of fruits as a food source for fish and

the role of fish in seed dispersal in Amazon floodplains. Other studies in Neotropical regions
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have shown a high number of seeds dispersed by frugivorous fish (Correa et al, 2015a), and
our work shows a high variation in the size of dispersed seeds (1 to 45 mm), which indicates
the complexity of ichthyochory in the Amazon floodplains.

Neotropical wetlands are home to a high diversity of frugivorous fish, with
approximately 150 known species (Horn et al, 2011), and at least 93 species are known from
the Amazon basin (Correa, 2012). Our study showed 11 species that feed on fruits in an Amazon
floodplain during the flood period, and indicated that there is a positive relationship between
size of frugivorous fish and size of dispersed seeds. This result showed the importance of the
size of frugivorous fish in the dispersal of large seeds from the Amazonian floodplains.
However, the results also indicated that large species also carry small seeds, which may have
occurred due to the consumption of whole fruits. In general, small-sized seeds are produced in
polyspermic fruits. For example, fruits of F. amazonica (~ 1 cm), B. corymbosa (~ 0.7 cm) and
even C. tapia (~ 7 cm) can contan dozens or hundreds of seeds. While C. latiloba (~ 15 cm
long) can contain an average of 5,000 seeds per fruit (Parolin, 1997). Therefore, it is important
to highlight that there may be an underestimation of the ability of some fish species to transport
seeds of certain sizes, as seeds found i the digestive tract may have been ingested with the
whole fruit.

Some studies have shown that larger fish consume a greater quantity and diversity of
fruits (Galetti et al., 2008; Correa et al, 2015b), and transport them over longer distances
(Anderson et al, 2011). In terms of conservation, this result shows that the overexploitation of
larger fish in floodplain forests could compromise the dispersion of relatively large seeds, such
as those of S. argentea (44.9 mm), S. multiflora (37.09 mm), 4. jauari (32.5 mm), Pouteria
caimito (23.19 mm) and Hevea brasiliensis (22.78 mm). In addition, the overexploitation of
large fish currently occurring in the Amazonian floodplains (Tregidgo et al, 2017; Costa-

Pereira et al, 2018) could prioritize the dispersion of smaller seeds, such as those of F.
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amazonica (1.2 mm), B. corymbosa (1.58 mm) and the pioneer C. latiloba (2.29 mm). Since
these small seed species are produced in large quantities in these environments, there could be
a dominance of these plants in these ecosystems over time. For example, pioneer species from
the Amazonian floodplain such as C. latiloba, Pseudobombax munguba and Salix martiana
have fast growth (Junk et al, 2020). During the nitial secondary succession process C. latiloba
can form monospecific clusters (Worbes et al., 1992) with up to 1,000 individuals/ha (>10 cm
DAP) (Schongart, 2003). The high seed production and fast growth of some pioneer species are
essential for the regeneration of floodplain forests degraded by deforestation, and frugivorous
fish can play an important role in the dispersal process for many of these pioneer species.

In our study we observed that larger fish individuals in the community also tend to
transport a greater variety of seed sizes than smaller individuals; however, they also transport
small seeds. Araujo et al. (2021) observed that large individuals tend to be less specialized,
dispersing seeds of different sizes, thus filling a unique seed dispersal niche that small
individuals cannot occupy. In addition, the capture of large individuals through overfishing has
directed populations towards smaller size classes (Tregidgo et al, 2017), which makes
mndividuals more predators than seed dispersers (Correa et al, 2007). These mmpacts have
recently been reported for the species C. macropomum in the central Amazon (Tregidgo et al.,
2017; Costa-Pereira etal., 2018), where pressure, mainly from commercial fishing close to large
urban centers, has caused a decline in the abundance and size of mdividuals.

An mportant predictor for seed dispersal is related to dispersion quality (Jordano and
Schupp, 2000). Fruit processing by frugivores determines how many seeds are deposited
unharmed in potentially safe places (Jordano, 2000). Some species of frugivorous fish can carry
seeds in large quantities, but destroy most of them. Many species of Neotropical Characiformes,
some of the genera Colossoma and Piaractus, have multicuspid, molariform teeth that facilitate

the breaking of hard-shelled fruits and seeds. Others of the genera Brycon, Pristobrycon and
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Serrasalmus have sharp multicuspid teeth that can cut fruits and seeds (Goulding, 1980),
causing variable damage to seeds during ingestion (Correa et al., 2007). In the Neotropics, in
addition to the Characiformes, the order Siluriformes has many species that consume fruits,
especially the families Auchenipteridae, Doradidae and Pimelodidae (Mannheimer et al., 2003;
Horn et al., 2011). In our study, the fish species carrying more seed species were the catfish 7.
galeatus (N = 23) and P. granulosus (N = 18). Since these species are not strictly fruit
consumers, they may have a wide variation i their food spectrum (Agostinho et al, 2009;
Sousa et al., 2017), this result may be related to the fact that these species have villiform teeth,
increasing the likelihood of ingesting whole fruits and seeds (Goulding, 1980). Although T.
galeatus was one of the smallest species (£ 153 mm), it was the main fruit consumer. Catfish
that feed on fruits tend to be large species with larger stomach volume. The seven species of
Neotropical catfish of the families Pimelodidae and Doradidae that were found with fruits in
their digestive tract were relatively large (> 50 cm) (Correa et al., 2007), and a reduction in the
size of the individuals of these species could compromise the dispersion of large seeds in the
region.

For tree species that occur in floodplain areas of the Amazon, the ability of fruits and
seeds to float can be extremely important for dispersal over long distances via hydrochory.
However, not all tree species possess this ability; for example, species of the families Arecaceae
(B. riparia and A. jauari palms) consumed by 7. galeatus, P. granulosus and C. macropomum,
and Lauraceae (Nectandra amazonum), consumed by M. asterias, are relatively large (~ 1-3
cm) and heavy and without well-developed structures for buoyancy (Kubitzki and Ziburski,
1994; Piedade et al., 2003, 2006). In our study, most of the seed species that are recorded in the
digestive tracts of fish tend to sink when they fall into the water, which may benefit fish with
benthic habits such as 7. galeatus and P. granulosus (Agostinho etal., 2009; Rocha et al., 2021).

In addition, hydrochoric dispersion distances for floating seeds may vary depending on the
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location and habitat characteristics where the seeds fall into the water (Hyslop and Trowsdale,
2012; Zamorano et al., 2022). Floating seeds deposited in floodplain lake systems, for example,
where the speed of the current is reduced, will not be favored by hydrochory, unlike those
floating ones that are deposited in the riverbed. In this way, ichthyochory canbe very important
for plant species that produce seeds that do not float, but also for those that do float. For species
that do not float, the retention time of the seeds in the digestive tracts and the habit of life of the
fish, whether sedentary or migrating, are crucial factors that determine the distances traveled in

the time between their ingestion and their deposition in the environment.

Viability of seeds

The seeds removed from the digestive tracts showed germmation percentages between
51 and 85% in all treatments. The passage of B. corymbosa seeds through the digestive tracts
of T. galeatus and C. erytrurus, C. tapia by C. macropomum, and C. latiloba by C.
macropomum, T. albus and S. fasciatus did not increase the germination speed. Some studies
point out that the passage of seeds through the digestive tract of fish does not always increase
the likelihood of germination (Smits et al, 1989; Anderson et al., 2009; Boedeltje et al., 2015),
but can reduce it (Pollux et al,, 2006; Boedeltje et al., 2015; Weiss et al., 2022) or even have no
effects (Adams et al., 2007). Our study showed that these frugivorous species disperse the seeds
of tree species in the Amazon floodplains, and increase theirr dispersion to areas further away
from their mother plant, but this does not increase their germination speed. This result may be
related to the characteristics of the seeds, the retention time of the seeds in the digestive tracts
and the ability to digest seeds (Kubitzki and Ziburski, 1994). The retention time of seeds in the
digestive tracts is an important factor (Schupp, 1993) as it determines the dispersion distance
of seeds (Pollux, 2011) and their probability of germination (Traveset, 1998). However, many

species of seeds are transported with the fruit or with pulp by the fish. For example, in our
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study, the majority of fruits consumed by fish were fleshy (69.3%), and even some non-fleshy
dehiscent fruits such as the species Connarus perrottetii, Maprounea guianensis, Paullinia
cupana, Protium strumosum and S. argentea have seeds with aril. This could reduce or even
prevent seed scarification by the fish gastric acids, even considering a long retention time.
Another point to be noted is that the seeds may not have spent adequate time i the digestive
tracts to suffer any significant effect of scarification, since the seeds were recovered from the
fish during the digestion process. In studies with field collections of fish, it is difficult to
determine the time when the fruits were consumed, and thus the length of time that these seeds
remained in the digestive tracts of the fish.

In flooded forests ofthe Amazon, germination for many species does not occur until the
emergence of dry land (Kubitzki and Ziburski, 1994). This may have an implication for some
plant species, in which the previous break in dormancy or increase in germination speed may
be unfavorable to their establishment. In general, seeds may exhibit endogenous (physiological,
morphological or morphophysiological) or exogenous (physical, chemical or mechanical)
dormancy (Nikolaeva, 1977). In endogenous dormancy, some characteristic of the embryo
prevents germination, while in exogenous dormancy some chemical substance or seed structure
such as the endosperm and tegument, which cover the embryo, can prevent germination (Baskin
and Baskin, 2014). Some species, in our study, exhibit morphophysiological dormancy as in
seeds of Astrocaryum jauri and Minquatia guianensis, physical dormancy as n Vitex cymosa,
and others such as C. latiloba, Hevea brasiliensis, Ormosia excelsa, Pouteria caimito and
Sorocea duckei do not show dormancy (Parolin, 2002; Baskin and Baskin, 2014). Dormancy
can maximize plant survival by preventing germination under unfavorable conditions
(Vasconcelos et al., 2011), for example, anoxic conditions as the floodwaters recede from the
forest floor (Kubitzki and Ziburski, 1994). As a result, an increase in germination speed may

not be an evolutionary advantage for some species in floodplain forests. Therefore, depending
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on the plant species, the fact that the seeds of some species do not have an increase in
germmnation speed would not imply negative effects, since dormancy can help in the dispersion
of seeds over greater geographical distances (Kaye et al, 1997). A decrease in germination
speed, as verified for seeds of B. corymbosa removed from 7. galeatus (T1) in relation to the
control, can allow the temporal germmation of tropical seeds in different periods, making it
possible for many seedlings to survive when the water level is low and, in turn, have a positive
effect on recruitment (Yule etal, 2015).

It is important to note that, although there was no significant increase in the germination
speed of the B. corymbosa, C. tapia and C. latiloba species consumed by fish, the germination
percentages after passage through the digestive tracts remained above 50%. When considering
the high abundance of seeds of these species in the environment (Parolin, 1997; Wittmann et
al., 2002), especially B. corymbosa and C. latiloba, even a low potential of germination after
passing through the digestive tract can be compensated by the large number of seeds of these
species that are produced. Additionally, non-germinated seeds after passage through the
digestive tract may represent a considerable proportion of ingested seeds, for example, 50% of
C. latiloba seeds removed from 7. albus did not germinate. Thus, we recommend that future
studies use the tetrazolium test approach to determine the viability of non-germinated seeds

after passage through the digestive tract of fish (Weiss et al., 2023).

Conclusions

The mmportance of fruits and seeds in the diet of fish is strongly associated with their
availability (Correa et al,, 2007). Thus, our results suggest that changes in ecosystems caused
by anthropogenic activities, such as deforestation in floodplain forests (Junk et al., 2000; Rend
et al., 2016; Ren6 and Novo, 2019), which reduces the amount and variety of fruits and seeds

available to ichthyofauna, associated with overfishing of frugivores (Castelo et al, 2013;
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Tregidgo etal, 2017; Costa-Pereira et al., 2018), which decreases the ability of certain species
to consume fruits and disperse seeds of certain plant species, could have serious consequences
for the recruitment and establishment of some plant species in the floodplains of the Amazon
region. Our results are fundamental for obtaining a general understanding of these impacts on

ecosystems and for formulating conservation measures for frugivorous fish and tropical trees.
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Structure and vulnerability of the ichthyochory network in wetland forests of Central

Amazonia

Abstract

The interaction between fish and plants is vital for the dynamics of ecosystems since it
mnfluences plant distribution and regeneration patterns. In the floodable areas of the Amazon,
these mteractions are mamnly structured by the flood pulse, which enables seed dispersal via
water (hydrochory) and fish (ichthyochory), and which contributes to the formation of complex
mutualistic networks. Our study evaluated the structure (modularity, nestedness, specialization,
and robustness) of the network of dispersal of seeds by frugivorous fish in a floodplain forest
in Central Amazonia. We expect the binary network to have a nested pattern, while the weighted
network is expected to have a non-nested structure; that generalist frugivorous species should
constitute the core of the network, while specialist frugivorous species will be peripheral; that
the size of fish and seeds is related to specialization, and that the robustness of the network
weakens as generalist frugivorous fish are removed. We found 5,012 intact seeds from 49 plant
species in the digestive tracts of 11 species of frugivorous fish. A nested and modular pattern
was found for the binary and weighted networks, albeit with a low degree of nestedness. Our
network proved relatively robust when the frugivores were removed. No relationship was found
between the size of the fish and the seeds and the degree of specialization. Considering the
anthropogenic impacts that can cause modifications i seed dispersal networks, knowing the
structure of mutualistic networks is fundamental m order to be able mfer the vulnerability of

the interactions as a result of changes in the ecosystem.

Keywords: floodplain forests, frugivorous fish, modularity, nestedness, specialization
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Introduction

Seed dispersal by animals (zoochory) is an important form of dissemination of
propagules for many plant species (Wunderle Jr., 1997). The interaction between animals and
plants is vital for the dynamics of ecosystems (Traveset, 1998; Costa et al, 2023) and the
complexity of the interactions has important implications for species coexistence and stability
(Bascompte and Jordano, 2007). In addition, dispersal influences plant distribution and
regeneration patterns (Jordano, 2000).

The Neotropical region is the richest in the world in terms of freshwater fish and plant
species (Helfiman, 2013; Corlett, 2016; Brummitt et al., 2020); at least 150 species of fish are
frugivores (Horn et al.,, 2011) and are directly related to the dispersal of about 600 plant species
(Correa et al, 2015a). In the floodable areas of the Amazon, these interactions are mainly
mfluenced by the flood pulse (Junk et al., 1989; Parolin et al., 2013), which triggers biotic and
abiotic processes, and structures food chains (Goulding, 1980; Junk et al, 2011). In these
environments, there are more than 1,600 plant species (Wittmann et al, 2006, 2010), with
flowering and fruiting periods that coincide with the increase in the level of the river (Parolin
et al,, 2004; Parolin et al, 2013). This allows seed dispersal via water (hydrochory) and fish
(ichthyochory) (Parolin et al., 2013; Correa et al., 2015A; Costa et al., 2023) and the formation
of complex mutualistic networks (Correa et al., 2016; Arayjo et al., 2021; Mateus et al., 2022;
Pereyra et al., 2023).

These networks can be measured through mteraction occurrences (in binary networks)
or frequency of interactions (in weighted networks) (Guimardes Jr., 2020), and can present
modularity, nestedness, specialization, and robustness (Memmott et al., 2004; Blithgen et al.,
2006; Burgos et al, 2007; Silva et al, 2022). Modular networks are formed by closely
connected subgroups of species (modules), and can be linked to other groups through species

that interact beyond ther modules (Mello et al, 2011; Olesen et al, 2007). While nested
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networks form a pattern of interaction in which specialists (the less connected) interact with
species that form perfect subsets of the species with which generalists (the highly connected)
interact (Bascompte and Jordano, 2007). Specialization or generalization of interactions are
commonly characterized as the number of partners and, in general, there are two levels of
specialization measures: first, the characterization of focal species (d’) and, second, the degree
of specialization of an entire interaction network (Hz’) (Blithgen et al, 2006). In flooded
forests, specialist or generalist habits can influence the effectiveness of frugivorous fish in seed
dispersal (Weiss et al, 2023). While generalist species tend to interact with a greater number
of plants than specialist species (Correa et al., 2016), specialist species are fundamental in the
organization and connection of modules within the network (Olesen et al, 2007). Thus, the
diversity of species, both frugivores and plants in the community influences the nestedness and
modularity of seed dispersal networks (Mello et al., 2011a) and, consequently, its vulnerability.

Freshwater environments are especially wvulnerable to species loss (Dudgeon, 2019;
WWEF, 2022), which is a growing problem in tropical ecosystems and has far-reaching
consequences for biotic mteractions (Dirzo and Miranda, 1990; Costa-Pereira et al., 2018). In
the Amazon floodplains, several human impacts (mainly overfishing and deforestation) can
result in population decline or even species loss of frugivorous fish and plants (Tregidgo et al.
2017; Costa-Pereira et al. 2018; Rend et al. 2016; Rend and Novo 2019). The consequences of
the disappearance of large and generalist seed dispersers due to overexploitation or habitat loss,
could cause large secondary extinctions of plant species, with negative consequences for seed
dispersal (Wright, 2003; Correa et al.,, 2016; Costa-Pereira et al.,, 2018) and network robustness
(Albert et al., 2000). Robustness is the resistance of the network to species loss (Bascompte and
Jordano, 2007), where a robust system has a low risk of secondary extinctions (Dunne et al.,
2002). Robustness and modularity can be positively correlated, as a modular structure confers

greater robustness to the network by avoiding a cascade of extinctions (Ramos-Robles et al.,

63



2018; Sheikhali et al., 2020). Thus, a modular structure can provide resilience to environmental
disturbances.

The study of mutualistic networks has focused mainly on the structure of the networks
of mammals and frugivorous birds (Mello et al, 2011a,b; Sarmento et al., 2014; Silva et al.,
2023), and only recently has it focused on networks with frugivorous fish (Correa et al., 2016;
Araujo etal, 2021; Mateus et al., 2022; Pereyra et al., 2023) due to the potential harm that the
loss of frugivorous fish could cause to the diversity of floodable forests (Correa et al., 2007;
Correa et al., 2015a,b; Costa-Pereira and Galetti, 2015; Costa-Pereira et al., 2017, 2018; Costa
et al., 2023). These studies can provide a baseline of how environmental changes influence the
stability and functioning of communities (Bascompte and Olesen, 2015). Thus, knowing the
structure of mutualistic networks is fundamental in order to be able to infer the robustness of
mteractions as a result of changes in the ecosystem (Jordano et al., 2003).

Here, we evaluate the structure (modularity, nestedness, specialization, and robustness)
of the network of seed dispersal by frugivorous fish in an Amazonian floodable forest. We
expect that: a) the binary network has a nested pattern, while the weighted network has a non-
nested structure due to heterogeneity m the frequencies of interaction between species; b)
generalist frugivorous species should constitute the core of the network by dispersing the seeds
of the majority of plant species in the community, while specialist frugivorous species will be
peripheral, dispersing a subset of the species of plants; c) the size of the fish and the seeds is
related to specialization, where larger fish are more generalist, and larger seeds interact with
fewer fish species, and d) that the robustness of the network weakens as the generalist

frugivorous fish are removed.

Materials and Methods

Study area
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This study was conducted in a stretch of flooded forest of the Solimdes River known as
Iha da Paciéncia (03° 18°12" S; 60° 13° 51" W), which is located in Central Amazonia. The
Solimdes River is a typical “varzea” floodplain river, and has white waters, with a pH close to
neutral, and is rich in suspended matter that carries clay minerals and releases nutrients to the
alluvial soils (Irion et al, 2010). The annual rainfall in the region is approximately 2,100
mm/year, with a marked difference between the dry (June/October) and rainy (December/May)

seasons (Parolin, 2000).

Sampling design and collection of fish and seeds

A total of twelve biweekly collections were carried out between the months of April and
July 2022, and February and March 2023, which correspond to the begmning of the rising-
water period and the high-water period in the Solimdes River and the period of greater
production and availability of fruits and seeds (Parolin et al, 2013). The fish were collected
using a set of nine gillnets (with meshes from 24 to 110 mm, 10 m long and between 1.5 to 3.0
m high), which were joined together. Each collection lasted 60 hours, with day and night
sampling and inspections every four hours. For each collection, the nine fishing nets were
placed at a subsequent point (N=12) that was separated by a distance of about 400 meters. The
captured fish were immersed in an anesthetic (eugenol) dissolved in water, and kept in the
solution for up to 10 minutes until the opercular movements ceased. While i the field, the
standard weight and length of the subjects were determined and the digestive tracts (stomach
and intestine) were removed for further analysis in the laboratory. A representative of each
species was labeled and stored in a Styrofoam box and sent to the National Institute for
Amazonian Research (INPA) for confirmation of the identity of the species via the help of
specialists. The analysis of the digestive tract was performed with the aid of a magnifying glass

(10x) in the laboratory. The seeds that were found intact in the digestive tract were quantified
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and identified i the herbarium of the National Institute for Amazonian Research (INPA). The
licenses for fish collection were obtained through the Biodiversity Authorization and
Information System (SISBio; under protocol No. 81822-1/2022) of the Chico Mendes Institute
for Biodiversity Conservation (ICMBio). The research was approved by the Ethics Committee

on the Use of Animals of INPA (CEUA; under number 67/2022).

Morphometry of fish and seeds

The standard length (SL) of the fish was obtained from the tip of the nose to the end of
the caudal peduncle with the aid of a millimeter ruler (0.1 cm precision) and the fish was also
weighed on a precision digital scale (0.01 g precision). The size of the seeds was obtained at
the points of greater width or length of the seeds with the aid of a digital caliper (0.01 mm
precision). For each seed species found in large quantities in the digestive tract, ten seeds were

randomly quantified to obtain an average size.

Network construction and analysis

To construct the networks, we used a binary (presence and absence) and a weighted
(frequency of mteractions) adjacency matrix, with 11 fish species as rows and 49 plant species
as columns, in a bipartite network. Based on this data, we calculated the metrics of modularity
(W and Q), nestedness (NODF and WNODF), specialization (d’ and H2’), and robustness (R).
For specialization and robustness metrics, only weighted data were used.

To access the degree of specialization for fish and plant species, we calculated the d'
ndex (standardized Kullback-Leibler distance) for population and the H>' index (standardized
two-dimensional Shannon entropy) for the community using the specieslevel and networklevel
functions of the bipartite package of R. These indices range from O (lack of specialization) to
1 (high specialization) (Blithgen et al, 2006). To estimate the degree of nestedness, we used

the metrics NODF for the binary network and WNODF for the weighted network (Weighted
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Nestedness based on Overlap and Decreasing Fill), with values ranging from 0 (not nested) to
100 (perfectly nested) (Almeida-Neto et al, 2008; Almeida-Neto and Ulrich, 2011). The
modularity for the binary network was measured with the metric M using the annealing
algorithm via the netcarto function of the rmnetcarto package of R (Stouffer et al, 2023) and,
for the weighted network, we used the Q metric to determine which species are more densely
connected (Newman, 2006) via the QuanBiIMO algorithm (Quantitative Bipartite Modularity
algorithm) using the computeModules function of the bipartite package (Dorman and Strauss,
2014, 2022). The level of modularity ranges from 0 (not modular) to 1 (highly modular). To
determine the importance of fish and plant species for modularity, we evaluated the connectivity
(participation coeflicient) between modules (c) and the degrees within the module (z) using the
czvalues function of the bipartite package (Guimera and Amaral, 2005; Olesen et al, 2007),
with critical values ranging from ¢ < 0.62 to z > 2.5). Species that exceed ¢ and z values are
called ‘“hubs” because they link different modules together, combining high connectivity
between modules and high connectivity within the module (Dormann and Strauss, 2014).
Species can be separated into four subcategories according to c and z values: peripheral (c <
0.62 and z <2.5); connectors (¢> 0.62 and z<2.5); module hubs (¢<0.62 and z>2.5); network
hubs (¢ > 0.62 and z > 2.5) (Guimera and Amaral, 2005; Olesen et al., 2007).

The metrics of Hz', NODF, WNODF, W and Q were compared with a randomized null
model 1,000 times, via the r2dtable function of the bipartite package, which uses the Patefield
algorithm to generate random tables (Dormann et al, 2022). The significance of each metric
was obtained via the null t.test function, and compared the real value of each metric with the
values from randomized networks 1,000 times (Dormann et al., 2022). Nestedness, modularity,
and specialization (H2”) were considered significant when 95% or more of the random networks
in the null model had values lower than those of the original network. To see whether the length

and weight of the fish, and the size of the seeds, influence the structure of the network, we
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performed a regression analysis using the /m function, with the fish and the seeds as the
predictor variable and specialization (d’) as the response variable. We performed the Shapiro -
Wil test to assess the normality of residuals and the Breusch-Pagan test to evaluate the
homogeneity of variance, using the nortest and Imtest packages, respectively. Regression

analysis and calculations of network metrics were performed using the software R.

Robustness of the network to the extinction of frugivores

To calculate the robustness of the network to extinctions (R), we performed removal
simulations for the six fish species that interacted with more plant species (7rachelyopterus
galeatus, Pterodoras granulosus, Triportheus albus, Brycon amazonicus, Mylosoma
albiscopum, Colossoma macropomum), following the method of Memmott et al. (2004), which
calculates the slope of the extinction curve (B), and the method of Burgos et al. (2007), which
calculates the area under the extinction curve (R). In this type of procedure, one of the sides of
the bipartite network is chosen and one vertex is removed at a time (Melo et al., 2011a). First,
we simulated the removal of each of the six fish species, followed by the cumulative removal
of T. galeatus and P. granulosus and, finally, the cumulative removal of 7. galeatus, P.
granulosus and T. albus. R values range from 0 to 1, where R — 1 corresponds to a very robust
system in which most plant species survive even if a large part of the fish species is eliminated,
while R — 0 corresponds to a fragile system in which even if a very small fraction of fish
species is eliminated, most plants lose all their interactions and become extinct (Burgos et al.,
2007). The robustness of the network against extinctions was obtained through 100 repetitions

with the second.extinct function of the bipartite package in R software (R version 4.3.1-2023).

Results

A total of 5,012 intact seeds distributed among 49 species and 33 families were found

in the digestive tracts of 420 specimens of 11 species of frugivorous fish (Figure 1). The most
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abundant fish species were Mylosoma albiscopum (N = 106), Pterodoras granulosus (N = 99),
and Trachelyopterus galeatus (N = 86). The three fish species that consumed the most seed
species were T. galeatus (N = 23), P. granulosus (N = 18), and Triportheus albus (N = 12)
(Table 1). The three most abundant plant species consumed by fish were Cecropia latiloba (N

=2,503), Bothriospora corymbosa (N = 1,277) and Ficus amazonica (N = 792).

Table 1: Species of frugivorous fish that consumed fruits. Number of fish, mean of standard
length (= SL mm) and weight (= W g) of fish and species of seeds consumed.

Fish Total +£SL +£W Plant
Family : : ,
species Fish  (mm) (g) species
Anostomidae Leporinus fasciatus (Bloch, 1794) 1 270 386 1
Rhytiodus microlepis Kner, 1858 14 275  300.7 1

Schizodon fasciatus Spix & Agassiz, 1829 21 217 209 2
Auchenipteridae  Trachelyopterus galeatus (Linnaeus, 1766) 86 154 113.2 23

Bryconidae Brycon amazonicus (Spix & Agassiz, 1829) 18 184  168.3 9
Chalceidae Chalceus erythrurus (Cope, 1870) 18 192  149.6 2
Doradidae Pterodoras granulosus (Valenciennes, 1821) 99 178 2532 18
Serrasalmidae ~ Colossoma macropomum (Cuvier, 1816) 8 210 210.1 6

Myloplus asterias (Miiller & Troschel, 1844) 2 157 179 3

Mpylossoma albiscopum (Cuvier, 1818) 106 144 129 8
Triportheidae Triportheus albus Cope, 1872 47 170 75.3 12

The fish species with the highest rates of specialization (d’) were Myloplus asterias (d’
= 0.826), Leporinus fasciatus (&’ = 0.626), and Colossoma macropomum (d° = 0.590).
Specialization was significant for the network at community level (H2' = 0.406; p < 0.001),
indicating a narrow niche breadth and more specialized seed dispersal

The network presented significantly nested structure (NODF = 29.56; p < 0.001;
WNODF = 11.31; p <0.001), and no random network showed NODF and WNODF values

higher than those observed n our networks. Modularity was significant for the bmary network
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(M =0.26; p < 0.001), though not significant for the weighted network (Q = 0.50; p > 0.05)
(Figure 2).

All plant species were peripheral (¢ <0.62 and z<2.5): Myrciaria dubia was a connector
(c = 0.66, z = -0.18), Quiina rhytidopus (c = 0.52, z = 3.16) and Bactris riparia (c = 0.49, z =
2.55) were module hubs, but no species was network hub. All fish species were peripheral (¢ <
0.62 and z < 2.5) and none of the fish species were considered connectors, module hubs or

network hubs.
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Figure 1. Bnary (left) and weighted (right) bipartite network among frugivorous fish species and

consumed seeds. Fish code: Ba — B. amazonicus, Ce — C. erytrutus, Cm — C. macropomum, Lf — L.

fasciatus, Ma — M. asterias, Mal — M. albiscopum, Pg — P. granulosus, Rm — R. microlepis, Sf—S.

fasciatus, Ta — T. albus, Tg — T. galeatus.
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Figure 2. Binary (left) and weighted modular (right) network structure among frugivorous

fish species and consumed seeds. Fish code: Ba — B. amazonicus, Ce - C. erytrutus, Cm-

C. macropomum, Lt — L. fasciatus, Ma - M. asterias, Mal — M. albiscopum, Pg - P.

granulosus, Rm — R. microlepis, Sf— S. fasciatus, Ta — T. albus, Tg — T. galeatus.
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The length (F =0.1404,df =9, p > 0.716) and weight (F =0.009, df =9, p > 0.924) of
the fish and the size of the seeds (F = 0.004, df = 47, p > 0.947) did not show significant
differences in relation to the specialization indices (d’) (Figure 3). These results indicated that
larger fish do not interact with plant species more than the smaller fish do, and that small seeds

do not interact with fish species more than large seeds do.
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Figure 3. Relationship between length and weight of fish species and size of seeds as a

Fish length (mm) Seed size (mm)

function of specialization (d’).

Robustness of the network against the extinction of frugivores

The frugivory network was relatively robust against extinctions when one species was
removed at a time: 7. galeatus (R = 0.59), P. granulosus (R = 0.62), T. albus (R = 0.67), B.
amazonicus (R =0.69), M. albiscopum (R =0.72), and C. macropomum (R = 0.71) (Figure 4 a-
f), when considering the robustness of the network with the eleven species of fish present (R =
0.76; Figure 4 g). However, the cumulative extinction of only two fish species (7. galeatus and
P. granulosus) makes the network fragile (R = 0.43). With the removal of the three fish species
that interacted with more plant species (7. galeatus, P. granulosus, and T. albus), the network

tends to collapse (R = 0.29; Figure 4 h-i).
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Discussion

Seasonal flooding in floodable areas of the Amazon triggers complex interactions
between fish and plants (Goulding, 1980). Our results showed that three species of fish
(Trachelyopterus galeatus, Pterodoras granulosus, and Triportheus albus) presented a higher
frequency of mteractions with plant species and had a greater contribution to network
nestedness. These species, with the highest number of connections and frequencies of
interactions, are fundamental for maintaining ecosystems functioning and should be the main
focus of conservation efforts (Correa et al., 2016). In our study, the binary network presented a
higher nestedness index than the weighted network, both with a significantly nested structure,
showing that the fish-seed interactions in floodable areas of the Amazon may be resistant to
environmental disturbances (Memmott et al., 2004; Tylianakis et al., 2010). Similar pattern has
found for ichthyochory networks in regions of the Pantanal (Brazl) and the Amazon (Correa et
al, 2016; Araujo et al, 2021; Pereyra et al, 2023). Our network also showed significant
specialization at the community level (H2”), due to many species of fish and plants with few
connections. Some studies have shown that larger individuals tend to be less specialized, in
other words, they are able to interact with more plant species than smaller fish (Galetti et al.,
2008; Correa et al., 2015a; Araujo et al, 2021). However, our results did not show this pattern,
as both the size of the fish and the size ofthe seeds found in the digestive tracts were not related
to specialization (d’). This can be explamed by the tendency for smaller fish to consume
smaller-sized seeds, while larger fish consume larger-sized seeds (Costa et al., 2023, 2024),
thus making the number of interactions between fish of different sizes more similar.

In our study, all the fish and plant species were peripheral. There are different reasons
for why species may be classified as peripherals, including a high degree of specialization and
low abundance (Ramos-Robles et al, 2018). The plant species Myrciaria dubia was a

connector, Quiina rhytidopus and Bactris riparia were module hubs. These species were

75



important in maintaining the robustness of the whole network. In conservationist terms, the
removal of these hubs and connectors within the network leads to the loss and fragmentation of
many compartments and, therefore, a mass extinction of species (Olesen et al., 2007). In this
sense, network size is a characteristic that can influence modularity and nestedness (Bascompte
et al, 2003; Dormann and Strauss, 2013). In seed dispersal networks, the balance between
modularity and nestedness may largely depend on the diversity of available frugivores (Mello
et al, 2011) and the occurrence of fruits and seeds. However, co-occurrence does not mean
occurrence of ecological interactions (Blanchet et al, 2020) since the spatio-temporal
distribution may impose restrictions on interactions (Vazquez et al., 2009), thus affecting the
likelihood of potential interactions (Dattilo et al, 2014). Species that do not overlap either
spatially ortemporally cannot interact, even if they are abundant at a certain point in the fruiting
season (Vazquez et al, 2009). In floodable areas of the Amazon, topographic gradients, to
which different levels of flooding correspond, can impose temporal restrictions on iteractions
between fish and fruits. For example, trees located at higher elevations of the plain, where the
flooding arrives later, begin to bear fruit several months later than trees at lower elevations
(Paroln et al.,, 2010), which reduces niche overlap between frugivorous fish species.
Communities can form distinct modules based on the functional complementarity of
their characteristics (Thompson, 2005). Therefore, the phenotype of the species can affect the
structure of the community, as it influences the outcome of interactions between the species
(Véazquez et al., 2009). For example, morphological characteristics of fish, such as size (Galetti
et al, 2008; Costa-Pereira and Galetti, 2015; Costa et al., 2023) and type of teeth (multicuspid,
molariform and villiform) (Goulding, 1980; Lucas, 2008), can influence the size, quantity and
type of fruit and seed consumed. Plant-frugivore mteractions are considered mutualisms

because fruit consumption by frugivores primarily results in seed dispersal (Schupp et al., 2010;
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Snell et al, 2019). Notwithstanding, frugivores can also act as predators of seeds when seeds
do not survive (Correa et al., 2015a), thus resulting in an antagonistic interaction.

The rewards tend to favor interactions (Gilman et al., 2012). In our study, fleshy fruits
accounted for 69.3% of plant species consumed. Fish can be attracted by the chemical signals
that are released by frut when it falls nto the water, which is an adaptation of fish and fruits
for efficient seed dispersal from the flooded forest (Goulding, 1980), thus the presence of fleshy
fruit can increase the frequency of interactions between the seeds and the fish. The frequency
of interactions between fish and plants also depends on the abundance of fish and fruit produced
in the environment. In our study, three plant species (Cecropia latiloba, Bothriospora
corymbosa, and Ficus amazonica) represented 90% of the abundance of seeds found in the
digestive tracts of fish. These tree species are abundant in floodable areas of the Amazon
(Parolin, 1997; Costa et al., 2023). Interactions involving rare species are less likely to be
observed in the field than those involving abundant species (Dupont et al, 2003). However,
even abundant species occupying the core of a nested network can change geographically since
local communities vary in species composition in relation to regional species assemblages,
which results in different local assemblies of mutualists (Bascompte and Jordano, 2007).

Our network proved itself to be robust against extinctions of fish species when assessed
one species at atime. Considering the removal of 7. galeatus, which mnteracted with 46% of'the
plant species, the network remained relatively robust, which can be explained by the existence
of other fish species that interacted with the same plant species in other modules, thereby
reducing secondary plant extinctions. Modular networks guarantee robustness and allow greater
stability against disturbances, since impacts can be retained in a single module, which cushions
its spread to the others (Thébault and Fontaine, 2010). However, with the cumulative removal
of fish species (7. galeatus, P. granulosus, and T. albus) that nteract with more plant species,

the robustness of the network decreases and tends to collapse. The removal of these three fish

77



species would prevent the dispersal of the seeds of 42% of the tree species in this environment.
Considering that the seeds of many of these species (e.g. Astrocaryum jauari, Bactris riparia,
Nectandra amazonum, and Pouteria caimito) do not have adaptations for dispersal via
hydrochory, the decrease in the abundance i some species of frugivorous fish due to
overexploitation could have serious consequences for the dispersion of many tree species in
Amazonian floodable forests. For example, adult Colossoma macropomum are now rare in
fisheries in this region due to decades of overexploitation of both mature and immature fish
(Isaac and Ruffino, 1996; Tregidgo et al., 2017; Prestes at al., 2022). Nonetheless, this effect
can be mitigated by the vast geographical area of the floodplains of the region (Melack and
Hess, 2010), where the variation in the distribution and composition of tree species and fish
(Wittmann et al., 2010, 2022; Van der Sleen and Albert, 2018; Dagosta and De Pinna, 2019)
could form distinct modules that do not spatially overlap with other modules, thus making this
region more resilient to environmental disturbances.

Finally, our study contributes to abetter understanding of the role of frugivorous fish in
ichthyochory networks in floodable areas of the Amazon. We show a significant nestedness of
the bmary and weighted networks and with a modular pattern. However, contrary to
expectations, all the fish and plant species were peripheral, indicating that even though there
are fish species (generalists) that have mteracted with many plant species, these plants can
mteract with other fish species in the environment, making our network relatively robust when
the frugivores are removed. Considering these aspects, in terms of conservation, seed dispersal
networks can be modified by anthropogenic activities. Among them, the overexploitation of
frugivorous fish stands out (Correa et al., 2015b; Costa-Pereira and Galetti, 2015; Costa-Pereira
et al, 2018), which could have significant effects for the interactions and dispersal of seeds
(Costa-Pereira et al., 2017; Costa et al., 2023); as well as the deforestation of floodable forests

(Reno et al, 2016; René and Novo, 2019), which can reduce the supply of fruits and seeds to
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fish, and the construction of hydroelectric dams that prevent the movement and migration of
frugivorous fish and other species (Castello et al., 2013; Duponchelle et al., 2021), and reduces
the likelihood of interactions between fish and plant species and, consequently, modifies the

structure of dispersal networks in the floodable areas of the Amazon.
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The flooding gradient affects seed dispersal by fruit-eating fishes in Amazonian

whitewater floodplain forests

Abstract

Seed dispersal by fish (ichthyochory) plays a key role in the structure of Amazonian
floodplain forests. The hydrological regime creates broad variability in flooding depth and
duration, and as a result, the tree species richness increases as the flooding depth and duration
decrease. This flooding gradient leads to habitats, such as low varzea (LV) and high varzea
(HV) forests, corresponding to flood durations of 50-230 and < 50 days per year, respectively.
Our study evaluated the fruit consumption by fish and the seed dispersal potential along the
flood gradient. We tested the hypothesis that the role of fish as seed dispersers varies between
LV and HV and that the seed dispersal network is modular and nested. We expect to find a
greater contribution of fish to seed dispersal n LV forests. Based on fish collections from
Paciéncia Island and a literature review, we identified 40 fish species that consumed fruits and
seeds of 188 tree species in Amazon floodplains. Ofthese, 114 tree species were recorded on
Paciéncia Island orin other floristic inventories along the flood gradient in varzea forests. When
we considered only the tree species with distribution restricted to each forest type (LV or HV),
the species richness of fruits and seeds consumed by fish was greater in LV forest. The
ichthyochory network showed a significant nested structure. Although most forest inventories
have found greater tree species richness in the HV, our study highlights the importance of fish

consumption of fruit and seeds in LV forests.

Keywords: Frugivory, frugivorous fish, high véarzea, ichthyochory, low varzea, modularity,

nestedness, seed dispersal networks
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Introduction

Many tropical trees produce fruits and seeds adapted for consumption by animals, and
many tropical animals depend on these foods for at least part of the year (Howe 1984). In
tropical forests, around 50-90% of plant species have their seeds dispersed by animals (Howe
& Smallwood 1982; Fleming et al. 1987). Seed dispersal, animal-mediated (zoochory) or
otherwise, refers to the movement of seeds away from the parent plant (Howe & Smallwood
1982; Janzen 1983; Jordano 2000), and can play a key role in the structure and function of
floodplain forests (Correa at al. 2015) as well as directly affect seed germmation, plant
establishment and gene flow (Traveset 1998; Bartel and Orrock 2021; Costa et al. 2023).

Floodplain forests occupy approximately 15% of the Amazon basin (Melack and Hess
2010). Only i the floodplain forests of the whitewater rivers of the Amazon basin (“varzea”,
sensu Junk et al. 2011), more than 1,000 tree species are found, making it the most species-rich
floodplain forest m the world (Wittmann et al. 2006, 2010a; Householder et al. 2024). These
forests associated with whitewater rivers occupy an extensive area of approximately 450,000
kn? (Wittmann and Junk 2016), and have experienced increases i the mtensity of extreme
flood and drought events (Fleischmann et al. 2023; Espinosa et al. 2024). In Amazonian
floodplains, the hydrological regime is characterized by an annual, predictable, and long-lasting
flood pulse of high amplitude (Junk et al. 1989; Schongart and Junk 2007; Junk and Piedade
2010), where minor topographical variations determme significant differences in depth and
duration of flooding (Junk 1989; Ferreira 1997). Floods can reach between 6-9 min the western
Amazon (Solimdes-Marafion), and between 12-15 m of mean amplitude i the southern
tributaries (Madeira, Purus, Jurud) of the Amazon River (Fassoni-Andrade et al. 2021).
Differences i flood depth and duration determine the timng and duration of flowering and

fruiting of many floodplain tree species (Ferreira 1997; Parolin et al. 2010). That is because the
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flood pulse synchronizes phenological rhythms, especially for flowering and fruit ripening
(Worbes 1997; Schongart et al. 2002).

Within a floodplain forest, trees at higher topographic elevations produce flowers
several months after those at lower topographic elevations (Parolin et al. 2010). Although
flowering may be more prolonged in higher areas, fruiting lasts shorter than at lower
topographies, due to reduced flooding period (Parolin etal. 2002). These two topographic levels
within floodplains leads to habitats, such as low varzea (LV) and high varzea (HV), which differ
in both the depth and duration of flooding and, as aresult, in the floristic structure, composition,
and richness of tree species (Wittmann et al. 2002). In the Central Amazon, LV trees are subject
to an average flood depth ranging from 3.0to 7.5 m, corresponding to a flood duration of 50 to
230 days year!, respectively, while in the HV, the average flood depth is <3 m, with an average
flood duration of < 50 days year! (Wittmann et al. 2002).

Flood depth and duration determine the distribution of tree species along the flood
gradient in Amazonian floodplain forests (Junk 1989; Worbes 1997, Householder et al. 2021).
While most LV tree species have developed adaptations to long periods of flooding (Parolin et
al. 2010), many of them being endemic species (Wittmann et al. 2010a), HV tree species have
developed fewer adaptations to flooding, and the phenology of many of these species can
therefore be triggered by climatic factors unrelated to the annual flooding regime, such as
precipitation and solar radiation (Parolin et al. 2010). As a result, species richness increases
with decreasing flooding depth and duration (Ferreira 1997, Wittmann et al. 2010a). Moreover,
the central Amazonian LV and HV forests share only = 17.5% of their tree species and differ
mn floristic and structural characteristics induced by the hydroperiod (Wittmann et al. 2010a).
For instance, LV forests have an average richness of 56.9 tree species ha-! (with diameter at
breast height — DBH, >10 cm), while HV forests have an average of 100.8 tree species ha!

(Wittmann et al. 20006).
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Adaptations of trees in Amazonian floodplain forests include seed dispersal mechanisms
(Parolin et al. 2013). A critical adaptation for trees to disperse their seeds involves community-
wide synchronicity of fruit maturation with the annual flood pulse (Haugaasen and Peres 2005;
Hawes and Peres 2016). This adaptive strategy enables seed dispersal by water (hydrochory)
and by fish (ichthyochory) (Parolin et al. 2013), since the flood pulse and the flood duration
allow the access and permanence of frugivorous fishes in the flooded forest (Correa et al. 2015).
In the Amazon basin, floodplain forests drive fruit-eating fish diversity (Correa et al. 2025),
with 2,716 known fish species (Dagosta and De Pinna 2019) and at least 103 consume fruits
and seeds from flooded forests (Rodriguez et al. in press). Among these, there is the group of
migratory fish represented mainly by the orders Characiformes and Siluriformes (Goulding
1980, 1983; Mannheimer etal. 2003; Piedade etal. 2006; Correa et al. 2007; Costa et al. 2024a),
most of which are categorized as lateral migrants (Herrera-R et al. 2024). These species range
from small and medmum-sized characms (which feed mamnly on aquatic and terrestrial
invertebrates and occasionally consume fruits and seeds from marginal vegetation) to large
omnivorous catfishes (Doradidae and Pimelodidae) and characins (Serrasalmidae and
Bryconidae) that consume considerable quantities of fruits (Correa et al. 2015; Costa et al.
2023). The teraction between frugivorous fishes and the tree community, form complex
mutualistic networks (Correa et al. 2016; Arayjo et al. 2021; Mateus et al. 2022; Pereyra et al.
2023), which likkely influence natural forest regeneration through dispersal, germination and
establishment properties of many floodplain tree species (Correa et al. 2015; Costa et al. 2023).
Those interactions may have played a significant role in the evolution of both, fishes and
flowering plants (Gottsberger 1978; Correa et al. 2015).

Since the frequency of interactions between fish and plants depends on the abundance
of fish and fruit produced in the environment (Costa et al. 2024b), the LV and HV forests can

impose temporal restrictions on interactions between fish and fruits, due to differences in depth
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and duration of flooding and, consequently, influence the structure of seed dispersal networks.
The structure of complex networks of species interactions is important for the persistence and
stability of the communities (Bascompte & Jordano 2007; Olesen et al. 2007; Mello et al.
2011b), and may present modularity and nestedness (Memmott et al. 2004; Burgos et al. 2007,
Silva et al 2023). Modular structures are formed by subgroups of species (modules) (Olesen et
al. 2007; Mello et al. 2011a), that have many interactions among themselves and very few with
species from other modules (Olesen et al. 2007). Nested structures are formed when specialist
species (the less connected) mteract with species that form perfect subsets of the species with
which generalists (the highly connected) interact (Bascompte & Jordano 2007). Modular and
nested structures increase the network stability and robustness against species loss (Memmott
et al. 2004; Costa et al. 2024b). Because anthropogenic impacts can cause modifications in
aquatic ecosystems (Duponchelle etal 2021; Schongart et al. 2021) and potentially affect seed
dispersal by fish, knowing the structure of mutualistic networks is essential to mnfer about the
vulnerability of these interactions as a result of any changes in the ecosystem (Costa et al.
2024b).

Considering the differences in floristic composition between the low and high varzea,
we characterized fruit consumption by fish and seed dispersal potential along the flood gradient.
We tested the hypothesis that the role of fish as seed dispersers varies between LV and HV and
that the seed dispersal network is modular and nested. We expect to find a greater contribution
of fish to seed dispersal in LV forests, as longer flooding times allow more time for fish-fruit

interactions.

Material and Methods

Study area
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This study was conducted in a stretch of floodplain forest of the Solimdes River known
as Iha da Paciéncia (03°18'12" S; 60°13'51" W), Central Amazonia (Figure 1a). The Solimdes
River supports a typical ‘varzea’ floodplain forest, is influenced by white waters with a pH
close to neutral, which is rich in suspended matter (Irion etal 2010). The annual rainfall in the
region amounts to approximately 2100 mm/year, with a marked difference between the dry
(June/October) and ramy (December/May) seasons (Parolin 2000). The average (+ standard
deviation) of the maximum water level is 28.14 = 1.19 m (June), and the average of the
minimum water level is 16.84 = 2.70 m (November). The absolute maximum water level is 30
m (June), and the lowest recorded is 12.14 m (November). The annual mean amplitude
(difference between the minimum and subsequent maximum water level) between 2020-2024

was 11.3 m (Figure 1b).
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Figure 1. Study area (a) located on Paciéncia Island n the Solimdes River, showing the Low
varzea (LV) and high varzea (HV). Flooding pattern on Paciéncia Island (b), data:
Hidroweb/Brazilian National Water and Sanitation Agency — ANA; fluviometric station code

14990000 (Negro-Amazon confluence).

Field sampling and collection of fish and seeds

A total of 12 biweekly collections were made, with six collections in HV and six in LV,

with each place (HV and LV) separated by a distance of about 1,000 meters. The collections
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were carried out between April and July 2022 and February and March 2023, which correspond
to the beginning of the rising-water period and the high-water period in the Solimdes River, and
the period of greater production and availability of fruits and seeds, respectively (Parolin et al.
2013). Fish were sampled using a set of nine gillnets (with mesh sizes ranging from 24 to
110 mm, 10 m long, 1.5 to 3.0 m high), which were joined together (90 m total length). Each
sampling event lasted 60 h, with day and night sampling and gillnet mspections every 4 h. For
each sampling event, the nine fishing nets were placed at point locations (N = 12) separated by
~ 400 m. Captured fish were euthanized by immersion in an anesthetic (eugenol) solution for
up to 10 minutes until the opercular movements ceased. While in the field, the standard length
and weight of the individuals were recorded, and the digestive tracts (stomach and intestines)
were removed for laboratory analysis of their contents. A representative specimen of each
species was labeled, stored in a Styrofoam box with ice, and sent to the National Institute for
Amazonian Research (INPA) in Manaus, for taxonomic confirmation with the help of
specialists. The digestive tract analysis was performed in the Ilaboratory wusing a
stereomicroscope (10x) in the laboratory. Intact seeds found in the digestive tract were
quantified and identified by comparison with herbarum samples at the National Institute for
Amazonian Research (INPA). Permits for fish collection were obtained through the
Biodiversity Authorization and Information System (SISBio; protocol No. 81822-1/2022) of
the Chico Mendes Institute for Biodiversity Conservation (ICMBio). The INPA’s Ethics

Committee for the Use of Animals in research approved this research (CEUA; #67/2022).

Tree composition along the flood gradient

A floristic survey ofall trees with a diameter at breast height (DBH) > 10 cm (using a
tape measure) was carried out at each topographic level (LV and HV). At each location, three

plots measuring 50 x 100 m (0.5 ha) were set up, separated by a distance of 200 meters. The
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determmation of LV and HV was based on water marks left on the tree trunks (measured with
a hypsometer and tape measure), representing the maximum flood level of the previous year.
Water marks varying between 3 and 7.5 m correspond to the LV, and water marks < 3 m
correspond to the HV (Wittmann et al. 2002). Botanical voucher samples (twigs, leaves, fruits,
and bark) were obtained from tree species in the plots. These samples were placed in plastic
bags and transported to the INPA’s Herbarum for taxonomic identification with the help of a

specialist.

Additional data collection on fruit and seed consumption by fish from the literature

To complement our field data, we compiled information from previous scientific studies
on fruts and seeds of tree species consumed by fish in the Amazon basin, with occurrences
(both fish and plants) in the Solimdes/Amazon rivers. We searched the Web of Science database
(WoS) for scientific articles on seed dispersal by fish. We used the search keyword
“ichthyochory” and set the following filters: (i) only articles published in English and (i) from
1970 to 2024. Our search resulted in a total of 64 scientific studies. Then, we manually checked
each article to exclude works not carried out in the Amazon basin or in which the fruits and
seeds consumed by the fish were not taxonomically identified. This reduced the number of
studies to 24.

To verify the location of occurrence of tree species along the flood gradient, n addition
to our field data, we used data from floristic inventories in whitewater flooded forests of the
Japura and Solimdes/Amazon rivers, available i published books and articles (Ayres 2006;
Assis and Wittmann 2011; Cattanio et al. 2002; Junk 1989; Lobo 2017; Paroln et al. 2010;
Souza 2023; Wittmann et al. 2002; Wittmann et al. 2004; Wittmann et al. 2006; Wittmann et
al. 2009; Wittmann et al. 2010b; Wittmann et al. 2012). The validity of the scientific name for

the fish species was verifitd in  the Eschmeyer's Catalog of Fishes
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(http//researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp) and for
the tree species i the Global Biodiversity Information Facility - GBIF
(https//'www. gbiforg/species/6). We used only those records with a full scientific name for
frut species consumed by fish and for tree species recorded in floristic inventories. Species
containing only the taxonomic genus or with a scientific name to be confrmed (e.g. “cf”) were

not included in our study.

Data analysis

We performed a permutation t-test (with 9999 permutations) to assess differences
between the species richness of fruits consumed by fish between LV and HV, with the
perm.t.test function using the MKinfer package of R. Boxplots were generated with the ggplot
function in the ggpubr package. We used a binary (presence/absence) and weighted interaction
matrix, with 114 plant species (rows) and 40 fish species (columns), to construct bipartite
networks, using the function plotweb of the bipartite package. Bipartite networks are important
analytical tools for identifying which frugivores are most important for mamtaining the
structure of seed dispersal networks (Mello et al. 2011; Costa et al. 2024) and for quantifying
and comparing network patterns statistically (Bascompte & Jordano 2007).

Network modularity analysis partitions large networks into distinct communities by
optimizing subunit organization (Blondel et al. 2008). Using seeds and fruit species occurrence
per fish species, we calculated modularity (Q) scores ranging from 0 to 1, where higher values
indicate a stronger modular structure. The analysis was implemented using the mod function
from the bipartite package in R. We set the method to implement the default Beckett algorithm,
which automatically detects binary networks and applies the LPAb+ algorithm (Beckett 2016).
Following Schleuning et al. (2014), we ran the mod function five times to obtain Q mean +/-

Sd. To test significance, we compared observed modularity against two complementary null
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models, each run 1,000 times. Patefield's algorithm (Patefield 1981) creates generalized
networks allowing random species interactions while preserving the orignal number of
interactions per species. Vazquez's algorithm (Vazquez etal 2007) constrains networks by the
proportion of realized links from the orignal network but does not retain original mnteraction
counts. This dual approach tests whether observed modularity exceeds expectations from both
randomized and structurally constrained networks. Statistical significance was determined
using z-scores (z = (Qobserved — mean (Qnurr)) / SD (Qnurr)); absolute Z-score values > 2
indicated significant modularity beyond random chance (Dormann and Strauss 2014).

To estimate the degree of nestedness of the biary network, we used the NODF
(Nestedness based on Overlap and Decreasing Fill) metric, which ranges from 0 (not nested) to
100 (perfectly nested) (Almeida-Neto et al, 2008; Almeida-Neto & Ulrich, 2011). The NODF
was compared with a randomized null model 1000 times, via the r2dtable function of the
bipartite package, which uses the Patefield algorithm to generate random contingency tables
(Dormann et al. 2022). The significance of each network metric was further assessed using the
null.t.test function, the real value of each metric was compared with the values from randomized
networks 100 times (based on the Patefield algorithm; Dormann et al. 2022). Modularity and
nestedness were considered significant when 95% or more of the random networks in the null
model had values lower than those of the original network. To plot bipartite network graphs,
we used the plotModuleWeb and visweb functions of the bipartite package. All statistical

analyses were performed using the R platform (R version 4.3.1-2023).

Results

Our field collections yielded a total of 5,012 intact seeds from 49 tree morphotypes (34
were identified to the species level and the remaming 15 to the genus level), representing 33
tree families found in the digestive tracts of 241 frugivorous fish of 11 species. In our floristic

mventories in the LV, we identified 22 tree species whose seeds are consumed by fish, whereas
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in the HV we identified only 13 tree species. Based on our fish collections on Paciéncia Island
and through our literature review, we found a total of 40 fish species that consumed fruits and
seeds of 188 tree species. Of these, 114 tree species were recorded on Paciéncia Island or in
other floristic inventories along the flood gradient in varzea floodplain forests (Appendix 1).
Of'these tree species, 90 (57%) occurred in LV and 68 (43%) n HV, with 46 tree species (40%)
exclusive to the LV, 44 species (39%) occurring in both habitats, and only 24 species (21%)
exclusive to HV. The interaction networks between frugivorous fish and low and high véarzea
tree species (Figure 2), revealed that a few fish species consumed most fruit and seed species,
including Colossoma macropomum (N = 78 species, 38%), Piaractus brachypomus (N = 36
species, 18%) and Mpylossoma albiscopum (N = 20 species, 10%), all belonging to the
Serrasalmidae family. The other fish species in the network (N = 37) consumed 34% (N = 70
species) of the fruit and seed species.

Although fish consumed most fruits and seeds from tree species occurring in LV, the
species richness of fruits and seeds consumed by fish did not vary between LV and HV (t = -
1.039,df =72, p=0.322; Fig. 2a). Yet, when we considered only the tree species with restricted
distribution to each forest type (LV or HV), the species richness of fruits and seeds consumed
by fish was significantly higher in LV (t =-2.170, df =47, p = 0.015; Fig. 2b). Although the
network is not significantly modular (mean observed Q=0.44 + 0.03, z scorepat = 0.25, null
ClpaT 2.5 and 97.5% = 0.43 — 0.47; z scorevaz = 3.95, null Clvaz 2.5 and 97.5% = 0.41-0.44;
Fig. 3a), it presentes a nested structure (mean observed NODF =36.38, null Clpar 2.5 and
97.5% = 20.49-21.03; Fig. 3b). No random network showed nestedness values higher than

those observed in our networks.
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Figure 2: Network (binary) onthe left showing the tree fruits and seeds consumed by each fish

species, and on the right (weighted), showing the origin along the flood gradient of tree fruits

and seeds consumed by fish in Amazonian floodplain forests: (a) all tree species recorded per

flooded habitat, and (b) tree species with distribution restricted to each habitat (LV - Low

Varzea and HV - High Vérzea).
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Discussion

This study presents the largest seed dispersal network for floodplain forests published
to date. In addition, it demonstrates the relevance of flood depth and duration in shaping forest
structure, species composition and richness, and consequently potential fish-fruit interactions.
This is relevant as the flooding regime of tropical rivers worldwide, including those in the
Amazon basin, is increasingly affected by global change. Our results indicate that fish species
consume a larger proportion of seeds from trees species that grow in higher and longer flooded
LV. Many factors may cause a higher frequency of interaction between fish and plants restricted
to LV, despite lower tree species richness compared to HV. Spatio-temporal variations in
resource distribution can affect the probability of interactions (Vazquez et al. 2009; Dattilo et
al. 2014). Thus, a significant factor influencing fish-fruit interactions could be the longer
flooding time experienced by tree species distributed in LV, with an average of 50 to 230 days
year!, compared to > 50 days year! for HV (Wittmann et al. 2002). After falling into the water,
the fruits and seeds of many LV trees remain floating or submerged for extended periods
without compromising seed germmation viability (Lucas 2008). Some propagules may float for
at least 2 months (Kubitzki 1985), increasing the likelihood of mteractions with fish and
dispersal through water and over long distances (Goulding 1983; Ziburski 1991).

Some tree species distributed in both habitats may present differences in the onset and
average duration of flowering and fruiting (Ferreira 1998). For example, some tree species at
lower elevations have longer flowering and fruiting period and this is better synchronized with
higher nundation levels than individuals of the same species located at higher elevations within
the same floodplain forest (Ferreira and Parolin 1997). To some extent, this may explain the
large proportion of tree species whose seeds were ingested by fish shared between the low and
high varzeas (39%), despite the relatively low number of shared tree species between both

habitats (~17%), as demonstrated through floristic inventories (Wittmann et al. 2004; Wittmann
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et al. 2010a; Householder et al. 2024). In general, floristic mnventories carried out in flooded
forests use abundance based indices (e.g. relative importance index) to quantify the importance
of a given species across flood levels (Wittmann et al. 2006; Assis and Wittmann 2011).
However, many tree species distributed across both habitats (low and high) exhibit different
abundances at different locations along the gradient. For example, 76% of the individuals of
Garcinia brasiliensis (Clusiaceae), 95% of the individuals of Mabea nitida (Euphorbiaceae),
88% of the individuals of Pseudobombax munguba (Malvaceae), and 89% of the individuals of
Symmeria paniculata (Polygonaceae), among others, were found to occur in the LV (Assis and
Wittmann 2011; Wittmann et al. 2012). Some fish species in our study ingested seeds of these
species. Given the uneven distribution of tree individuals along the flooding gradient, many of
these seeds are more likely to have been produced by individuals growing in LV.

Many tree species found mainly in the Amazonian floodplains also occur in adjacent
‘terra firme’ (upland) forests, and many species typical of ‘terra firme’ environments can be
found, at least sporadically, in floodplain forests (Wittmann et al. 2012). Thus, tree species can
be classified as floodplain specialists, generalists or ‘terra firme’ specialists (Householder et al.
2024). In our study, of the 114 species of fruits and seeds recorded i fish, 67 (59%) are
floodplain specialists, which are species with the most sophisticated adaptations to tolerate long
floods, many of them being endemic to floodplains of Amazonian white waters (Wittmann et
al. 2012; Householder et al. 2024). The endemism of many of these tree species (e.g
Astrocaryum jauari, Piranhea trifoliata, Simaba multiflora, Symmeria paniculata, Tabebuia
barbata) consumed by fish in varzea areas may have contributed to the evolution of mutualism
with frugivorous fish (e.g. Correa et al. 2018).

The evolutionary adaptations are also likely to nfluence fish-fruit interactions strength.
Amazonian fish have evolved over tens of millions of years in flood pulse systems (Lundberg

et al. 2010), where many, such as Colossoma macropomum and Piaractus brachypomus, are
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endemic to the Amazon and Orinoco basins and are considered important seed dispersal agents
in flooded forests (Anderson et al. 2009). In our study, these two serrasalmids interacted with
most of the plant species, consuming seeds mainly from tree species in the LV. Because they
are specialist frugivores (Rodriguez et al. in press), they are adapted to exploit resources within
the flooded forest, with their dentition adapted to break hard-shelled seeds (Goulding 1980).
The fossil record of Serrasalmidae, which dates back to the Cretaceous-Paleocene, reveals
dentition patterns similar to those of living taxa, suggesting that the diversification of trophic
ecology occurred early in the evolution of serrasalmids (Kolmann et al. 2021). Considering that
mutualistic interactions between frugivorous fish and tropical plants date back to the Late
Cretaceous (~70 Ma) in South America (Thompson et al. 2014; Correa et al. 2015) and that
before the establishment of the Amazon River (c. 11 Ma), the Amazon region already contained
monomodal flood pulses (Hoomn et al. 1995; Figuereido et al. 2009), it is possible that due to
the longer time and height of flooding mn lower topographies (Wittmann et al. 2002), these two
species had more time to coevolve with tree species adapted to long-lasting inundations.
Seasonal floods in Amazonian floodplain forests affect the tree community along the
flood gradient (Assis and Wittmann 2011; Wittmann et al. 2012), influencing the quantity and
quality of food available within food webs (Junk 1980). As the position ofa tree along the flood
gradient can influence fruit production and availability (Ferreira 1998; Ferreira and Parolin
1997), the flood pulse plays a significant role n the reproduction and feeding strategies of the
ichthyofauna (Bailly et al. 2008; Barbosa et al. 2018). Thus, the reproductive cycles and feeding
plasticity of fish species may be important factors influencing their interaction with the tree
flora. For example, fish species that migrate into flooded forests mainly at the beginning of the
flooding season will have greater interaction with trees that grow on lower positions along the
gradient, while fish species that occur mainly at the end of the flooding season or that enter the

flooded forests later at the peak of the flood, may consume more seeds that originate from later
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and shorter flooded HV trees. In our study, we found many fish species ingesting seeds of a
few plant species in therr diet, which may result from low feeding specialization on fruits, an
opportunistic strategy in which fish consume the most abundant fiuit species (Horn et al. 2011),
or a preference for those that taste better and provide more nutrients. Due to the ontogenetic,
spatial, and individual changes in diet, combined with a vast repertoire of feeding tactics
common to fish species (Abelha et al. 2001), it is challenging to recognize the relationships
between fish and tree species along the flooding gradient.

The flood pulse in the Amazon floodplains is one of the main factors that influence the
existence, productivity, and interactions among plants and animals (Junk et al. 1989). As a
result, changes in the timing and predictability of floods can affect the evolutionary adaptations
of both taxa (Lytle and Poff 2004). Currently, one of the main threats to flood regimes in the
Amazon basin is climate change (Schongart et al. 2024), and the construction of hydroelectric
dams (Wmemiller etal 2016; Latrubesse etal. 2017; Timpe and Kaplan 2017; Anderson et al.
2018). Hydroelectric dams have changed the flow regime, especially the frequency and
mtensity of high and low pulses (Correa et al. 2022), significantly increasing the annual
mmimum levels and decreasing the annual amplitude in floodable areas downstream of the dam
(Assahira et al. 2017). These abrupt changes in the hydrological regime can cause massive
mortality of tree species and seedlings i the lower floodplain topographies due to several
consecutive years of flooding along river stretches of up to 120 km downstream the dams
(Assahira et al. 2017; Resende et al. 2019; Rocha et al. 2020). Similarly, flow regime regulation
can reduce maximum water levels and affect higher floodplain topographies (Schongart et al.
2021). Such changes could reduce the availability of fruits and seeds of tree species at higher
elevations, such as those in the HV, and potentially affect the consumption and seed dispersal
of these species by frugivorous fish. These interactions can also be influenced by changes in

the hydrological cycle in different years, due to the ntensification of extreme drought and flood
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events recently observed in the Amazon basin (Barichivich et al. 2018; Fleischmann et al. 2023;
Espinosa et al. 2024; Schongart et al. 2024). For example, in years with records of extreme
floods, the fruits and seeds of trees species in the HV may remain available for fish for longer
time, while in years in which the HV does not flood, the availability of fruits and seeds for fish
may decrease.

Our analysis of the seed dispersal network revealed a significantly nested structure
across LV and HV forests. In flooded forests, nteractions between fish and plants often have a
nested structure, in which a few frugivore species consume fruits and seeds of many plant
species while most other frugivores consume less (Correa et al. 2016; Costa et al. 2024b). The
lack of modularity is not surprising, given that the three fish species (C. macropomum, P.
brachypomus, and M. albiscopum) that consume the fruits of most species are distributed across
both LV and HV (see figure 2). Nevertheless, the observed nested pattern indicates that the
mutualistic network between fish and flooded forests is generally robust to random species
extinctions (Memmott et al. 2004; Pocock et al. 2012), although potentially susceptible to
species loss, particularly ofthe most specialized fish (Araujo etal. 2021). In Amazonian aquatic
environments, a myriad of perturbations produced by human activities, such as climate change
(extreme drought and flood events), hydroelectric dams (Barichivich et al. 2018; Flecker et al.
2022; Schongart et al. 2024), water pollution through mining and/or domestic and industrial
wastewaters (Wittmann et al. 2015), and large scale deforestation and selective logging of fruit-
producing trees in floodplain forests (Reno et al. 2016; Rendé & Novo 2019), can lead to local
extinction or severe reductions in the abundance of species along the flood gradient (Costello
et al. 2016; Duponchelle et al. 2021) hence altering the structure of seed dispersal networks.

In our study, we found 188 tree species whose seeds were ingested by fish, and for 40%
of them, we were unable to determine the occurrence position along the flood gradient. Given

the extent of the Amazonian floodplains, significant geographic gaps in floristic knowledge
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remain, including the Amazon/Solimdes River, particularly along the main tributaries, such as
the Madeira, Purus, and Jurua Rivers (Hopkins 2007). In addition, limitations in the complete
taxonomic identification of tree species that occur along the flood gradient and the fruits and
seeds consumed by fish make it difficult to carry out a more comprehensive analysis of the seed
dispersal network in Amazonian floodplains. Although challenging, these floristic mnventories
are essential for generating detailed information on the complex spatial distribution of many of
these species, which is still limited (Prance 1994; Cardoso et al. 2017).

Our results have important implications for the conservation of floodplain forests and
frugivorous fish, as they indicate that changes i river flooding regimes caused by damming or
climate change have the potential to negatively impact floodplain forests adapted to low and
high varzeas and, consequently, the seed dispersal by frugivorous fish, which plays an important
role in the recolonization and regeneration of these forests (Correa et al. 2015). Although most
forest mventories have found greater tree richness in the HV (Assis and Wittmann 2011;
Wittmann et al. 2012), our study highlights the importance of LV forests for ichthyochory and

food webs.
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Appendix S1: Tree seed species consumed by different fish species (*) in distinct locations in the Amazon basin, and location of occurrence

of tree species (**) in the flood gradient (Low Varzea - LV and High Varzea - HV), according to floristic mventories carried out in the Japura

and Solimdes-Amazonas Rivers: Ayres 2006 (1); Assis and Wittmann 2011 (2); Cattanio et al. 2002 (3); Junk 1989 (4); Lobo 2017 (5);

Parolin et al. 2010 (6); Souza 2023 (7); Wittmann et al. 2002 (8); Wittmann et al. 2004 (9); Wittmann et al. 2006 (10); Wittmann et al. 2009

(11); Wittmann et al. 2010b (12); Wittmann et al. 2012 (13); Our field collections (14).

Fish species™ Plant species® LvV** HV** *References **References

Colossoma macropomum Duroia duckei X Anderson et al. 2009 2,12, 13
Bactris maraja X X Anderson et al. 2009 13
Leonia glycycarpa X X Anderson et al. 2009 13
Crateva tapia X Our field collections 9,10, 14
Garcinia brasiliensis X X Lucas 2008 2,13, 14
Mouriri acutiflora X X Lucas 2008 2,13
Cordia tetrandra X X Lucas 2008 13
Coccoloba ovata X Lucas 2008 4,13
Nectandra amazonum X Lucas 2008 2,8,9,10,12, 13, 14
Simaba orinocensis X Lucas 2008 5
Ficus insipida X Lucas 2008 11
Vitex cymosa X Lucas 2008 8,9,10,13, 14
Senna reticulata X Lucas 2008 6,13, 14
Casearia aculeata X X Lucas 2008 1,12, 13
Astrocaryum jauari X X Our field collections 12,13, 14
Cecropia latiloba X Our field collections 2,8,12,13, 14
Cecropia membranacea X X Luque and Pinilla 2019 12,13
Pseudobombax munguba X X Silva et al. 2003a 2,8,9,10,12, 13, 14
Hevea spruceana X X Silva et al. 2003a 2,8,10,13, 14
Spondias mombin X Silva et al. 2003b 13
Annona hypoglauca X X Silva et al. 2003b 2,9,12,13
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Unonopsis matthewsii
Bactris riparia

Euterpe precatoria
Euterpe oleracea
Iriartella setigera
Mauritia flexuosa
Maximiliana maripa
Oenocarpus bacaba

llex inundata

Crescentia amazonica
Tabebuia barbata
Sorocea duckei

Licania apetala
Buchenavia macrophylla
Hevea brasiliensis
Mabea caudata
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Piranhea trifoliata
Ocotea cymbarum
Couroupita guianensis
Eschweilera ovalifolia
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Mora paraensis

Cassia leiandra

Crudia amazonica
Swartzia laevicarpa
Parkia discolor
Pithecellobium inaequale

MR XX

RO R X XX

R R oo R ool o RNl i

XK KX} X

XK X XK XX XXX X

Silva

Our field collections

Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva

Our field collections

Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva
Silva

etal 2003b

etal. 2003b
etal. 2003b
et al. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
et al. 2003b

et al. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
et al. 2003b
etal. 2003b
et al. 2003b
et al. 2003b
et al. 2003b
et al. 2003b
etal. 2003b
et al. 2003b

13

12,13, 14
12

10, 13

13

12,13

13

13

12,13, 14
8,12, 13, 14

2,8,9,10,12,13, 14

2,6,12,13, 14

12,13

13
12,13, 14
1,13

2,8,9,10,12,13
10,12, 13, 14

2,10,12,13
13
6,12,13,14

AN N~

6
L 12,13, 14
.13

6,13

12, 13

12, 13

6

6,6

6

,6,8,9,10,12,13,14

126



Brycon amazonicus

Byrsonima amazonica
Carapa guianensis
Virola surinamensis
Eugenia lambertina
Myrcia fallax
Myrciaria dubia
Psidium acutangulum
Symmeria paniculata
Bothriospora corymbosa
Duroia genipoides
Genipa americana
Randia armata
Elaeoluma glabrescens
Pouteria gomphiifolia
Pouteria glomerata
Simaba guianensis
Alchornea discolor
Simaba multiflora
Eugenia inundata

Alchornea schomburgkiana

Margaritaria nobilis
Handroanthus barbatus
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Attalea maripa
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Trachelyopterus galeatus
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Guatteria inundata
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Astrocaryum jauari
Bactris riparia

Ormosia excelsa
Brosimum parinarioides
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Quiina rhytidopus
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Zungaro zungaro Astrocaryum jauari X X Piedade atal. 2006 12,13, 14
Rhamdia schomburgkii Astrocaryum jauari X X Piedade at al. 2006 12,13, 14
Megalodoras uranoscopus Astrocaryum jauari X X Piedade at al. 2006 12,13, 14
Oxydoras niger Astrocaryum jauari X X Piedade atal. 2006 12,13, 14
Brycon sp. Pouteria glomerata X Pereyra et al. 2023 6,12,13, 14
Euterpe oleracea X X Pereyra et al. 2023 10, 13
Carapa guianensis X X Pereyra et al. 2023 13
Mauritia flexuosa X Pereyra et al. 2023 12,13
Spondias mombin X Pereyra etal 2023 13
Handroanthus barbatus X Pereyra et al. 2023 5
Mauritiella armata X Pereyra et al. 2023 7
Margaritaria nobilis X Pereyra etal 2023 13
Eschweilera tenuifolia X Pereyra et al. 2023 6
Pouteria elegans X X Pereyra et al. 2023 2,9,10, 13
Attalea maripa X Pereyra etal 2023 5
Astrocaryum jauari X X Pereyra et al. 2023 12,13, 14
Genipa americana X X Pereyra et al. 2023 2,4,10,12,13, 14
Bactris maraja X X Pereyra etal 2023 13
Handroanthus serratifolius X Pereyra et al. 2023 5
Couepia paraensis X Pereyra et al. 2023 2,13
Hevea brasiliensis X Pereyra et al. 2023 12,13, 14
Cordia scabrifolia X Pereyra et al. 2023 13
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CONSIDERACOES FINAIS E PERSPECTIVAS

Nesta Tese, investigamos alguns fatores que podem influenciar adispersdo de sementes
pelos peixes (ictiochoria) em florestas de varzea da Amazonia Central, incluindo a viabilidade
e velocidade de germinacdo das sementes apoOs passagem pelo trato digestorio dos peixes e a
relacdo entre o tamanho dos peixes e o tamanho das sementes encontradas nos seus tratos
digestorios (capitulo 1); a estrutura e vulnerabilidade (modularidade, aninhamento,
especializacdo e robustez) da rede de dispersao de sementes (capitulo 2); e a nfluéncia do
gradiente de inundagdo (varzea baixa e varzea alta) na dispersdo de sementes pelos peixes e na
estrutura da rede de dispersdao (capitulo 3). Para alcancar esses objetivos, realizamos coletas de
peixes e plantas (inventario floristico) em campo e complementamos essas nformagdes com
dados obtidos da literatura cientifica, tanto para peixes consumidores de sementes, quanto para
espécies arboreas de florestas de varzea da Amazdnia.

Finalizamos esta Tese com algumas perspectivas para futuros estudos relacionados as
mteragdes entre peixes e plantas em areas alagaveis da Amazonia:

No primeiro capitulo, investigamos a efetividade da dispersdo de sementes pelos peixes,
onde encontramos que o comprimento € o peso dos peixes frugivoros estavam positivamente
relacionados ao tamanho das sementes no trato digestério, ou seja, peixes maiores possuem
uma maior efetividade em dispersar sementes de maior tamanho. Esse ¢ um importante
resultado, porque indica que a remogao de peixes de maior porte dos ecossistemas podera ter
consequéncias para a dispersdo das sementes de algumas espécies de arvores das varzeas
amazonicas, e podem servir de base para estratégias de manejo e planos de conservagdo dessas
espécies. Quanto a passagem das sementes das diferentes espécies de plantas pelo trato
digestério dos peixes, ndo observamos aumento significativo na velocidade de germinagao.
Contudo, destacamos a importancia dos estudos de viabilidade e germinacdo para se avaliar a
efetividade da dispersdo, principalmente quando associados a outros métodos para se
determinar a viabilidade, como os testes com tetrazolio (WEISS et al, 2023), fornecendo
informagdes mais precisas sobre a efetividade da dispersao.

No segundo capitulo, avaliamos a estrutura e vulnerabilidade (modularidade,
aninhamento, especializacdo e robustez) da rede de dispersdo de sementes, onde observamos
um padrdo aninhado e modular. Estudos sobre redes ecologicas sao especialmente suscetiveis
aefeitos de amostragem (NIELSEN & BASCOMPTE, 2007), onde tanto o nimero e o tamanho

dos modulos quanto o aninhamento aumentam com o numero de espécies (BASCOMPTE et
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al., 2003; OLESEN et al, 2007). Considerando que o padrio de distrbuicdo de riqueza e
abundancia de peixes frugivoros pode variar consideravelmente entre as diferentes sub-bacias
amazonicas (CORREA etal., 2025), estimativas robustas do nimero real de interacdes em redes
ecoldgicas diversificadas exigem um esforco de amostragem adequado (JORDANO, 2016). Por
isso, futuros estudos devem considerar a influéncia do esforgo amostral e a possibilidade de
amostragem em florestas alagaveis de rios com diferentes tipologias de agua (aguas brancas,
pretas e claras) e em diferentes anos, pois no caso das florestas alagaveis, existem espécies que
ndo produzem frutos anualmente (AYRES, 1993; GRIBEL etal., 1999; PAROLIN etal., 2010),
sendo necessarios estudos de longo prazo para se compreender de forma mais realista a
dimensdo das redes de ictiocoria em dareas alagdveis. Embora o nventirio completo de
interacdes seja provavelmente impossivel, uma caracterizagdo robusta de seus principais
padrdes e métricas ¢ provavelmente realista (JORDANO, 2016).

No terceiro capitulo, avaliamos o consumo de frutos por peixes e o potencial de
dispersdo de sementes ao longo do gradiente de nundagdo (varzea baixa e varzea alta), e
verificamos que a riqueza de espécies de frutos e sementes consumidos pelos peixes foi
significativamente maior na floresta varzea baixa, quando consideradas apenas as espécies de
arvores com distribuicdo restrita a cada gradiente. Ao considerarmos a grande quantidade de
usinas hidrelétricas em opera¢do ou em planejamento na regido amazonica (FLECKER et al,
2022), que tem o potencial de afetar os regimes de mundacdo ajusante e, consequentemente as
florestas alagaveis ao longo dos gradientes (ASSAHIRA et al, 2017; RESENDE et al,, 2019;
ROCHA et al,, 2020), recomendamos que futuros estudos sobre dispersdo de sementes sejam
realizados antes a apoOs a implantagdo desses empreendimentos, levando em consideragdo seus
potenciais efeitos na estrutura das redes de dispersdo de sementes por peixes. De forma
semelhante, entender como as mudancas climaticas, que tém causado eventos de secas e cheias
extremas na bacia amazonica (SCHONGART et al, 2024), afetam as florestas alagiveis ao
longo do gradiente de inundacdo serd de grande relevancia para se compreender seus efeitos

sobre a ictiocoria.
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ANEXOS
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