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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 < 50daysyear~!, 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 in 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. Of these, 114 tree species were recorded on Paciéncia
Island or in 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.

RESUMO

A dispersdo de sementes por peixes (ictiocoria) é fundamental para a estrutura das florestas alagaveis amazonicas. O regime
hidroldgico cria grande variabilidade na profundidade e duracdo das inundacdes, onde a riqueza de arvores aumenta com
a diminuicao da profundidade e duracdo das inundacoes. Esse gradiente de inundacao leva a habitats, como as florestas de
varzea baixa (VB) e varzea alta (VA), correspondendo a periodos de inundacdo de 50-230 e <50 dias por ano, respectivamente.
Avaliamos o consumo de frutos pelos peixes e a potencial dispersao de sementes ao longo do gradiente de inundacao. Testamos
a hipotese de que o papel dos peixes como dispersores varia entre VB e VA, e que a rede de dispersdo ¢ modular e aninhada.
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Esperamos encontrar maior contribui¢do dos peixes para a dispersao nas florestas de VB. Com base em coletas de peixes na Ilha

da Paciéncia e em uma revisdo da literatura, identificamos 40 espécies de peixes que consumiram frutos de 188 espécies arboreas

nas varzeas amazonicas. Destas, 114 espécies foram registradas na Ilha da Paciéncia ou em outros inventarios floristicos ao longo

do gradiente de inundacao na varzea. Considerando apenas as espécies arboéreas com distribuicao restrita a cada tipo de floresta
(VB ou VA), a riqueza de espécies de frutos consumidos foi maior na floresta de VB. A rede de ictiocoria apresentou estrutura

aninhada significativa. Embora a maioria dos inventdrios floristicos tenha encontrado maior riqueza de arvores na VA, destaca-

mos a importancia do consumo de frutos pelos peixes nas florestas de VB.

1 | Introduction

Many tropical trees produce fruits and seeds adapted for con-
sumption by animals, and many tropical animals depend on
these foods for at least part of the year (Howe 1984). In tropi-
cal forests, around 50%-90% of plant species have their seeds
dispersed by animals (Howe and 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 and Smallwood 1982; Janzen 1983;
Jordano 2000), and can play a key role in the structure and
function of floodplain forests (Correa et al. 2015) as well as
directly affect seed germination, plant establishment and
gene flow (Traveset 1998; Bartel and Orrock 2022; Costa
et al. 2023).

Floodplain forests occupy approximately 15% of the Amazon
basin (Melack and Hess 2010). Only in the floodplain for-
ests of the whitewater rivers of the Amazon basin (“varzea,”
sensu Junk et al. 2011), more than 1000 tree species found,
making it the most species-rich floodplain forest in the world
(Wittmann et al. 2006; Wittmann, Schéngart, and Junk 2010;
Householder et al. 2024). These forests associated with
whitewater rivers occupy an extensive area of approximately
450,000 km? (Wittmann and Junk 2016) and have experienced
increases in the intensity of extreme flood and drought events
(Fleischmann et al. 2023; Espinoza et al. 2024). In Amazonian
floodplains, the hydrological regime is characterized by an
annual, predictable, and long-lasting flood pulse of high am-
plitude (Junk et al. 1989; Schongart and Junk 2007; Junk and
Piedade 2010), where minor topographical variations deter-
mine significant differences in depth and duration of flooding
(Junk 1989; Ferreira 1997). Floods can reach between 6 and
9m in the western Amazon (Solimdes-Marafion) and between
12 and 15m of mean amplitude in the southern tributar-
ies (Madeira, Purus, Jurud) of the Amazon River (Fassoni-
Andrade et al. 2021). Differences in flood depth and duration
determine the timing and duration of flowering and fruit-
ing of many floodplain tree species (Ferreira 1997; Parolin
et al. 2010). That is because the flood pulse synchronizes phe-
nological rhythms, especially for flowering and fruit ripening
(Worbes 1997; Schongart et al. 2002).

Within a floodplain forest, trees at higher topographic eleva-
tions produce flowers several months after those at lower topo-
graphic 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 et al. 2002). These two topographic levels within
floodplains lead to habitats, such as low varzea (LV) and high

varzea (HV), which differ in both the depth and duration of
flooding and, as a result, in the floristic structure, composi-
tion, and richness of tree species (Wittmann et al. 2002). In
the Central Amazon, LV trees are subject to an average flood
depth ranging from 3.0 to 7.5m, corresponding to a flood du-
ration of 50-230daysyear™!, respectively, while in the HV, the
average flood depth is <3 m, with an average flood duration of
<50daysyear~! (Wittmann et al. 2002).

Flood depth and duration determine the distribution of tree spe-
cies 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 are endemic species (Wittmann,
Schongart, and Junk 2010). HV tree species have developed fewer
adaptations to flooding, and the phenology of many of these spe-
cies 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,
Schongart, and Junk 2010). Moreover, the central Amazonian LV
and HYV forests share only 17.5% of their tree species and differ in
floristic and structural characteristics induced by the hydroperiod
(Wittmann, Schongart, and Junk 2010). For instance, LV forests
have an average richness of 56.9 tree species ha™! (with diameter
atbreast height—DBH, >10cm), while HV forests have an average
of 100.8 tree species ha™! (Wittmann et al. 2006).

Adaptations of trees in Amazonian floodplain forests include
seed dispersal mechanisms (Parolin et al. 2013). A critical ad-
aptation 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 2716 known fish species
(Dagosta and De Pinna 2019) and at least 93 consume fruits
and seeds from flooded forests (Correa 2012). Among these,
there is the group of migratory fish represented mainly by the
orders Characiformes and Siluriformes (Goulding 1980, 1983;
Mannheimer et al. 2003; Piedade et al. 2006; Correa et al. 2007;
Costa, Weiss, and Piedade 2024), most of which are categorized
as lateral migrants (Herrera-R et al. 2024). These species range
from small and medium-sized characins (which feed mainly
on aquatic and terrestrial invertebrates and occasionally con-
sume fruits and seeds from marginal vegetation) to large om-
nivorous catfishes (Doradidae and Pimelodidae) and characins
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(Serrasalmidae and Bryconidae) that consume considerable
quantities of fruits (Correa et al. 2015; Costa et al. 2023). The
interaction between frugivorous fishes and the tree community,
form complex mutualistic networks (Correa et al. 2016; Araujo
et al. 2021; Mateus et al. 2022; Pereyra et al. 2023), which lilkely
influence natural forest regeneration through dispersal, germi-
nation, 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 de-
pends on the abundance of fish and fruit produced in the envi-
ronment (Costa, Weiss, Piedade, Ferreira, and Maltchik 2024),
the LV and HV forests can impose temporal restrictions on in-
teractions between fish and fruits, due to differences in depth
and duration of flooding and, consequently, influence the struc-
ture of seed dispersal networks. The structure of complex net-
works of species interactions is important for the persistence
and stability of the communities (Bascompte and Jordano 2007;
Olesen et al. 2007; Mello et al. 2011b), and may present modu-
larity 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 con-
nected) interact with species that form perfect subsets of the
species with which generalists (the highly connected) interact
(Bascompte and Jordano 2007). Modular and nested structures
increase the network stability and robustness against species
loss (Memmott et al. 2004; Costa, Weiss, Piedade, Ferreira,
and Maltchik 2024). Because anthropogenic impacts can cause
modifications in aquatic ecosystems (Duponchelle et al. 2021;
Schongart et al. 2021) and potentially affect seed dispersal by
fish, knowing the structure of mutualistic networks is essential
to infer about the vulnerability of these interactions as a result of
any changes in the ecosystem (Costa, Weiss, Piedade, Ferreira,
and Maltchik 2024).

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 be-
tween LV and HV and that the seed dispersal network is modu-
lar 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.

2 | Methods
2.1 | Study Area

This study was conducted in a stretch of floodplain forest of
the Solimdes River known as Ilha da Paciéncia (03°18'12"S;
60°13'51” W), Central Amazonia (Figure la). The Solimdes
River supports a typical “varzea” floodplain forest, is influenced
by white waters with a pH close to neutral, which is rich in sus-
pended matter (Irion et al. 2010). The annual rainfall in the re-
gion amounts to approximately 2100 mmyear—!, with a marked

difference between the dry (June/October) and rainy (December/
May) seasons (Parolin 2000). The average (+standard deviation)
of the maximum water level is 28.14 +1.19m (June), and the av-
erage of the minimum water level is 16.84 +2.70 m (November).
The absolute maximum water level is 30m (June), and the low-
est recorded is 12.14 m (November). The annual mean amplitude
(difference between the minimum and subsequent maximum
water level) between 2020 and 2024 was 11.3m (Figure 1b).

2.2 | Field Sampling and Collection of Fish
and Seeds

A total of 12 biweekly collections were made, with six collec-
tions in HV and six in LV, with each place (HV and LV) sepa-
rated by a distance of about 1000 m. The collections 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, respec-
tively (Parolin et al. 2013). Fish were sampled using a set of nine
gillnets (with mesh sizes ranging from 24 to 110mm, 10m long,
1.5-3.0m high), which were joined together (90 m total length).
Each sampling event lasted 60h, with day and night sampling
and gillnet inspections every 4h. For each sampling event, the
nine fishing nets were placed at point locations (N=12) sepa-
rated by ~400m. Captured fish were euthanized by immersion
in an anesthetic (eugenol) solution for up to 10min until the
opercular movements ceased. While in the field, the standard
length and weight of the individuals were recorded, and the di-
gestive tracts (stomach and intestines) were removed for labo-
ratory 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 special-
ists. The digestive tract analysis was performed in the laboratory
using a stereomicroscope (10x) in the laboratory. Intact seeds
found in the digestive tract were quantified and identified by
comparison with herbarium 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).

2.3 | Tree Composition Along the Flood Gradient

A floristic survey of all trees with a diameter at breast height
(DBH)>10cm (using a tape measure) was carried out at each
topographic level (LV and HV). At each location, three plots
measuring 50x100m (0.5ha) were set up, separated by a dis-
tance of 200m. The determination of LV and HV was based on
water marks left on the tree trunks (measured with a hypsom-
eter and tape measure), representing the maximum flood level
of the previous year. Water marks varying between 3 and 7.5m
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
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to the INPA's Herbarium for taxonomic identification with the
help of a specialist.

2.4 | 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 fruits 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 “ichthyo-
chory” and set the following filters: (i) only articles published
in English and (ii) 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 tax-
onomically identified. This reduced the number of studies to 24
(Honda 1974; Goulding 1980; Boujard et al. 1990; Kubitzki and
Ziburski 1994; Maia and Chalco 2002; Knab-Vispo et al. 2003;
Mannheimer et al. 2003; Silva et al. 2003a, 2003b; Claro-Jr et al.
2004; Lopes de Souza 2005; Piedade et al. 2006; Maia et al. 2007;
Lucas 2008; Anderson et al. 2009; Correa et al. 2015; Weiss et al.
2016; Barbosa and Montag 2017; Freitas et al. 2018; Noronha
2018; Luque and Pinilla 2019; Lima 2023; Pereyra et al. 2023;
Costa, Weiss, and Piedade 2024).

To verify the location of occurrence of tree species along the
flood gradient, in addition to our field data, we used data from
floristic inventories in whitewater flooded forests of the Japura
and Solimdes/Amazon rivers, available in published books
and articles (Ayres 2006; Assis and Wittmann 2011; Cattanio
etal. 2002; Junk 1989; Lobo 2017; Parolin et al. 2010; Souza 2023;
Wittmann et al. 2002, 2004, 2006, 2009, 2012; Wittmann,
Parolin, et al. 2010). The validity of the scientific name for the
fish species was verified in the Eschmeyer's Catalog of Fishes
(http://researcharchive.calacademy.org/research/ichthyology/
catalog/fishcatmain.asp) and for the tree species in the Global
Biodiversity Information Facility—GBIF (https://www.gbif.
org/species/6). We used only those records with a full scientific
name for fruit species consumed by fish and for tree species re-
corded in floristic inventories. Species containing only the tax-
onomic genus or with a scientific name to be confirmed (e.g.,
“cf.”) were not included in our study.

2.5 | Data Analysis

We performed a permutation t-test (with 9999 permutations) to
assess differences between the species richness of fruits con-
sumed by fish between LV and HV, with the perm.t.test func-
tion 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
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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 maintain-
ing the structure of seed dispersal networks (Mello et al. 2011a,
2011b; Costa, Weiss, Piedade, Ferreira, and Maltchik 2024) and
for quantifying and comparing network patterns statistically
(Bascompte and Jordano 2007).

Network modularity analysis partitions large networks into dis-
tinct 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 mod-
els, each run 1000 times. Patefield's algorithm (Patefield 1981)
creates generalized networks allowing random species interac-
tions while preserving the original number of interactions per
species. Vazquez's algorithm (Vazquez et al. 2007) constrains
networks by the proportion of realized links from the original
network but does not retain original interaction counts. This
dual approach tests whether observed modularity exceeds ex-
pectations from both randomized and structurally constrained
networks. Statistical significance was determined using z-scores
(2= (Qpservea — MeaN (Qy1 1 ))/SD (Qyyy1..); absolute Z-score val-
ues >2 indicated significant modularity beyond random chance
(Dormann and Strauss 2014).

To estimate the degree of nestedness of the binary network, we
used the NODF (Nestedness based on Overlap and Decreasing
Fill) metric, which ranges from 0 (not nested) to 100 (per-
fectly nested) (Almeida-Neto et al. 2008; Almeida-Neto and
Ulrich 2011). The NODF was compared with a randomized null
model 1000 times, via the r2dtable function of the bipartite pack-
age, which uses the Patefield algorithm to generate random con-
tingency tables (Dormann et al. 2022). The significance of each
network metric was further assessed using the null.t.test func-
tion, 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).

3 | Results

Our field collections yielded a total of 5012 intact seeds from 49
tree morphotypes (34 were identified to the species level and the
remaining 15 to the genus level), representing 33 tree families
found in the digestive tracts of 241 frugivorous fish of 11 spe-
cies. In our floristic inventories in the LV, we identified 22 tree

species whose seeds are consumed by fish, whereas 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 S1). Of these tree species,
90 (57%) occurred in LV and 68 (43%) in HV, with 46 tree spe-
cies (40%) exclusive to the LV, 44 species (39%) occurring in both
habitats, and only 24 species (21%) exclusive to HV. The interac-
tion networks between frugivorous fish and low and high varzea
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 Mylossoma albiscopum (N=20 species, 10%), all be-
longing 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 spe-
cies 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; Figure 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;
Figure 2b). Although the network is not significantly mod-
ular (mean observed Q=0.44+0.03, z score,,;=0.25, null
Clpap 2.5% and 97.5%=0.43-0.47; z score,;, , =3.95, null Cly,,
2.5% and 97.5%=0.41-0.44; Figure 3a), it presents a nested
structure (mean observed NODF =36.38, null CI,,; 2.5% and
97.5% =20.49-21.03; Figure 3b). No random network showed
nestedness values higher than those observed in our networks.

4 | Discussion

This study presents the largest seed dispersal network for flood-
plain forests published to date. In addition, it demonstrates the
relevance of flood depth and duration in shaping forest struc-
ture, species composition, and richness, and consequently po-
tential 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 tree 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 spe-
cies richness compared to HV. Spatiotemporal variations in
resource distribution can affect the probability of interactions
(Vazquez et al. 2009; Déttilo 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 50-230daysyear~!, compared to >50daysyear—!
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 germination
viability (Lucas 2008). Some propagules may float for at least
2months (Kubitzki 1985), increasing the likelihood of interac-
tions with fish and dispersal through water and over long dis-
tances (Goulding 1983; Ziburski 1991).
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FIGURE2 | Network (binary) on the 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 (HV, high varzea; LV, low varzea).
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FIGURE 3 | Structure of the ichthyochory network.

Some tree species distributed in both habitats may present differ-
ences in the onset and average duration of flowering and fruiting
(Ferreira 1998). For example, some tree species at lower eleva-
tions have longer flowering and fruiting period and this is better
synchronized with higher inundation levels than individuals of
the same species located at higher elevations within the same
floodplain forest (Ferreira and Parolin 2007). 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, Schongart, and
Junk 2010; Householder et al. 2024). In general, floristic inven-
tories 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
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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 indi-
viduals of Pseudobombax munguba (Malvaceae), and 89% of the
individuals of Symmeria paniculata (Polygonaceae), among oth-
ers, 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 in-
dividuals 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, gen-
eralists or “terra firme” specialists (Householder et al. 2024). In
our study, of the 114 species of fruits and seeds recorded in 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 contrib-
uted to the evolution of mutualism with frugivorous fish (e.g.,
Correa et al. 2018).

The evolutionary adaptations are also likely to influence fish-
fruit interaction 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 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, they are adapted to exploit re-
sources 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, suggest-
ing 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 trop-
ical plants date back to the Late Cretaceous (~70Ma) in South
America (Thompson et al. 2014; Correa et al. 2015) and that
before the establishment of the Amazon River (c. 11Ma), the
Amazon region already contained monomodal flood pulses
(Hoorn et al. 1995; Figueiredo et al. 2009), it is possible that due
to the longer time and height of flooding in lower topographies
(Wittmann et al. 2002), these two species had more time to co-
evolve 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 of
a tree along the flood gradient can influence fruit production
and availability (Ferreira 1998; Ferreira and Parolin 2007),
the flood pulse plays a significant role in 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 inter-
action with the tree flora. For example, fish species that migrate
into flooded forests mainly at the beginning of the flooding sea-
son 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 orig-
inate from later and shorter flooded HV trees. In our study, we
found many fish species ingesting seeds of a few plant species
in their diet, which may result from low feeding specialization
on fruits, an opportunistic strategy in which fish consume the
most abundant fruit 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 relation-
ships 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 interac-
tions 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 (Winemiller et al. 2016;
Latrubesse et al. 2017; Timpe and Kaplan 2017; Anderson
et al. 2018). Hydroelectric dams have changed the flow regime,
especially the frequency and intensity of high and low pulses
(Correa et al. 2022), significantly increasing the annual mini-
mum 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 in the lower floodplain
topographies due to several consecutive years of flooding along
river stretches of up to 120km 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 in-
fluenced by changes in the hydrological cycle in different years,
due to the intensification of extreme drought and flood events
recently observed in the Amazon basin (Barichivich et al. 2018;
Fleischmann et al. 2023; Espinoza 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 signifi-
cantly nested structure across LV and HV forests. In flooded
forests, interactions 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, Weiss, Piedade, Ferreira, and
Maltchik 2024). The lack of modularity is not surprising, given
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that the three fish species (C. macropomum, P. brachypomus, and
M. albiscopum) that consume the fruits of most species are dis-
tributed 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), al-
though potentially susceptible to species loss, particularly of the
most specialized fish (Araujo et al. 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 min-
ing and/or domestic and industrial wastewaters (Wittmann
et al. 2015), and large-scale deforestation and selective logging
of fruit-producing trees in floodplain forests (Rend et al. 2016;
Rend and Novo 2019), can lead to local extinction or severe re-
ductions in the abundance of species along the flood gradient
(Castello and Macedo 2016; Duponchelle et al. 2021), hence al-
tering the structure of seed dispersal networks.

In our study, we found 188 tree species whose seeds were in-
gested by fish, and for 40% of them, we were unable to determine
the occurrence position along the flood gradient. Given the ex-
tent of the Amazonian floodplains, significant geographic gaps
in floristic knowledge remain, including the Amazon/Solimdes
River, particularly along the main tributaries, such as the
Madeira, Purus, and Jurué Rivers (Hopkins 2007). In addition,
limitations in the complete taxonomic identification of tree spe-
cies that occur along the flood gradient and the fruits and seeds
consumed by fish make it difficult to carry out a more compre-
hensive analysis of the seed dispersal network in Amazonian
floodplains. Although challenging, these floristic inventories
are essential for generating detailed information on the complex
spatial distribution of many of these species, which is still lim-
ited (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 in river flooding regimes caused by damming or cli-
mate 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 inventories 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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