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Trophic interactions have been a long-standing field of interest in ecology, 
helping to understand the relationships between organisms and how ecosystems 
function. In this study, we describe the trophic relationships of fish from karst 
environments in headwater streams of the upper Paraguai River basin. We 
analyzed the stomach contents of 81 fish species from the Serra da Bodoquena, 
calculated the metrics associated with the trophic network, incorporating the 
body size component in the analyses, and evaluated the participation of each 
species in network/module connectivity. The analyzed community trophic 
organization was based mainly on autochthonous items which were the most 
consumed items for about 30% of fish species. The trophic network showed 
a modular pattern without nestedness or specialization. However, nestedness 
was significant within each module, demonstrating a hierarchical compound 
topology (i.e., species with few connections interacted with subsets of the pairs 
of more connected species within each module). We also found a relationship 
between network connectivity and fish body size, in which small species tend to 
connect modules through generalist feeding strategies. Thus, we demonstrated a 
still little-known role of small species in fish trophic networks, and how trophic 
segregation occurs in a highly diverse community from Pantanal headwater 
streams.
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Interações tróficas têm sido um campo de interesse de longa data na ecologia, 
ajudando a compreender as relações entre os organismos e como funcionam 
os ecossistemas. Neste estudo descrevemos as relações tróficas de peixes de 
ambientes cársticos em riachos de cabeceira da bacia do alto rio Paraguai. 
Analisamos o conteúdo estomacal de 81 espécies de peixes da Serra da Bodoquena, 
calculamos métricas associadas à rede trófica, incorporamos o componente de 
tamanho corporal nas análises e avaliamos a participação de cada espécie na 
conectividade da rede e módulos. A organização trófica da comunidade analisada 
se baseou principalmente em itens autóctones, sendo os mais consumidos por 
aproximadamente 30% das espécies. A rede trófica demonstrou um padrão 
modular, sem aninhamento ou especialização, mas com aninhamento significativo 
em cada módulo, demonstrando uma topologia hierárquica composta (i.e., 
espécies menos conectadas interagiram com subconjuntos dos parceiros de 
espécies mais conectadas dentro de cada módulo). Encontramos também uma 
relação entre a conectividade da rede e o tamanho do corpo dos peixes, em que 
espécies de pequeno porte tendem a conectar os módulos através de estratégias 
alimentares generalistas. Dessa forma, demonstramos um papel ainda pouco 
conhecido de espécies de pequeno porte em redes tróficas de peixes e como 
ocorre a segregação trófica em uma comunidade altamente diversa em riachos 
de cabeceira do Pantanal.

Palavras-chave: Alto Paraguai, Interações tróficas, Rede trófica, Serra da 
Bodoquena, Tamanho corporal.

INTRODUCTION

Fish trophic networks illustrate the intricate connections within aquatic ecosystems, 
delineating the flow of energy and transfer of matter among fish populations. These 
networks encapsulate the complex interactions between predator and prey species 
(Navarro et al., 2017), as well as the various trophic levels that shape ecosystem 
dynamics (Elliott et al., 2002). From herbivorous grazers consuming primary producers 
to carnivorous predators hunting smaller fish, each species occupies a unique niche 
within the network, contributing to its resilience and stability. Moreover, fish trophic 
networks reflect the interplay of environmental factors, such as habitat structure (Loch 
et al., 2020), nutrient availability (Winemiller, 1990), and climate (Pease et al., 2019), 
influencing species composition and trophic interactions. Understanding these networks 
is crucial for effective fisheries management and conservation efforts (Winemiller et al., 
2008; Janjua, Gerdeaux, 2011) because alterations to one component can have cascading 
effects throughout the entire ecosystem (Su et al., 2021).

The trophic network architecture can be summarized by three community-level 
metrics: i) modularity (i.e., compartmentalization), a measure of species interactions 
within a subset of species that interacts more among themselves than with species 
belonging to other subset or modules; ii) nestedness, which represents the tendency 
of specialist-species interactions to be subsets of generalist-species interactions; and iii) 

https://www.ni.bio.br/
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specialization that designates which species restrict their interactions relative to those 
randomly expected based on another species availability (sensu Valdovinos, 2019). 
High modularity patterns in trophic networks increase network stability, retaining the 
impacts of disturbances in a single module and minimizing impacts over other modules 
(Krause et al., 2003; Teng, McCann, 2004; Grilli et al., 2016). Nested and specialized 
networks can minimize competition and thus increase the number of coexisting species 
(Bastolla et al., 2009). They are also less prone to random extinctions (Burgos et al., 
2007) and habitat loss (Fortuna, Bascompte, 2006), and can be used to unravel species 
interaction patterns from parasites and their hosts (Campião et al., 2015) to worldwide 
communities (Albouy et al., 2019; Ceron et al., 2019).

In Neotropical freshwater environments, understanding fish trophic networks 
represents a challenge in contrast to temperate environments due to fish megadiversity, 
the large number of possible interactions among species, and the presence of specialized 
feeding niches (i.e., seed, fruit, scale, fin, and mucus feeding) (Winemiller et al., 2008). 
The study of fish trophic networks in Brazilian streams is still very limited (see Esteves et 
al., 2021 for a review) in comparison with studies in rivers and reservoirs (Uieda, Motta, 
2007). However, highland streams (i.e., streams in high-altitude areas) comprise most of 
the worldwide freshwaters (Viviroli et al., 2003) and are characterized by high endemism. 
Inhabited by many specialist fishes, these streams are also important reproduction sites 
for many small-sized species, which make up a large portion of Neotropical fish diversity 
(Castro, Polaz, 2020). A high diversity of small-sized fish is a widespread pattern of 
species-rich animal communities (Hutchinson, MacArthur, 1959).

Karst systems, renowned for their uniqueness worldwide, originate from the 
dissolution of bedrocks primarily composed of carbonate limestones. This dissolution 
is catalyzed by the interaction of atmospheric carbon dioxide with rainfall (Hartmann 
et al., 2014). Karst regions cover approximately 7–12% of the Earth’s continental 
area, and their aquifers serve as a vital water source for nearly a quarter of the world’s 
population (Ford, Williams, 2007). Despite their significance, karst systems face 
threats from human activities, including contamination from fertilizers and pesticides, 
increasing water demands for agriculture, and the impacts of climate change (Hartmann 
et al., 2014). Karst systems in Brazil are primarily concentrated in the Northeast and 
Southeast regions of the country (Ferreira, Uagoda, 2020). In Central Western Brazil, 
this geological formation is observed in the Serra da Bodoquena region, situated on the 
border of the upper Paraguai basin.

There is a gap in knowledge about stream-dwelling fishes from upper Paraguai River 
basin in Brazil (Lima et al., 2021). Although most of this basin is composed of the Pantanal 
floodplain, whose hydrological dynamics are based mostly on large rivers and seasonal 
floods, the highlands in the eastern regions contain several small streams that drain to 
the main Pantanal watersheds. The southeastern upper Paraguai River basin includes 
the Serra da Bodoquena plateau, which consists of a 200 km length karst system where 
the streams drain to the Miranda and Apa River drainages, two of the major drainages of 
the Pantanal floodplain. Although this region has an economy based on agriculture and 
tourism (Velasquez et al., 2014), the streams and their riparian forests are mostly well-
preserved, especially those within the Serra da Bodoquena National Park. The region 
is known worldwide because of the extremely high clarity of its water courses, which 
allows detailed observations of fishes in their natural habitat. Moreover, fish richness in 
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these habitats is high. While the whole upper Paraguai basin contains 350 fish species 
(Gimênes Junior, Rech, 2022), the Serra da Bodoquena streams represent about 24% of 
this richness, with 83 fish species (Severo-Neto et al., 2023).

In this scenario, we aimed to characterize the diet of the Serra da Bodoquena stream 
fishes and to investigate how trophic interactions are structured along the consumer-
resource trophic networks. We expected the highly rich community to be structured 
with a high degree of nestedness and specialization of interactions, which permits the 
coexistence of species with similar overlapping niches. Also, we expected a high degree 
of modularity in the community, represented by the formation of trophic groups as 
a response to the very nature of resource inputs to streams, with low autochthonous 
productivity and allochthonous input dependency.

MATERIAL AND METHODS

Study area and examined material. Our study was based on the fish fauna from Serra 
da Bodoquena, a karst plateau located in the southwestern state of Mato Grosso do 
Sul, Brazil (Fig. 1). With about 200 km length and up to 800 m above sea level (Sallun 
Filho, Karmann, 2007), the Serra da Bodoquena is in the upper Paraguai River basin and 
contains headwater streams that form the large rivers of the Pantanal floodplain. As a 
feature of karst systems, streams from the Serra da Bodoquena have high crystalline waters 
and high heterogeneity of substrate types, from pebbles to limestone slabs. Besides, the 
steep relief across the region preserves large areas of native vegetation and influences the 
vertical configuration of streams, which include a great diversity of meso habitats (More 
details in Severo-Neto et al., 2023). The Serra da Bodoquena contains the headwaters of 
the major Pantanal watersheds, such as the Salobra, Formoso, and Perdido rivers. The 
first two belong to the Miranda drainage and the latter to the Perdido drainage. The 
ichthyofauna of the three drainages combined is represented by 83 species, especially 
small nektonic fish, and includes range-restricted and endemic species (Severo-Neto et 
al., 2023). Material examined in this work is based on fish samples previously collected 
from 2003 to 2016, in first- to third-order headwater streams from 60 sites from the 
Serra da Bodoquena (Fig. 1) and deposited at the Coleção Zoológica da Universidade 
Federal de Mato Grosso do Sul, Campo Grande (ZUFMS).

Diet and trophic network analysis. We analyzed the stomach content of at least ten 
adult individuals of 83 fish species (Tab. S1). The obtained data were used to assess the 
feeding habitats of Serra da Bodoquena fishes, as well as the contribution of food items 
to the diet of each species, and the relationships of the antagonistic networks. To reduce 
the effect of the three basins (Salobra, Formoso, and Perdido) and to consider the whole 
region, fish were selected randomly among the three watersheds. Also, a rarefaction 
curve using the cumulative food items was conducted for each species to determine the 
degree of reliability of the stomach samples in the species diet. Items were identified to 
the lowest possible taxonomic level, as required to assemble the trophic network matrix. 
They were comprehensively classified as allochthonous, which included allochthonous 
invertebrates and plant matter, and autochthonous, including fish, scales, autochthonous 
invertebrates, algae, periphyton (recognizable by the presence of limestone fragments 
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resulting from scraping action) and detritus. The contribution of each type of food to 
the diet of the analyzed specimen was assessed by the frequency of occurrence (%Fo), 
measured as the number of times that each type occurred as a percentage of the total 
number of occurrences of all types (Hynes, 1950). The most representative items for 
each species cited hereafter were those with a frequency of occurrence over 50%.

To examine the interactions between fishes and their diet, we used diet data in a 
complex network approach (Barabási, 2016). For this, interaction matrices A were 
constructed, where aij = number of interactions of a fish i with its prey j, and 0 = no 
interaction. We calculated metrics illustrating distinct structural properties of the 
network, focusing on quantitative network indices that were previously shown to be 
less sensitive to sampling effort (Vizentin-Bugoni et al., 2016): weighted nestedness 
(wNODF), modularity, and complementary specialization (H2’).

Weighted nestedness, based on the Nestedness Metric Based on Overlap and 
Decreasing Fill (NODF), describes the extent to which interactions of specialist species 
correspond to a subset of interactions of generalists (Bascompte et al., 2003). Nestedness 
values range from 0 (non-nested network) to 100 (perfect nesting). We also calculated 
modularity, which is a network property that emerges when groups of species are densely 

FIGURE 1 | Location of the fish sampling sites in Serra da Bodoquena streams, Western Brazil. The light grey area represents carbonate rocks; 

the Serra da Bodoquena National Park is highlighted in the dark grey shaded area.

https://www.ni.bio.br/
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connected and have fewer connections to other groups of interacting species (Krause et 
al., 2003). We analyzed modularity using the DIRTLPA algorithm (Beckett, 2016) to 
optimize modules based on Barber’s modularity (Barber, 2007). We set this algorithm 
to 100 steps to search for the highest modularity (Dormann, Strauss, 2014). Finally, we 
calculated the complementary specialization (H2’), which is a network-wide index of 
specialization for quantitative interaction matrices. It describes how species restrict their 
interactions from those randomly expected based on the partner’s availability (Blüthgen 
et al., 2006). The assumption is that if species have specific prey preferences, these 
preferences would be captured as a deviation from random encounters given by the 
partner availability (Blüthgen et al., 2006). Values of H2’ range from 0 to 1 indicating 
the extremes of generalization and specialization, respectively.

To assess the significance of the network patterns, we compared the observed values 
of wNODF, modularity, and H2’ to those generated by null models. We used the 
vaznull null model, which keeps the marginal totals and the connectance in the network 
(Dormann et al., 2008). We generated 1,000 randomized matrices to estimate nestedness 
and complementary specialization and 100 matrices to estimate modularity. We used 
fewer randomizations for modularity because their calculation is time-consuming 
(Olesen et al., 2007). To quantify the departure of the observed network values from the 
null expectation, we calculated null‐model corrected values by subtracting the observed 
metric value from the mean value across all randomized networks (Δ – transformation). 
Then, the Δ – transformed value was divided by the standard deviation of values across 
all randomized networks (z – transformation; Zanata et al., 2017). We considered z 
values higher than two as an indication that the difference between the observed and 
null networks for that specific structural property was statistically significant. 

After identifying the modules in the network by stipulating subsets of pairwise 
comparisons, we calculated nestedness between species in the same module (NSM) 
separately from nestedness between species in different modules (NDM) (Pinheiro et al., 
2022). We also analyzed the functional role of each taxon with a cz-analysis as proposed 
by Guimera, Nunes Amaral (2005), and Olesen et al. (2007). This analysis calculates 
the coefficient of participation in the connectivity of a given species between modules 
(c) and within modules (z). Thresholds in c (0.62) and z (2.51) were used to classify the 
topological role of the species qualitatively into different ecological networks (Guimera, 
Nunes Amaral, 2005; Olesen et al., 2007; Borzone Mas et al., 2022). These thresholds 
are standardized values based on quotients of numbers of interactions and they have a 
specific topological meaning regardless of network size (Olesen et al., 2007). Species 
with both a low z and a low c were considered peripheral species or specialists, i.e., they 
had only a few links and were almost entirely linked to species within their module. 
Species with either a high value of z or c were considered generalists. These included 
module hubs, i.e., highly connected species linked to many species within their own 
module (high z, low c), and connectors linking several modules (low z, high c). Species 
with both a high z and a high c were defined as network hubs or super generalists, 
acting as both connectors and module hubs.

The association between c and z values of each species with body size (mm) was 
evaluated using linear models with the tendency line adjusted with a generalized linear 
regression in the Poisson family. Body size was represented by the mean standard length 
of each species in the study and was measured using a digital caliper. All network metrics 

https://www.ni.bio.br/
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and null models were calculated with the ‘bipartite’ v. 2.08 package (Dormann et al., 
2008) in R software (R Development Core Team, 2022).

RESULTS

In general, Serra da Bodoquena stream fish are mostly invertivores (Fig. 2). Considering 
the four most frequent food types, aquatic invertebrates were the most consumed food 
(27%), followed by terrestrial invertebrates (21%), detritus (13%), and fish (10%). Aquatic 
invertebrates were represented by the larval stages of Trichoptera, Ephemeroptera, 
Plecoptera, Diptera, Coleoptera, Odonata, Lepidoptera, and Megaloptera, besides 
Mollusca and microcrustaceans, while terrestrial invertebrates were adult stages of 
Hymenoptera, Coleoptera, Lepidoptera, Diptera, Isoptera, Hemiptera, and Orthoptera. 
No items were found in the guts of Piaractus mesopotamicus and Rhyacoglanis paranensis 
and they were not included in the following analyses, which were done with the 
remaining 81 species.

FIGURE 2 | Food resources and their contribution (%) to fish diet in the Serra da Bodoquena karst 

streams.

https://www.ni.bio.br/
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Aquatic invertebrates were the most representative category (above 50% of 
the frequency of occurrence) to 28 (~30%) fish species of the analyzed fish fauna, 
and Apteronotus caudimaculosus (Apteronotidae), Characidium sp. (Crenuchidae), 
Hyphessobrycon eques (Characidae), Imparfinis schubarti (Heptapteridae), Ituglanis herberti 
(Trichomycteridae) and Sternopygus macrurus (Sternopygidae) fed exclusively on 
invertebrates. Terrestrial invertebrates, mostly ants, contributed to the diet of 30 fish 
species and was the main resource for nine of them. Overall, terrestrial invertebrates 
predominated in the diet of Pyrrhulina australis (Lebiasinidae), Thoracocharax stellatus 
(Gasteropelecidae) and the Characidae Aphyocharax dentatus, Astyanax abramis, A. 
lacustris, A. sp. 2, Brachychalcinus retrospina, Bryconops melanurus, Hemigrammus lunatus, 
Moenkhausia bonita, Moenkhausia oligolepis, Phenacogaster tegatus, Piabarchus analis, 
Poptella paraguayensis, and Psalidodon marionae.

Trophic networks. The consumer-resource interaction network contained a modular 
pattern (modularity = 0.59, z = 22), but showed no overall nestedness or specialization 
(z < 2). There were 13 modules according to consumer-resource interactions (Fig. 
3), with modules representing aquatic invertivores, terrestrial insectivores, frugivores, 
microcrustacean predators, algivores, omnivores, dipteran-larvae feeders, Formicidae 
feeders, invertivores, detritivores, piscivores, aquatic insectivores, and Ephemeroptera 
feeders. Networks within each module had significant nestedness (NSM = 22.04, p < 
0.05), showing a hierarchical compound topology.

FIGURE 3 | Modules recovered from fish trophic networks in Serra da Bodoquena karst streams. Circle clusters of different colors represent 

the trophic network modules. The size of nodes (circles) represents the degree of species/resources (i.e., the number of partners), the circles 

with a bold border represent fishes, and the circles with a red border indicate resources. Resource silhouettes were obtained from PhyloPic 

in the public domain.
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We identified the species that had functional roles in structuring the network modules 
(Fig. 4). Most fish species were peripherals (e.g., Moenkhausia oligolepis and Brycon hilarii) 
or connectors (e.g., Xenurobrycon macropus and Astyanax lacustris). Resources were also 
categorized as peripherals (e.g., Fishes and Algae) or connectors (e.g., Coleoptera). No 
fishes or resources were network hubs, yet they were crucial to the coherence of both 
the network and its modules.

We found a relationship between connector fish species (high c value) and body size, 
where small-sized species tend to connect modules in the network (e.g., Aphyocharax 
dentatus, mean body size 35.29 mm) and larger species tend to be peripherals in the 
network (e.g., Hoplias malabaricus, mean body size 117.23 mm) (Fig. 5).

FIGURE 4 | The role of species in module connectivity of fish trophic networks of Serra da Bodoquena karst streams. Species with both 

a low z (within module degree) and a low c (among module connectivity) are peripheral species or specialists and species with either a 

high value of z or c are considered generalists. Resource codes: B = Scales; C = Coleoptera; F = Ephemeroptera; M = aquatic fragments; N = 

Gastropoda; V = Fruits; AG = Hymenoptera; AI = adult Diptera (Tab. S2). Fish codes: Aphani - Aphyocharax anisitsi; Aphden - Aphyocharax 

dentatus; Aptcau - Apteronotus caudimaculosus; Astabr - Astyanax abramis; Astlin - Astyanax lineatus; Astspu - Astyanax sp. 1; Aussp - Australoheros 

sp.; Braret - Brachychalcinus retrospina; Bryexo - Bryconamericus exodon; Bujvit - Bujurquina vittata; Cidcim - Cichlasoma dimerus; Crelep - Saxatilia 

lepidota; Deulue - Deuterodon cf. luetkenii; Hemlun - Hemigrammus lunatus; Hypequ - Hyphessobrycon eques; Pheteg - Phenacogaster tegatus; Piator 

- Piabarchus torrenticola; Poeret - Poecilia reticulata; Psamar - Psalidodon marionae; Pseken - Psellogrammus kennedyi; Pyraus - Pyrrhulina australis; 

Rhaque - Rhamdia quelen; Rinlan - Rineloricaria lanceolata; Synmar - Synbranchus marmoratus; Xenmac - Xenurobrycon macropus.
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DISCUSSION

The diets of stream fishes in the karstic system from Serra da Bodoquena plateau were 
based mainly on autochthonous invertebrates, allochthonous arthropods, detritus, and 
fishes. Although the fish trophic network showed a non-nested and unspecialized 
structure, it had a modular pattern, with species aggregated in modules representing 
their trophic guilds. In addition, the network had a compound topology, with modules 
having a nested structure.

Autochthonous items are an important source of resources in streams (Saunders 
et al., 2018). Moreover, small streams represent unique habitats in terms of energetic 
balance between autotrophy and heterotrophy, determined by the predominance of 
autochthonous or allochthonous basal resources, respectively. Because the dense cover 
of riparian forests results in low autochthonous primary productivity due to the light 
limitation, a higher dependency on allochthonous items is expected (Vannote et al., 
1980). However, recent evidence indicates that this dependence is not the only pattern 
to be expected in tropical streams. The high temperature and sunlight incidence in the 
tropics favor primary productivity (Bunn et al., 1999) and consequently an autotrophic 
algae-based food web (Mantel et al., 2004; Dudgeon et al., 2010; Cortés-Guzman et 
al., 2022), despite the level of shading provided by the riparian vegetation (Neres-
Lima et al., 2016). In the Serra da Bodoquena, algae and periphyton were the main 
resources of 11 fish species, mostly loricariid armored catfishes. Although algivorous and 

FIGURE 5 | Relationship between module connectivity (c) and body size (mm; mean standard length) in 

the fish trophic network of Serra da Bodoquena karst streams.

https://www.ni.bio.br/
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periphytivorous consumers lack species richness, they represent a great part of abundance 
and biomass in Serra da Bodoquena streams (Froehlich, 2010). Indeed, Ancistrus sp., a 
small representant of armored catfishes in the region, is the second most abundant and, 
along with Hypostomus basilisko and H. froehlichi, adds up to almost 40% of total biomass 
in the Salobrinha stream (Froehlich, 2010), one of the streams covered in this work and 
located in the northern portion of the Serra da Bodoquena National Park. 

In addition to contributing directly to the diet of grazing fish, algae and periphyton 
can also be important resources for macroinvertebrates which, in turn, represented 
the main food item to 28 species, especially those associated with feeding on the 
substrate, such as Characidium, Phenacorhamdia, and Pimelodella. A potential threat to 
this relationship comes from the trampling caused by tourists in the region, which 
affects the macroinvertebrate community, especially Ephemeroptera and Trichoptera 
(Escarpinati et al., 2014). However, such impact was not evident over small-sized insects 
such as Diptera larvae (Escarpinati et al., 2014), which played a major role in network 
modularity. Consumption of this item, especially Chironomidae, was high for “lambaris” 
such as Aphyocharax anisitsi, Astyanax spp., Hemigrammus lunatus, Hyphessobrycon eques, 
Deuterodon cf. luetkenii, Jupiaba acanthogaster, and Moenkhausia bonita. In Neotropical 
freshwater food webs, the role of aquatic insects, especially chironomids, is paramount 
both as invertebrate predators (Saigo et al., 2016) and as fish prey (Vidotto-Magnoni, 
Carvalho, 2009; Ceneviva-Bastos, Casatti, 2014). Most fish species from Serra da 
Bodoquena streams feed on aquatic insects (Fig. 2), reinforcing their role as the basis of 
the fish food web and a main driver of fish diversity in Neotropical streams.

Riparian forests play a key role in aquatic diversity maintenance in the Neotropics 
(Dala-Corte et al., 2020). The Serra da Bodoquena streams are in a diverse and 
considerably well-preserved riparian forest, with higher vegetation density within 
the conservation unit boundaries. From the structural perspective, the riparian forest 
provides an input of sticks and leaves that affect habitat complexity and compose the leaf 
litter where small fish seek refuge or food (Severo-Neto et al., 2023). In general, first- 
to third-order stream communities depend mostly on allochthonous sources of energy 
and nutrients, with a strong dependence on the terrestrial ecosystem nearby (Fausch 
et al., 2002; Soininen et al., 2015), and the loss or suppression of this input can alter 
the entire aquatic trophic web (Nakano et al., 1999; Ceneviva-Bastos, Casatti, 2014). 
Terrestrial arthropods that fall into stream channels represent a high-quality resource to 
fish (Mason, MacDonald, 1982; Edwards, Huryn, 1996; Wipfli, 1997) and its input can 
affect trophic cascades among insectivorous fish and periphyton biomass (Nakano et al., 
1999). In Serra da Bodoquena, channel- and backwater-drift feeders depend directly 
on the fallen resources from the tree canopy, mostly ants, which contributed to the 
diet of 30 fish species and was the main resource to nine of them. Flowers, fruits, and 
leaves, that were included under “plant matter”, were part of the diet of 23% of the 
fish fauna. In terms of fish frugivory, the most emblematic species of the region is the 
“piraputanga” Brycon hilarii, which is known for eating fruits and dispersing seeds of 
several tree species (Reys et al., 2009), reinforcing the importance of large species in the 
seed dispersal syndrome (Galetti et al., 2008; Correa et al., 2015). However, small fish 
could present an important yet poorly described role in this ecological process. Fruits 
and seeds were found in Astyanax and Psalidodon stomachs (A. abramis, A. lacustris, 
A. lineatus, and P. marionae), and even the smaller Deuterodon cf. luetkenii and Jupiaba 
acanthogaster (ca. ~ 4 cm).
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Despite the absence of a nested and specialized pattern in the karstic fish trophic 
network, a modular pattern was identified. The compartmentalization of networks 
led to the view of modules as functional units. Thus, modularity may reflect trophic 
guilds, habitat heterogeneity, divergent selection regimes, phylogenetic clustering of 
closely related species, or clusters of species converging to certain sets of traits, leading 
to nonrandom patterns of interaction and ultimately contributing to the complexity of 
ecological networks (Olesen et al., 2007). In the karstic system, the modular structure of 
the network can initially be related to trophic guilds of fishes in communities, i.e., the 
convergence of different species to the same module, and suggests trait-driven modules 
as identified in other studies (e.g., Donatti et al., 2011). This convergent pattern can also 
identify the grouping of phylogenetically close species if related species tend to have 
more similar dietary preferences than unrelated species (Fontaine, Thébault, 2015). This 
relationship was observed among reef fishes, where phylogenetic conservatism is readily 
apparent at the family level, leading to strongly phylogenetically structured groups 
(Parravicini et al., 2020). However, our results support that the modularity in these karst 
streams is not driven by phylogeny, because species from different families share the 
same modules. This lack of a taxa-related organization may reflect the unpredictability 
of disturbances and resource inputs in streams, leading to an overall generalism regardless 
of the species. Thus, the importance of modularity goes beyond the community 
organization, with far-reaching conservational implications for sustaining biodiversity 
(Olesen et al., 2007; Guimarães, 2020 ). In this sense, disturbances are expected to spread 
more slowly through a modular than a non-modular structure, favoring the stability of 
networks (Grilli et al., 2016).

We found that small-sized fish act as connectors among modules within the network, 
a previously unrecognized role of small fish in freshwater streams. In general, body size 
is a well-recognized factor affecting ecological processes (Hutchinson, MacArthur, 1959; 
Woodward et al., 2005; Petchey et al., 2008), from the positive relationship between trophic 
levels and body size (Elton, 1927; Arim et al., 2010; Reum et al., 2019; Keppeler et al., 
2020), to the structuring of whole communities (Jennings et al., 2002; Romero-Romero et 
al., 2016). Although predators are commonly larger than their prey (Jennings et al., 2002; 
Barnes et al., 2010; Nakazawa, 2017) and piscivory tends to increase along the longitudinal 
gradient of watercourses (Oberdorff et al., 1993), the role of small fishes on trophic webs 
of low-order streams remains poorly known. Our results demonstrate that larger fish tend 
to have higher dietary specialization and, consequently, a strong relationship with the 
structuring of the modules. However, smaller fish species are responsible for linking the 
modules, acting directly on the crossed energy flow of the network.

The link between modules promoted by small fish may also be responsible for the 
compound topology found, where nestedness is repressed by modularity at higher 
levels, but prevails at lower levels, i.e., within modules (Pinheiro et al., 2022). The nested 
pattern within modules can be related to the tendency for specialization of larger fishes, 
such as the strict piscivory in Salminus brasiliensis and Pseudoplatystoma reticulatum, and 
the opportunistic foraging mode of small-sized species in the studied area. While small-
sized species were classified as supergeneralists and connectors among modules, larger-
sized species function as specialists (low z and a low c), feeding on large prey that 
small-sized species were unable to consume, skewing species interaction frequencies 
to produce highly nested configurations. Thus, this compound topology is relevant 
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for determining if the trophic segregation of karstic communities occurs even inside 
structured modules. In this context, we illustrate the impact of various species with 
different sizes on the structure and cohesion of fish trophic networks. Larger species 
typically exhibit greater specialization, contributing to the maintenance of distinct 
modules within the network. Conversely, smaller fish species play a crucial role in 
connecting these modules, directly influencing the flow of energy across the network. 
Consequently, each species plays a significant role in upholding the structural integrity 
of trophic networks in Pantanal headwater streams. Nevertheless, the contribution 
of smaller species to fish trophic networks remains largely unexplored, despite its 
paramount significance in maintaining the system.
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