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Aquatic organisms that consume resources from riparian vegetation or floodplain forests act as trophic links between aquatic and terrestrial ecosystems. For instance, the pacu Piaractus mesopotamicus (Holmberg 1887), which is a migratory fish species, can play an important role in this interaction on Neotropical floodplains. We compared the stomach content of individuals from this species between two different parts of a large river floodplain during contrasting hydrological seasons to quantify the spatiotemporal contribution of allochthonous and autochthonous resources in their diet. Moreover, we performed a bipartite network approach to evaluate the sensitivity of these populations to a simulated loss of food resources through the potential deforestation of riparian vegetation. We found that in the upper catchment, individuals fed mainly on allochthonous items, but their identity depended on the season: fruits were the most abundant resource during the wet season, whereas leaves were more consumed during the dry season. In the lower catchment, the contribution of allochthonous resources was slightly lower in the dry season than in the wet season, when the pacu was able to explore the floodplain. Finally, the results from our consumer-resource network model indicated that this system is vulnerable to riparian deforestation since P. mesopotamicus is highly dependent on input from the riparian vegetation items to its feed.
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INTRODUCTION
The transfer of energy between ecosystems is performed by a few key species that move across these contrasting environments. For example, salmon are known to play an important role in transporting nutrients from marine ecosystems to aquatic-terrestrial ecosystems when they return from the ocean to spawn in their home stream (Hilderbrand et al., 1999; Helfield and Naiman 2006). Nevertheless, the contribution of terrestrial ecosystems to the aquatic food web has also been demonstrated, such as the passive transport of detritus from uplands into streams (Polis et al., 1997; Pusey and Arthington 2003; Baxter et al., 2005; Davis et al., 2010; Ferreira et al., 2012). Additionally, large herds of mammalian herbivores have been responsible for the active transfer of nutrients and energy subsidies from terrestrial to aquatic food webs in many African rivers (e.g., Masese et al., 2015; Pringle, 2017; Masese et al., 2018). In rivers with floodplains, large amounts of debris, nutrients and sediments that are rich in organic compounds are exchanged between the river channel and the terrestrial environment, especially during the wet season (Junk et al., 1989). The organic matter that is produced on land during the dry seasons increases the productivity of aquatic plants and is a rich food source for aquatic detritivores during the flooding period (Polis et al., 1997). Identifying the sources of organic matter that support aquatic food webs is therefore essential for understanding the ecology of riparian ecosystems and wetlands (Davis et al., 2010). To quantify energy sources in studies of trophic ecology, isotopic techniques are recognized as the best method (Boecklen et al., 2011). However, to reveal the diversity of trophic interactions between aquatic and terrestrial species, diet analysis could be an appropriate method, as many studies have demonstrated (e.g., Correa et al., 2015; Correa et al., 2016; Araujo et al., 2021). This critical knowledge is pressing to support wetland management and conservation actions, especially given the increasing human activity that is rapidly changing the spatial patterns of large-scale habitat interfaces (Nakano and Murakami 2001; Wantzen, 2006; Cristescu and Boyce, 2013).
The direct consumption of food items from allochthonous origin has been documented in various fish species in diverse ecosystems (Davis et al., 2010). For example, in tropical freshwater systems, there is a remarkable dependence of fishes on terrestrial invertebrates (Lowe-Mcconnell, 1999). Freshwater fish may also consume plant matter of terrestrial origin, including leaves and fruits (Reys et al., 2009; Horn et al., 2011; Correa et al., 2018; Araujo et al., 2020). Furthermore, mutualistic relationships between frugivore fish and terrestrial trees have been reported in many species of fish, especially because they can act as dispersal agents for plant seeds (e.g., Goulding 1980; Kibutzki and Ziburski 1994; Correa et al., 2007; Galetti et al., 2008; Anderson et al., 2009; Reys et al., 2009; Anderson et al., 2011; Horn et al., 2011; Correa et al., 2016). Plant-frugivore fish relationships imply that overfishing can cascade down to the dynamics of floodplain forests, as several studies have suggested (e.g., Anderson et al., 2011; Correa et al., 2015; Araujo et al., 2021).
Consumption by migratory fish of items that are derived from riparian or flooded forests establishes a link between different environments (aquatic and terrestrial). Some of these interactions involve species that cross ecosystem boundaries (Polis et al., 1997). These migratory animals transport nutrients, energy and genetic material between distinct food webs and thus may have a significant effect on their structure and dynamics (Helfield and Naiman 2006). For example, fish migrations connect food webs of nutrient-rich floodplains to oligotrophic rivers because they transport biomass between these systems and supply resources to resident consumers (Goulding, 1980; Araujo-Lima and Goulding, 1997; Polis et al., 1997; Polis et al., 2004).
To better understand the trophic links between aquatic and terrestrial environments in the Neotropical River floodplain, we studied the diet of the pacu Piaractus mesopotamicus (Holmberg 1887), a fish species that may play a key ecological role linking aquatic and terrestrial environments due to its feeding ecology and seasonal migrations (Makrakis et al., 2007). The pacu belongs to the family Serrassalmidae and has a wide geographical distribution in the Plata River basin (Romagosa et al., 1988; Reis et al., 2003). The pacu is a lotic species that can reach lengths of more than 70 cm and reach the first sexual maturation at approximately 35 cm (Costa and Mateus 2009). Although adult individuals can be found throughout the river, spawn are restricted to the upstream reach, at the onset of the rainy season (austral spring, between October and January) after upstream migration (Ferraz de Lima and Chabalin, 1981; Costa and Mateus 2009; Rauber et al., 2021). Pacu is an omnivorous with a tendency to herbivory, and its diet is mainly composed of leaves, fruits, seeds, and flowers, being able to feed occasionally on small invertebrates and fish (Britski et al., 2007; Urbinati et al., 2010; Sado et al., 2020). This fish is an important commercial species in the Paraguay River Basin because it is highly sought by both recreational and commercial fishermen (Mateus et al., 2004; Mateus et al., 2011; Massaroli et al., 2021).
In the present study, we analysed the spatiotemporal variation in the diet composition of P. mesopotamicus, comparing populations from the upper and lower catchments of the Cuiaba River in Brazil, during different hydrological seasons. The goal was to reveal the network of trophic interactions and quantify the relative importance of riparian vegetation resources in the diets of these two populations during both the dry and wet seasons. We used a bipartite network approach to describe this consumer-resource system, especially to identify the main links in these interactions and to simulate potential responses of P. mesopotamicus to the elimination of food items that the vegetation provides, a scenario that could happen through deforestation.
MATERIALS AND METHODS
Study area
The Cuiabá River originates in the south-central region of the state of Mato Grosso (MT), in the Brazilian midwest, and flows southwest toward the Paraguay River (Supplementary Figure S1). Its basin covers an area of approximately 28,732 km2 and extends up to the municipality of Barão de Melgaço, MT (Figueiredo and Salomão 2009). The regional climate is tropical, with dry winters and rainy summers (type Aw, according to the Köppen climate classification; Alvares et al., 2013). The hydrological regime is characterized by seasonal variation in water levels in the river due to the annual flooding cycle that starts in December and ends in June (Fantin-Cruz et al., 2011).
The Cuiabá River basin flows through the Cerrado region of central Brazil, which has become one of the world’s most intensive agricultural regions during the last 3 decades. However, the intensity of land use in the Cuiabá River basin varies spatially. The lower basin region, which is located in the Pantanal wetland, has a low human population density and mostly supports livestock ranching. In contrast, in the middle and upper regions of the basin, there is a much larger human population and a higher pressure from agricultural activity. Due to these differences in land use, deforestation is more prevalent in the middle and upper regions of the basin. Moreover, the lateral expansion of the river into the floodplain is greater in the lower basin (hereafter termed “lower catchment”) than in the upper region (hereafter termed “upper catchment”).
The fish survey was conducted in the river channel of the upper catchment (Cuiabazinho River, in the region of Rosário Oeste), and in the river channel of the lower catchment (SESC Pantanal, in the region known as Porto Cercado). The upper stream sampling site is located ∼190 km upstream from Cuiabá city, while the downstream site is situated in the northern part of the Pantanal in the municipality of Poconé, ∼140 km downstream from Cuiabá (State of Mato Grosso, Brazil) (Supplementary Figure S1). The upper catchment is an important breeding ground for the species, whereas the lower catchment is an important nursery and growth area.
Sampling
Individuals from P. mesopotamicus were collected monthly from August 2006 to July 2007. For our statistical analysis, we divided the data into two groups: dry season months (August to November 2006 and July 2007) and wet season months (December 2006 and January to June 2007). Fish were caught using cast nets and gillnets and were euthanized by thermal shock through immersion in ice. Individuals were measured (total length in cm) and their stomachs were removed through a ventral incision performed with a scalpel, fixed in 10% formaldehyde and transferred to 70% alcohol after five days for subsequent analysis. A total of 143 individuals were analysed (length range: 34–75 cm). We quantified the stomach contents of 139 individuals (four individuals had an empty stomach), 87 from the upper catchment (Ndry = 63; Nwet = 24) and 52 (Ndry = 24; Nwet = 28) from the lower catchment. The stomach contents were placed in a Petri dish and examined under a stereomicroscope to identify and quantify the food items. First, we aggregated the different food types found within stomachs into four broad functional categories [plants (excluding seeds and fruits), fruits, seeds and animals] and then identified them to the lowest possible taxonomic level. We also opted to analyse corn and soybeans as separated items because they are bait used by fishermen to attract fishes, and do not occur naturally in this river basin (Massaroli et al., 2021). Finally, the volumetric method was used to quantify the volume of the different food items (Hyslop 1980) and determine their proportions (item volume/total volume) in the diet of each individual fish.
Data analysis
First, although our goal was not to evaluate seasonal (or spatial) differences in individual sizes, we used factorial ANOVA to compare the total length among seasons and sites, because differences in the total length could affect the conclusions regarding spatiotemporal variation in the diet. We applied a Factorial Analysis of Variance (ANOVA) with permutation tests (Anderson and Ter Braak, 2003) to evaluate differences in the consumption of individual food categories (i.e. fruits/seeds, leaves/roots/stalks, animals) between sites and seasons. We used this procedure because our dataset had outliers. The response variable was the volumetric proportion of individual food categories, and the explanatory variables were the sites (i.e., lower and upper catchment) and seasons (i.e., wet and dry seasons). When significant differences were found, we applied the post-hoc Tukey’s test (Higgins 2004) for pairwise comparisons. Each test was performed with 10,000 permutations. Furthermore, Spearman correlation analyses were computed between the volumes of the different food categories to evaluate whether greater consumption of one functional category was accompanied by a lower consumption of others.
We grouped the food categories (volume) in according to their origin, i.e., whether they were derived from the aquatic environment (autochthonous) or the terrestrial environment (allochthonous). Allochthonous resources, including leaves, fruits, seeds, flowers, roots (Ruelia sp.) and insects from terrestrial environment and autochthonous resources, encompassing macrophyte stalks, decapods and molluscs. We used these two groups because we were not interested in the identity of any particular resource but rather in the two broader categories that could be used to identify whether the resource originated in aquatic or terrestrial ecosystems. To classify food items, we used the tradition in floodplain ecology in considering leaves, fruits, seeds, flowers, roots and adult insects from terrestrial origin in riparian and floodplain forests as allochthonous resources (Goulding 1980; Junk et al., 1997; Correa & Winemiller 2014). Although riparian and flooded forests house plant species of terrestrial origin (allochthonous) and aquatic macrophytes (autochthonous) during the flooding season, these two groups can be easily distinguished based on the morphology and anatomy of the vegetative and reproductive structures. We restricted the analysis to identified items because we were not interested in understanding the variation in nonidentified food items. Individuals (or stomachs) were the sampling units from which different items were classified into autochthonous and allochthonous. Therefore, we used an ANOVA mixed effect model (Zuur et al., 2009) with permutation tests to analyse differences in the proportion of volume of consumed food by origin, site, and season in which each fish was considered to be as random effect because the items were measured in the same individuals. When ANOVA tests were significant, we used the post-hoc Tukey’s test with pairwise permutations for a posteriori comparison.
To evaluate the degree of connectivity between individual fish and resources, we applied a bipartite network approach (i.e., interaction network with two trophic levels; Dormann et al., 2008). Networks are mathematical structures composed of nodes and links (i.e., edges) between the nodes. In an ecological context, nodes may represent individuals, populations or species, guilds or functional groups, entire communities, or even entire networks (Hagen et al., 2012). Links are defined in an interaction matrix wherein the coarsest measure of link strength is the presence or absence of the interaction (Hagen et al., 2012). These methods have been used to analyse pollinator-plant and predator-prey interactions (Bascompte et al., 2003; Dormann et al., 2008, 2009), and they may also be applied to evaluate the interactions between individuals and resources to understand resource partitioning among different populations of a particular species (e.g. Pires et al., 2011), which is the case in the present study. The presence and absence of links were assigned based on whether an individual consumed a particular resource. Finally, we generated a bipartite graph to visualize the consumer-resource network (Pires et al., 2011).
Moreover, we wanted to assess how the P. mesopotamicus populations respond to the loss of component resources. Thus, we first simulated the elimination of food items, starting with the most common (i.e., the one with the highest number of links in the bipartite network), to determine if removing items would have a noticeable effect on individuals. For instance, an individual who consumed only one resource type would be “eliminated” from the network if that resource was removed (i.e., strong effect), while another that consumed a broad range of resources would persist (i.e., weak, or no effect). We also repeated this procedure but started with the elimination of the least common item (i.e., the one with the lowest number of links in the bipartite network). Furthermore, we assumed that the proportion of living individuals (y) is an exponential function of the proportion of eliminated items (x), whose decay is estimated by the coefficient a (y = 1–xa; Dormann et al., 2009; Memmott et al., 2004). The bipartite-slope exponent (a) was fitted to the elimination curve under a null model where resources were eliminated at random (Memmott et al., 2004; Dormann et al., 2009). High estimates of slope a mean that the network is less affected by link removal (Dormann et al., 2009).
Additionally, we computed the robustness (R) of the network as an additional metric to assess the tolerance of the system to resource loss. This coefficient is based on the fact that the removal of a given fraction of members of one group (e.g., the resources) causes the elimination of a number of members from the other group (e.g., individuals) (Memmott et al., 2004). The R coefficient is defined as the area under the elimination curve (Burgos et al., 2007). Curves that decrease very slowly to a point in which almost all items are eliminated exhibit an R close to one (Burgos et al., 2007). This represents a robust system in which most of the individuals survive even if a large fraction of the items is removed. In contrast, R values near zero correspond to curves that decrease sharply with the loss of any one component. This represents a fragile system in which most individuals lose all of their interactions and are eliminated with the removal of small fractions of food items (Burgos et al., 2007; Dormann et al., 2009; Dormann et al., 2013). Finally, we compared the estimates of a and R to null models (1,000 simulations), which were generated by calculating the probability that each cell in the bipartite matrix is occupied (filled with 1) as the mean of the occupation (Bascompte et al., 2003). These procedures were carried out separately for the lower and upper catchment populations.
All analyses were performed in R (R Core Team, 2020) using the lmPerm (Wheeler 2010) and bipartite packages (Dormann et al., 2008).
RESULTS
Individuals who were analysed had lengths close to or higher than the length of the first maturation (from 34 to 75 cm; mean = 43.78; sd = 6.59). There was no interaction between site and season factors in determining length variation (F1;135 = 0.246; p = 0.62). In addition, there was no significant difference in length between sites (F1;135 = 0.77; p = 0.38) and seasons (F3;135 = 0.108; p = 0.74). Therefore, the dietary differences that we found across individuals cannot be attributed to spatiotemporal differences in the size distribution of the species.
We were able to identify 74% of the overall food volume that was consumed by the Pacu (26% was unidentifiable digested material). The fish consumed mainly leaves (44.86% of the identified volume), fruits and seeds (24.44%). Other plant parts, including flowers, stalks and roots, represented 20.37% of the identified resource volume. Animal resources were in much smaller proportions (5.71%) and included aquatic (molluscs and decapods) and a few terrestrial insects. The remaining (4.89%) items consisted of incidental materials (including coal and stones) as well as corn and soybeans, which are generally used by fishermen to lure fish. We identified 21 plant species from the stomach content, in which 12 were consumed exclusively in the upper catchment, 11 in the lower catchment and only two species [Alchornea sp (leaves) and Ocotea sp. (fruits)] were consumed at both sites (Table 1).
TABLE 1 | Terrestrial plants identified in the stomach contents of Piaractus mesopotamicus at the sample sites. NI = not identified.
[image: Table 1]The seasonal difference in fruit consumption was site-dependent (site × season interaction: p = 0.004; Figure 1). While fruit consumption was greater during the flood season in the upper catchment (p < 0.001), no difference was found between seasons in the lower catchment (p = 0.487). The consumption of other plant parts also depended on the site (site × season interaction: p = 0.007; Figure 1) and was greater in the dry season than in the flood season in the upper catchment (p = 0.001) but not significantly different between seasons in the lower catchment (p = 0.704). The interaction between both factors was also significant for animal prey (site × season interaction: p = 0.012; Figure 1), although the pattern was different from what was observed for plant items. A greater number of animals were consumed during the dry season than in the wet season in the lower catchment (p = 0.018), but there was no significant difference between seasons in the upper catchment (p = 0.678).
[image: Figure 1]FIGURE 1 | Volumetric proportion of items grouped into functional categories (A) fruit and seeds (B) roots, stalks and leaves; (C) molluscs, decapods and insects) consumed per site and season (blue = wet season; gray = dry season). Although we used a permutational ANOVA, mean values and 95% intervals of confidence bars are shown for clarity.
We examined the correlations between the consumption of items and found that the higher value of consumption of fruits and seeds in the upper catchment was associated with less consumption of other plant parts (rs = -0.334; p = 0.002). Conversely, the high value of consumption of plant parts in the lower catchment was associated with a lower consumption of animal items (rs = -0.311; p = 0.024).
The relative importance of resources from terrestrial and aquatic ecosystems in the P. mesopotamicus diet was also dependent on the site and season (site × item interaction: p < 0.001; season × item interaction: p = 0.038; Figure 2). The main food source in the upper catchment was allochthonous (p < 0.013), but there were similar volumes of allochthonous and autochthonous inputs in the lower catchment population (p = 0.897). In the upper catchment, resources came mainly from the riparian forest in both seasons (Pflood<0.001; Pdry<0.001; Figure 2). In the lower catchment, there was no significant difference between autochthonous and allochthonous inputs in dry season (p = 0.301; Figure 2), although the allochthonous input was higher than the autochthonous input (p = 0.024) during the rainy season.
[image: Figure 2]FIGURE 2 | Comparison between the volume of resources of aquatic and terrestrial origin (riparian vegetation) between (A) sites and seasons (flood and dry season) in the (B) lower catchment and (C) upper catchment). Although we used a permutational ANOVA, mean values and error bars are shown for clarity.
The bipartite graphs in Figure 3 represent the consumer-resource networks for the upper and lower catchment populations. Not surprisingly, both networks were sensitive to the removal of common resources (i.e., highly connected items) and presented low values of a (upper catchment = 0.55; lower catchment = 0.69). The estimated value of a in the upper catchment was smaller than what would be expected by chance (a̅null = 0.87; sd = 0.21; p < 0.001), but in the lower catchment, it was not significantly different from a random pattern of resource elimination (a̅null = 0.71; sd = 0.064; p = 0.31). This suggests that the population from the upper catchment would be more sensitive than the lower catchment population to eventual riparian deforestation, as many individuals in the former are highly dependent on allochthonous input, especially from terrestrial plants. However, the networks exhibited low robustness values (Rupper catchment = 0.34; Rlower catchment = 0.21), which points to the fragility of both populations to the loss of a small fraction of food items. These robustness values were smaller than those expected by chance for both upper ([image: image]null = 0.89; sd = 0.043; p < 0.001) and lower catchment populations ([image: image]null = 0.60; sd = 0.063; p < 0.001).
[image: Figure 3]FIGURE 3 | Bipartite graph showing the relationship between Piaractus mesopotamicus individuals and their diet resource in the upper catchment and in the lower catchment populations. The thickness of the resources bars expresses the frequency of interactions.
We found a relatively high value for coefficient a when the simulation started removing less common food items for the upper catchment (aupper catchment = 12.71). These resources were mostly autochthonous, and the high values for the bipartite-slope exponent suggest that this population would persist if aquatic prey were locally extinct (Rupper catchment = 0.91). However, starting the simulation of elimination for the lower catchment with the less common items made no difference (alower catchment = 0.693) and that the network is also more robust to elimination of aquatic items (Rlower catchment = 0.653). The a and R estimates did not differ from those that would be expected by chance at either site. These results suggest that the elimination of the less common dietary items has little effect on both upper (a̅null = 0.74; sd = 2.4; p = 0.99; [image: image]null = 0.78; sd = 0.042; p = 0.99) and lower catchment trophic networks (a̅null = 0.72; sd = 0.066; p = 0.28; [image: image]null = 0.58; sd = 0.068; p = 0.83).
DISCUSSION
Our study on the spatiotemporal pattern of resource consumption showed that P. mesopotamicus populations are highly dependent on terrestrial resources year-round, despite seasonal shifts in diet. The seasonal shift in the P. mesopotamicus diet was higher in the upper catchment population than in the lower catchment population. In addition, simulations to assess the sensitivity of their consumer-resource network suggested that the population dwelling in the upper catchment is more dependent on riparian vegetation resources than the population dwelling in the lower catchment.
The gut content analysis provided strong evidence that P. mesopotamicus is predominantly herbivorous (mainly leaves and fruits), although a few individuals also ate small animals. Their dietary versatility may be associated with resource abundance, which is well known to drive diet shifting in tropical freshwater ichthyofauna (Goulding 1980; Hahn et al., 1997; Lowe-Mcconnell, 1999). Fish species are able to shift their diet according to changes in resource availability (Goulding 1980; Hahn et al., 1997; Agostinho et al., 2007). In river floodplains, resource abundances are regulated by spatial and temporal variations in environmental conditions due to variations in forest cover and seasonal hydrological changes in the lateral extent of the river channel (Junk and Wantzen, 2004; Arantes et al., 2019; Larsen et al., 2019).
We found a greater volume of leaves in pacu stomachs than other types of resources. While 21% of the leaf content was only identified to the family level, all of them were from species belonging to the terrestrial ecosystem, as we did not find any leaves from aquatic macrophytes. However, P. mesopotamicus did consume aquatic macrophyte stalks, being the second and third most consumed item in the lower and upper catchments, respectively. Conversely, a low consumption of macrophyte leaves by fish was also reported for the Amazon basin (Merona, 1987; Araujo-Lima et al., 1995) and may be due to toxicity, low nutritional value and/or low digestibility (Goulding et al., 1988; Araujo-Lima et al., 1995).
The consumption of fruits was higher, as expected, during the wet season, when fruiting is more intense (Goulding, 1980; Lucas, 2008; Correa and Winemiller 2014). However, this was the case only for the upper catchment population. This is surprising, as lateral expansion of the littoral zone, which expands the opportunity for fishes to find a fruiting tree, is higher in the floodplain than in the upper catchment. Apart from differences in plant composition between the upper and lower catchments, the higher consumption of fruits in the upper catchment could also be explained by the higher aggregation of fleshy-fruited plants in the riparian forest. Unfortunately, we did not find available data to test these hypotheses. Regardless, in flooded systems, the synchrony between hydrological seasons and fish diet has been shown to be a key characteristic of the feeding ecology of several species (Lucas 2008; Costa-Pereira et al., 2011; Freitas and Almeida, 2011; Correa and Winemiller, 2014), especially in tropical floodplain forests (Goulding 1980). For example, Colossoma macropomum is frugivorous during the wet season but detrivorous during the dry season (Anderson et al., 2009, 2011). In addition, the abundance of seeds and fruits in fish diets is strongly associated with their availability (Davis et al., 2010), which depends on the flowering and fruiting phenology of plant species in the landscape (Correa et al., 2007; Correa and Winemiller 2014), although Araujo et al. (2020) recently showed that frugivorous fishes can actively select fruits.
Furthermore, we observed that the consumption of other plant parts decreased in the upper catchment population during the flood season when individuals consumed more fruits. However, there were no significant differences in the consumption of different food items between seasons in the lower catchment population, with the exception of a slight decrease in plant items in their diet when they fed more on animal prey during the dry season. The quantity and quality of available resources is important because it regulates the amount of energy available to the organism and will consequently affect their energy allocation process (Adams et al., 1982). Thus, the negative correlation between fruit and animal resources that we found in stomach contents may be advantageous for the species because the higher consumption of fruit when consumption of animals is low may improve their nutritional status. In turn, nutritional status affects growth and reproductive activity (Li et al., 2009). For example, gonadal development, fecundity and egg quality are all affected by the nutritional status of breeders and by specific essential nutrients (Brooks et al., 1997; Izquierdo et al., 2001). Moreover, migratory fish invest in energy storage prior to migration, and this energy is stored mainly as fat that will subsequently be converted into reproductive tissue (Arrington et al., 2006). Therefore, a decline in nutritional status may have negative consequences for individual reproduction that will result in reduced recruitment and thus smaller fish stocks.
Riparian vegetation items were the most common in the P. mesopotamicus diet in the upper catchment population during the flood season due to the higher availability of fruits and during the dry season due to the consumption of leaves. This observation suggests that riparian forests in the upper catchment are the main providers of resources for the pacu population in this river system. Allochthonous production in riparian ecosystems has been recognized as the most important basis for the diets of stream fishes (Esteves and Aranha 1999; Claro et al., 2004; Claro et al., 2004). Pacu consumed more plants in the lower catchment during the flood season. We think this has resulted from higher seasonal change in the availability of plant-derived food resources in the lower catchment than in the upper catchment. River channels overflow during the flood seasons and submerge larger adjacent areas with a higher abundance of trees (fruiting or not) in the lower catchment, which allows many fish to feed on abundant plant food sources during this season. Seasonal changes in the lateral extent of the river are lower for the upper catchment, which, in turn, gives rise to lower fluctuations in the availability of plant-derived food sources.
Goulding (1980) highlighted the crucial role of allochthonous subsidies from riparian vegetation to aquatic food webs in the floodplains of the Amazon River basin. Subsequent studies in other Neotropical river-floodplain systems have shown the depth and complexity of these coevolutionary relationships and have revealed an aquatic-terrestrial connection that is not paralleled anywhere in the world (Horn 1997; Drewe et al., 2004; Correa et al., 2007; Horn et al., 2011). The pacu is a large species that connects terrestrial and aquatic ecosystems because the energy that they incorporate from their allochthonous food sources becomes available to other large aquatic consumers, including gilded catfish (Zungaro zungaro) and spotted surubim (Pseudoplatystoma corruscans), which are large enough to prey on small-sized pacus. Conversely, this species is a potential prey for large vertebrates such as the giant otters Pteronuras brasiliensis (Rosas-Ribeiro et al., 2012) and caimans Caiman crocodillus yacare (Santos et al., 1996).
The results from our network simulations suggest that neither the upper nor the lower catchment networks are tolerant of the reduction of allochthonous food items. Additionally, the interaction between pacu and plants from the upper catchment may be more sensitive to deforestation than that from the lower catchment. However, pacu is an omnivorous species, and the reduction in terrestrial item input may force individuals toward a dietary shift (for an example, see Melo et al., 2019). A dietary shift is expected when deforestation occurs (Baxter et al., 2005; Bojsen 2005; Ferreira et al., 2012), as demonstrated by the deforestation caused by dams (Albrecht et al., 2009; Melo et al., 2019). However, since nutritional status affects growth and reproductive activity (Li et al., 2009), it is possible to imagine scenarios when fitness would be affected by poor diet. For example, if deforestation occurs upstream of a dam, and individuals cannot move downstream to find the most suitable habitat, diets can shift toward suboptimal resources, affecting the nutritional status of the individuals trapped upstream of the dam.
P. mesopotamicus and riparian plant species are likely to form a mutualistic relationship as the fish act as dispersal vectors (i.e., ichthyochoric dispersal) of their seeds (Galetti et al., 2008; Donatti et al., 2011; Correa et al., 2015; Correa et al., 2016). These interactions are common among frugivore fish and riparian plants (Horn 1997; Lucas 2008; Horn et al., 2011; Pollux 2011), and it has been recognized that frugivore fish may affect the recruitment and distributional patterns of trees, as they have different waste deposition patterns than other vertebrate frugivores (Chick, 2003; Correa et al., 2007; Galetti et al., 2008; Anderson et al., 2011; Horn et al., 2011). Although the role of pacu in the recruitment of riparian plants remains to be elucidated, the high degree of interdependence between fish and trees in tropical forests provides a strong argument for the conservation of both to maintain ecosystem functioning (Horn 1997).
Our results demand a cautionary note, as the method we used in our study (stomach content analysis) has limitations for the identification of several items (e.g., soft parts of animals, digested vegetable organic matter), which may compromise the quantification of their relative importance. Additionally, stomach content analysis represents a snapshot of food consumption, not of energy and nutrient absorption. In fact, it is plausible that food items that arise as important from the use of stomach content analysis may have contributed little of the energy and nutrient needed for somatic growth and reproduction. Therefore, a definitive conclusion about long term dependency between pacu and forest food resources can only emerge from the use of a more integrative methodology, such as stable isotope analysis. We recommend such studies as a further development of the analysis described in this paper. In summary, we showed that pacu is strongly dependent on riparian and floodplain vegetation as food resources. Consequently, it seems likely to be very sensitive to the degradation and deforestation of marginal forested lands. A recent study has shown the importance of conserving forests to maintain high fish catches and fisheries productivity in the Amazon (Barros et al., 2020). In this way, the conservation of riparian and floodplain forests should be considered essential for the maintenance of viable populations of pacu and probably other frugivorous fishes in the Pantanal.
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