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High pasture land cover reduces
modularity of trophic networks from
Brazilian stream fish assemblages
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Humans have driven extensive land-use changes, posing serious threats to
ecosystems. Despite recent advances, the impact of these activities on ecological
interactions and food web metrics in freshwater ecosystems remains poorly
understood at large spatial scales. We hypothesize that land use intensity simplifies
and homogenizes trophic networks by increasing nestedness and decreasing
modularity, connectance, trophic specialization, and the number of links, due
to the loss of specialists and stream homogenization. We compiled studies on
Brazilian stream fish trophic networks (1982-2021) and quantified land-use
influence using the percentage of land cover in buffers around sampling regions
to assess how anthropogenic impacts shape trophic structure. We quantified
nestedness, modularity, trophic specialization, connectance, mean number of
links per species, link density, and number of fish species nodes. The trophic
networks were more nested than modular, but we observed no overall effect
of land use on the metrics. However, when discriminating between the two
primary land cover categories, pasture percentage reduced modularity, while
cropland showed no effect. At a large scale, different land uses produce subtle
changes in food web structure, but increasing pasture cover simplifies aquatic
habitats, favoring generalists and reducing specialists.
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Impacts in fish trophic networks

Os seres humanos tém promovido extensas mudangas no uso da terra,
representando sérias ameagas aos ecossistemas. Apesar dos avangos recentes, o
impacto dessas atividades nas interacdes ecolégicas e métricas de redes tréficas
em ecossistemas de dgua doce permanece pouco compreendido em grandes
escalas espaciais. Nossa hipotese é que a intensidade do uso da terra simplifica
e homogeniza as redes tréficas, aumentando a aninhamento e diminuindo a
modularidade, conectancia, especializagio tréfica e o nimero de interagdes,
devido a perda de especialistas e 2 homogeneizagio dos riachos. Compilamos
estudos sobre redes tréficas de peixes de riachos brasileiros (1982-2021) e
quantificamos a influéncia do uso do solo pela porcentagem de cobertura da
terra em buffers ao redor das regides amostradas, para avaliar como impactos
antropicos moldam a estrutura tréfica. Quantificamos aninhamento,
modularidade, especializagio tréfica, conectincia, nimero médio de ligagdes
por espécie, densidade de ligagdes e nimero de nos. As redes troficas foram
mais aninhadas do que modulares, mas nio observamos um efeito geral do uso
da terra sobre as métricas. Contudo, ao discriminar entre as duas categorias
primarias de cobertura do solo, a porcentagem de pastagem reduziu a
modularidade, enquanto a agricultura nio apresentou efeito. Em grande escala,
diferentes usos da terra geram mudangcas sutis na estrutura das redes, mas o
aumento de pastagens simplifica habitats aquéticos, favorecendo generalistas e
reduzindo especialistas.

Palavras-chave: Aninhamento, Cobertura de pastagem, Cobertura de terras
agricolas, Dieta de peixes, Itens alimentares.

INTRODUCTION

Natural communities consist of species interacting in various ways, a structure that can
be represented as an ecological network (Hric ef al., 2016). In these networks, species
or individuals are depicted as nodes, connected by links that symbolize their biological
interactions (Boccaletti ef al., 2006). This network approach offers an effective method
for representing, characterizing, and identifying the structural determinants of natural
systems (Cohen, Havlin, 2010). It has been successfully applied to complex systems such
as mutualism (Mougi, Kondoh, 2014) and trophic interactions (Baumgartner, Robinson,
2017). However, understanding how these networks change across space and time and
their drivers remains challenging (Poisot ef al., 2015; CaraDonna ef al., 2021; Ceron et
al., 2022). Consequently, research into these dynamics provides crucial insights into the
ecological and evolutionary processes that structure and organize biotic interactions
(Tylianakis, Morris, 2017).

The structure of ecological networks is dynamic, varying significantly across spatial
gradients due to shifts in abiotic conditions, resource availability, species composition,
and habitat heterogeneity (Tylianakis er al., 2007; Poisot et al., 2012; Winemiller,
1990). Local environmental filters, such as temperature, nutrient concentration, and
habitat complexity, can modify species traits, abundances, and encounter rates, thereby
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reshaping interactions within a community (Woodward er al., 2010; Bartomeus ef al.,
2016). For instance, structurally complex habitats often support greater resource diversity
and stronger niche partitioning, fostering more modular networks, where interactions
are compartmentalized into tightly connected subgroups, and more specialized
trophic interactions (Thompson ef al., 2001). In contrast, simplified or homogeneous
environments often lead to more generalized and nested interactions, where the
interactions of less-connected species form a subset of those of highly connected species,
due to reduced ecological opportunities and greater overlap in resource use (Bascompte
et al., 2003; Dalsgaard er al., 2013). Consequently, spatial variation in network structure
reflects the interplay between the biotic context and the environmental conditions that
ultimately shape species interactions.

A growing body of research is examining the effects of human activities on the
structure and dynamics of ecological networks (Effert-Fanta er al., 2023; Neves ef al.,
2024; Wang ef al., 2021). For instance, habitat degradation often leads to more nested,
rather than modular, network structures (Bascompte ef al., 2003; Olesen et al., 2007;
Dormann, Strauss, 2014). This disturbance also affects other network descriptors, such
as trophic specialization (a metric indicating the degree of species consumption on
exclusive food items), the mean number of links per species, and number of trophic links
according to the number of nodes (number of links given consumers and resources) can
also be affected by habitat degradation (Staudacher et al., 2018; Felipe-Lucia et al., 2020).
Such changes in network architecture, driven by anthropogenic disturbance (Pellissier e
al., 2018), provide critical insights into subsequent alterations in ecosystem functioning.

Most impacts on freshwater ecosystems are directly or indirectly linked to land-use
change (V3rdsmarty et al., 2010; Tabi et al., 2025), which affects fish communities through
multiple pathways (Dala-Corte et al., 2016). For instance, converting natural habitats to
croplands or pastures increases siltation and nutrient input while homogenizing stream
substrates (Neill er al., 2001; Sutherland er al., 2012). Simultaneously, the loss of riparian
vegetation reduces allochthonous matter input, increases autochthonous production,
and alters the quality and quantity of available food resources (Bambi er al., 2023; Leal
et al., 2023). In response to these altered resource bases and degraded environmental
conditions, fish species often shift their diets (Prejs, Prejs, 1987; Alonso et al., 2019). This
can lead to greater niche overlap, driven by a rise in generalist and opportunistic feeding
strategies and a decline in specialist species. Consequently, the structure of trophic
networks shifts along land-use intensity gradients (Herbst ef al., 2013; Amarillo-Suérez
et al., 2024; Botella ef al., 2024), with network metrics responding variably to the degree
of habitat modification. In essence, riparian forest integrity is critical for supplying food
resources to aquatic communities (Zeni, Casatti, 2014; Carvalho er al., 2019; Dolabela
et al., 2022; Severo-Neto ef al., 2024). To understand these impacts, it is essential to
investigate both the trophic relationships within communities and how local drivers,
such as land-use intensification, disrupt them (Lobon-Cervid er al., 2016). Therefore,
analyzing the variation in trophic structures across large spatial scales and testing the
generality of existing predictions are vital for building a robust understanding of land-
use effects on aquatic food webs.

Through a literature review, this study assesses the effects of land use on the trophic
network structure of Brazilian stream fish assemblages. We specifically address the
following questions: (a) How is the structure of fish trophic networks related to the
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degree of land-use change? (b) Which major land-use class, pasture or cropland, has a
greater effect on trophic network structure? We hypothesize that well-vegetated sites
enhance the availability and diversity of food resources (e.g., through allochthonous
inputs), promoting greater trophic specialization, higher connectance (i.c., a high
proportion of realized links), and resulting in more modular and less nested networks
(Fig. 1). Conversely, we expect deforested sites under intensive land use to support less
specialized fish assemblages with fewer trophic links, lower connectance, and a more
nested network structure.
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FIGURE 1 | Sampling and analytical procedure for trophic networks. For each study region, we quantified land use within a 500 meter radius
buffer, using data from the specific year the study was conducted. Dietary data were then used to construct a bipartite trophic network for
each study. For each network, we calculated metrics of modularity, nestedness, trophic specialization, and food-web complexity, including

number of species, link density, and mean number of links per species.
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MATERIAL AND METHODS

Data sampling. We conducted a systematic literature review following the PRISMA
guidelines to identify articles published between 1982 and 2021, sourced from Scopus,
Web of Science, and Google Scholar. As this study exclusively involved the synthesis
of previously published data, it did not require approval from an Ethics Committee
or collection licenses. Our search focused on studies examining the diet of stream
fish assemblages in Brazil. We used a combination of keywords in both English and
Portuguese: (fish*) AND (feed” OR diet” OR trophic*) AND (stream*) AND (Brazil*)
AND (community OR assembly*). We also included relevant theses and gray literature
that met the same criteria (n = 18). This initial search returned 20,200 studies. After
screening titles and abstracts, we excluded 19,850 publications due to low relevance
to our research objectives. The remaining 350 articles underwent full-text assessment
against the following eligibility criteria: (i) inclusion of at least five fish species, (ii)
presentation of quantitative dietary data (e.g., IAi, % volume, % number), (iii) availability
of a complete trophic matrix, and (iv) conduct within a stream ecosystem. We applied
a threshold of five species to ensure the data represented a local community network.
Although there is no definitive minimum for an assemblage, five is below the typical
mean of seven fish species found in Brazilian headwater streams (Dias ef al., 2021).
Furthermore, we required studies to quantify diets using established metrics (IAi and/
or numeric/volume percentages) to ensure a comprehensive characterization of species’
feeding habits, rather than relying on occasional observations (Bonato er al., 2012;
Peressin ef al., 2018; Santos e al., 2021; Caldatto et al., 2023). This process, summarized
in Tab. S1, led to the exclusion of 301 studies, resulting in a final compilation of 49
trophic networks from across Brazil.

From each study, we extracted dietary matrices (with food items as rows and fish
species as columns). The food items encompassed various taxa, including terrestrial and
aquatic insects, algae, plant material, crustaceans, and mollusks. To mitigate biases arising
from differing sampling efforts and quantification methods across studies, we converted
all matrices to a presence/absence (binary) format. This approach allows the analysis to
focus on the incidence of trophic interactions rather than their relative strength.

Network metrics. We constructed bipartite networks where nodes represent two
distinct sets of trophic components: fish (consumers) and food items (resources). Links
between nodes represent trophic interactions, specifically, the consumption of particular
food items by each fish species (Dormann, Strauss, 2014). From each interaction matrix,
we quantified several network metrics, including nestedness, modularity, connectance,
trophic specialization, number of links, and the mean number of links per consumer.
In addition, we reported fish species richness, the number of consumer species, not as
a structural network metric, but as a descriptor of the local fish assemblage. Nestedness
was quantified using the NODF metric, a widely used measure based on the principles
of niche overlap and the decreasing fill of the adjacency matrix (Almeida-Neto et al.,
2008). In this context, niche overlap refers to the degree to which two or more species
share the same food items, such that the diets of specialists tend to form subsets of those of
generalist species. Higher NODF values thus indicate a more nested network structure.
Modularity was assessed using the Q metric, which measures the difference between the
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observed fraction of links connecting species within the same module and the fraction
expected by chance (Newman, 2006). Since the food webs in this study were structured
as bipartite networks (i.e., links only occur between nodes of different sets), we used a
Q algorithm adapted for bipartite networks which is a modularity detection method
specifically designed for this structure (Dormann, Strauss, 2014). A modular network
consists of interconnected modules, each comprising a group of species that are more
tightly linked to one another than to species in other modules (e.g., Olesen ef al., 2007).
We used connectance as a measure of food web complexity, defined as the proportion
of realized links out of all possible links in a network (Dunne et al., 2002a).

Trophic specialization was quantified using the H," index, which measures the
deviation of observed interactions from the number expected if all interactions were
random. Derived from the Shannon diversity index, H,’ is a standardized measure for
comparing specialization across different networks, ranging from 0 (no specialization,
high generalization) to 1 (complete specialization) (Bliithgen ef al., 2006). The metric
is calculated by comparing observed and expected interaction frequencies based on
species marginal totals. As H,' is based on interaction frequencies, it was the only
metric we calculated using the relative abundance of consumed items (i.c., interaction
strength). For example, a species might feed exclusively on one particular food item.
However, if that item is highly abundant and consumed by many species, the degree of
specialization for that consumer would be considered low, resulting in a low H,’ value.
Conversely, a species feeding exclusively on rare food items would receive a high H,’
value. In summary, the greater the overall selectivity of species within the network, the
higher the network’s H," index.

Link density was calculated as the ratio of the total number of observed trophic links
(L) to the total number of nodes (S), encompassing both consumers and resources. This
metric (L/S) reflects the overall complexity of the network and the number of potential
energy pathways (Dunne ef al., 2002a). We also calculated the mean number of links
per consumer, representing the average number of food items consumed by each fish
species (Bersier ef al., 1999; Dunne ef al., 2002b). While both metrics describe network
connectivity, link density captures the complexity of the entire network, whereas the
mean number of links per consumer specifically measures the average dietary breadth
at the consumer level.

We calculated network completeness for each food web, defined as the proportion
of realized interactions to the total number of potential interactions (i.e., the number of
observed interactions divided by the product of the number of consumers and resources;
Ceron et al., 2019). This metric was included as a covariate in subsequent models
because many network descriptors can be influenced by differences in network size and
sampling effort (Henriksen er al., 2019; Bliithgen, Staab, 2024). In dietary studies, trophic
interactions are identified via stereomicroscope in the laboratory, which minimized
the likelihood of missing prey items. While it is possible that some prey consumed in
nature were not detected, we expect any such underestimation to be minor as trophic
studies typically analyze multiple individuals per species (>10) to capture the full dietary
range. Consequently, we are confident that unobserved interactions constitute only a
negligible source of bias in our networks.
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Null model of trophic network structure. To control for potential sampling bias
related to network dimensions (i.e., the number of species and trophic links), which
can hinder direct comparisons of metrics across networks, we compared three key
observed descriptors (NODF, Q, and Hz') to distributions generated by null models.
We used a null model that randomizes the observed interaction matrix while preserving
its fundamental structure (Quimbayo er al., 2018; Dittilo, Vasconcelos, 2019; Kortsch et
al., 2019). Specifically, we randomized each observed trophic network 499 times using
the ‘swap.web’ null model, as implemented in the R package bipartite (Dormann et al.,
2009). This method fixes both marginal totals and connectivity, thereby maintaining a
constant number of interactions. This 499-permutation approach, plus the one observed
matrix (yielding n = 500), significantly reduces computational time for metrics like Q
while achieving a minimum non-zero p-value of 0.002, which is sufficiently precise for
standard significance thresholds (e.g., p < 0.05). For each network metric (NODF, Q,
and H,), we then quantified its Standardized Effect Size (SES) using the formula: SES
= (observed - p) / o, where ‘observed’ is the metric’s value from the empirical network,
p is the mean of the metric across all 499 null matrices, and o is the standard deviation.
A negative SES indicates the observed value is lower than expected given the network’s
size and connectance, while a positive SES indicates it is higher.

Anthropogenic impact on streams. Since the precise geographical coordinates for
each sampling site were not always available in the published papers or gray literature,
we used the mean geographical coordinates of each study to quantify anthropogenic
impact by calculating the land use within individual study areas. In this approach, we
created a buffer with a 500 m radius around the mean geographical coordinates of
each study. Using ArcMap 10.6.1 (ESRI, 2018), we then calculated the percentage area
of each land-use class within these buffers (Fig. 1). The methods for characterizing
aquatic impacts through buffers vary considerably across studies, ranging from circular
to riparian buffers of 50 to 500 m (Brejdo et al., 2021; Pessoa et al., 2025). Although a
100 m bufter is most common (Brejio e al., 2021; Pessoa ef al., 2025), we selected a
500 m circular buffer because it simultaneously captures both local and regional scale
changes and potentially includes multiple sampling sites from each study. Moreover, this
buffer size is also sufficient to address major land-use variations across different Brazilian
biomes. Therefore, this radius was appropriate for characterizing the overall land use in
each study region, and to capture both riparian and catchment-scale influences while
ensuring comparability among the different studies.

We obtained land-use data from the Brazilian Annual Land Use and Land Cover
Mapping Project (MapBiomas, Collection 4.1). This project generates annual digital
maps of land use for Brazil at a 30 m pixel resolution. The maps are produced using
random forest and machine learning algorithms applied to Landsat satellite imagery
from 1985 to present. For each study in our dataset, we extracted the MapBiomas land-
use layer corresponding to its specific reported sampling year. However, for one sample
from 1982 and another from 2019, years for which MapBiomas data were unavailable
during our GIS processing, we used the closest available data in the time series (1985
and 2018, respectively). The 18 original land-use and land-cover classes found at the
evaluated sites were consolidated into two broad categories: natural and non-natural land
cover. The natural land cover category included forest formation, savanna formation,
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mangrove, wetland, grassland, salt flat, rocky outcrop, and other non-forest natural
formations (e.g., beach and dune, river, lake, and ocean). The non-natural land cover
category, representing anthropogenic impact, encompassed forest plantation, pasture,
annual and perennial crops, semi-perennial crops (e.¢., sugarcane), mosaic of cropland
and pasture, urban infrastructure, mining, and other non-vegetated areas. Using these
categories, we established a land-use gradient across the studies based on the percentage
cover of non-natural classes, ranging from completely natural to highly modified
landscapes. Following this broad classification, we also evaluated croplands and pastures
individually, as they are the most prevalent land-use types in Brazil. The “croplands”
variable was represented by the sum of all agricultural classes (annual, perennial, and
semi-perennial crops), while the “pasture” variable included only the pasture class. This
approach allowed us to assess the individual effects of these two dominant land-use
types on trophic networks.

Stream covariates. Since network metrics can be influenced by watercourse and
environmental properties, we used the mean geographical coordinates of the studies
to extract key stream variables. From the HydroRIVERS dataset (hydrosheds.org/
products/hydrorivers), we obtained the Strahler stream order (range: 1-10), the surface
area of the upstream catchment (1-70 km? log10-transformed), and the distance from
the headwaters (2.4-4,700 km; log10-transformed). We also extracted the elevation for
each study location from the CGIAR-SRTM (90 m resolution) as a proxy for habitat
heterogeneity. To represent climatic conditions, we extracted data for all 19 bioclimatic
variables from WorldClim (v. 2.1) for each study. All environmental and climatic
predictors were centered (mean of zero) and scaled (standard deviation of one) before
being used in a Principal Component Analysis (PCA). The first three orthogonal axes
of the PCA captured 78% of the total variance (48%, 18%, and 12%, respectively). The
PCA loadings revealed the following patterns: PC1 positively represents high and stable
temperatures, as well as a greater distance from headwaters; PC2 is positively associated
with variable precipitation and temperature levels and higher elevation, but negatively
associated with high precipitation levels; PC3 is positively related to temperature
and negatively related to precipitation seasonality. These three PCA axes were used
as environmental covariates in subsequent models to control their potential effects on
trophic network metrics.

Linear models. We constructed linear regression models to assess how a broad land-
use gradient influences seven trophic network metrics. The predictor variables were
the proportional area of anthropogenic land use, cropland, and pasture. The response
variables included the Standardized Effect Size (SES) for three metrics (NODF, Q, and
Hz’). For the remaining four metrics, Connectance, Link Density, Mean Number of
Links per Species, and Number of Fish Species (Log10-transformed), SES values were
either not applicable or could not be compared via null models. To ensure all response
variables were on a comparable scale for analysis, we rescaled these four metrics to
have a mean of zero and a standard deviation of one across all observed values. This
standardization allows for direct comparison of model coefficients across different
metrics. The final models thus evaluated the influence of land use on NODF,, Q...
H, ;, Connectance, Link Density, Mean Number of Links per Species, and Fish Species
Richness (Fig. 1).
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We also employed multiple linear regressions with the same set of response variables
to evaluate the individual effects of cropland and pasture on each network metric.
This approach allowed us to decompose the broad land-use gradient into its two most
prevalent components in Brazil and interpret their distinct influences as separate drivers
of network structure. Network completeness was included as a covariate in all multiple
regression models, except for those with connectance as the response variable, due to
high collinearity between the two metrics. This allowed us to assess whether variation in
network structure, such as modularity, nestedness, and link density, was influenced by
differences in network size. Variance Inflation Factor (VIF) values for cropland, pasture,
network completeness, and the three principal component (PC) axes were low (ranging
from 1.19 to 1.73), indicating no significant multicollinearity and supporting their
simultaneous inclusion as independent predictors in the multiple regression models. We
assessed the normality of model residuals using the Shapiro-Wilk test, which indicated
that most models met the normality assumption. To further satisfy model assumptions,
we identified outliers based on high Cook’s distance values and iteratively removed the
most influential observations. This procedure substantially improved normality in the
model residuals. Finally, using the mean geographic coordinates of studies, we tested
for spatial autocorrelation in the residuals of all models using Moran’s I. No significant
positive spatial autocorrelation was detected in any model, and the corresponding
Moran’s I values are reported in the summary tables (see Results).

All analyses were performed in R v.4.4.2 (R Development Core Team, 2024).
We used the bipartite package (Dormann ef al., 2009) to compute network metrics,
specifically employing the networklevel, nested, and metaComputeModules functions.
The complete code and analytical procedures are available in the GitHub repository at:
https://github.com/msversutdias/Nuven-et-al_Trophic-networks.git.

RESULTS

Overall, we documented 24,214 trophic interactions among 583 fish species and 185
distinct food items, primarily consisting of invertebrates, plant material, detritus, and
algae (Tab. S3). At the local scale, the number of fish species per study ranged from 5 to
99 (mean + SD: 20.93 + 20.04), while the number of consumed food items varied from
5 to 58 (15.55 + 10.62). Land use analysis within the 500 m buffer surrounding studies
revealed a greater proportion of pasture (19.81% = 28.72%), followed by cropland
(14.73% % 27.81%; Tab. S2). In general, the networks exhibited higher nestedness (0.33
+ 0.13) than modularity (0.24 + 0.11), along with high levels of trophic specialization
(0.59 £ 0.16; Tab. S4). Connectance varied widely across networks, ranging from 0.17
to 0.85 (mean + SD: 0.47 + 0.15). Simple correlation analyses among response metrics
indicated that highly nested networks tended to display lower modularity, reduced
specialization, and higher completeness (Tab. S5).

Contrary to our expectations, we found no significant effects of land use on Q ., H,' .,
connectance, fish species richness, or link density (Tab. 1; Figs. 2B-E, G). We observed

weak, non-significant trends: a negative relationship with NODF,; and a positive

S

relationship with the mean number of links per species (Tab. 1; Figs. 2A, F). Matrix
completeness was a significant predictor of NODF,, while environmental covariates
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Impacts in fish trophic networks

TABLE 1 | Linear regression coefficients for the relationships between the land-use gradient and trophic network descriptors: nestedness
(NODF

The number of fish species was log, [x + 1] transformed. All models, except for connectance, included network completeness as a covariate

), modularity (Q,.), specialization (H__.), connectance, link density, mean number of links per species, and number of fish species.

SES SES 2,SES

to control for its potential influence on network metrics. The three Principal Component (PC) axes represent the primary environmental
gradients derived from stream properties (Strahler order, distance from headwaters, and drainage area) and 19 bioclimatic variables. Moran’s

I values confirm no significant spatial autocorrelation in the model residuals. §0.05 < p < 0.10; *p < 0.05; **p < 0.01.

S N e N e s N s I e

Intercept -5.81  <0.01** 2.83 <0.01** -2.68 0.17 -0.07 0.76 -0.82 0.12 -0.26 0.62 -0.36 0.42

Land-use index -0.03 0.09§ -0.00 0.65 0.01 0.54 0.00 0.73 0.00 0.73 0.01 0.07§ 0.00 0.86
Matrix

-20.70  <0.01**  -2.76 0.11 5.65 0.14 - - 1.67 0.12 -0.20 0.84 0.71 0.41
completeness
PC1_environ -0.28 0.14 0.14 0.12 0.55 0.01* -0.08 0.08§ 0.12 0.02* -0.07 0.19 0.18 <0.01**
PC2_environ 0.50 0.09§ -0.27 0.04* -0.35 0.20 -0.03 0.69 0.02 0.82 -0.12 0.12 -0.02 0.75
PC3_environ 0.57 0.12 0.01 0.94 0.46 0.17 -0.20 0.03* -0.18 0.06§ -0.04 0.69 -0.12 0.16
Observations 48 48 43 47 46 45 49
R2 / R2 adjusted 0.51/0.45 0.27/0.18 0.26/0.16 0.21/0.13 0.23/0.14 0.23/0.13 0.37/0.30
Moran’s I -0.05 -0.01 0.01 -0.05 -0.01 -0.01 -0.02
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FIGURE 2 | Relationships between the anthropogenic land-use gradient (within a 500 m buffer of each study) and key trophic network
descriptors: A) Nestedness (NODF B) Modularity (Q

)

L sz D) Connectance, E) Number of fish species

sis) > C) Trophic specialization (H

(log,[x + 1], F) Mean number of links per species, and G) Link density. Panel H) shows the linear relationship between modularity and the
percentage of pasture. Each point represents an independent fish trophic network from a sampling study. The land-use gradient, derived
from MapBiomas land-cover data, ranges from o (fully natural) to 1 (fully anthropogenic). Continuous and dashed lines indicate significant (p

< 0.05) and marginally significant (0.05 < p < 0.10) trends, respectively. Corresponding linear coefficients are provided in Tabs. 1-2.
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related to habitat and climate were the primary drivers of several network metrics. For
example, rivers located farther from their headwaters, in lowland areas with higher
temperatures (i.e., positive PC1_environ scores), were characterized by higher species
richness, higher link density, greater trophic specialization, and lower connectance.
When we differentiated land use into its two main categories, pasture and cropland,
we found that the percentage of pasture had a significant negative effect on Qg (Fig.
2G). No other significant effects of pasture or cropland were detected on the remaining
network metrics (Tab. 2). Network completeness negatively influenced both NODF,
and Q,, but had a positive effect on link density (Tab. 2). The environmental gradient
represented by PC1 exhibited effects consistent with those described in previous models.
Finally, no spatial autocorrelation was detected in the residuals of any model (Tab. 2).

TABLE 2 | Regression coefficients for the effects of two land-use variables (% cropland and % pasture) on trophic network structure: nestedness

(NODF,), modularity (Q), specialization (H, 'y, ), connectance, mean number of links per species, link density, and fish species richness.
Network completeness was included as a covariate in all models except those with connectance to control for its potential influence on
network metrics. The three Principal Component (PC) axes represent environmental gradients derived from stream properties (Strahler order,
distance from headwaters, and drainage area) and 19 bioclimatic predictors. Moran’s I values indicate no significant spatial autocorrelation

in model residuals. §0.05 < p 0.10; *p < 0.05; **p < 0.01.

- NODFuss Link density Mean Number Links | Number of Species

Intercept -6.19  <0.01** 3.2 <0.01**  -1.23 0.57 -0.08 -1.01 0.03* -0.13 -0.28

Cropland -0.03 0.22 0.01 0.57 -0.00 0.97 0.00 0.69 0.00 0.58 0.01 0.16 0.00 0.82
Pasture -0.01 0.49 -0.02 0.04* 0.01 0.46 0.00 0.83 -0.00 0.51 0.00 0.63 -0.00 0.68
Icvt[)i:;)ifeteness -20.12  <0.01**  -3.40 0.04* 2.10 0.61 - - 2.15 0.02* -0.24 0.82 0.64 0.46
PC1_environ -0.27 0.20 0.16 0.08§ 0.43 0.05* -0.08 0.13 0.16 <0.01**  -0.06 0.32 0.18 <0.01**
PC2_environ 0.25 0.39 -0.19 0.13 -0.44 0.14 -0.02 0.74 0.05 0.49 -0.09 0.28 -0.01 0.93
PC3_environ 0.45 0.24 -0.02 0.89 0.41 0.29 -0.21 0.03* -0.14 0.11 -0.05 0.65 -0.11 0.19
Observations 49 48 42 47 48 44 49

R2/R2 adjusted 0.47/0.40 0.36/0.27 0.22/0.08 0.21/0.11 0.39/0.30 0.18/0.05 0.38/0.29
Moran’s I -0.06 -0.03 -0.01 -0.06 -0.04 -0.03 0.03

ni.bio.br | scielo.br/ni Neotropical Ichthyology, 24(2):e250149, 2026 11/21



https://www.ni.bio.br/
https://www.scielo.br/ni

Impacts in fish trophic networks

DISCUSSION

Our study revealed that fish trophic networks in Brazilian streams are generally more
nested than modular, exhibiting high trophic specialization but little response to overall
land-use intensity. However, when analyzed by specific land-use type, pasture cover
negatively affected modularity, whereas cropland had no measurable eftect. These
findings indicate that while broad habitat degradation does not strongly alter overall
network structure, the expansion of pasture cover simplifies trophic organization.

In natural stream ecosystems, trophic networks are often modular, and nested
structures typically emerging within submodules or trophic guilds with large-bodied
species frequently acting as specialists, while smaller ones function as generalists (Severo-
Neto ef al., 2024). The levels of nestedness, modularity, and specialization we observed
are comparable to those documented in semi-arid Brazilian streams, where hydrological
seasonality is a key determinant of trophic interactions (Gongalves-Silva ef al., 2026).
Although our study did not examine intra-guild modules, individual predator traits, or
seasonal variation, these factors likely contributed to the high variability in network
metrics we recorded (Fig. 2), even among streams with minimal anthropogenic
influence. This inherent variability may, in turn, explain the relatively few significant
effects of land use we detected.

Our regional study reveals that, unlike in marine and other ecosystems where
anthropogenic gradients strongly influence trophic network structure (e.g., Peterson
et al., 2017; Kortsch er al., 2019), the metrics of stream fish trophic networks in Brazil
are not modulated by the overall land-use intensity. Studies involving other animal
groups, such as ant-plant interactions, avian flocks, and seed-dispersal organisms, have
demonstrated that network structures become simplified under intense disturbance
regimes (Mokross ef al., 2014; Sebastidn-Gonzélez et al., 2015; Pellissier ef al., 2018; Lara
et al., 2020). Although based in a marine environment, Kortsch e al. (2019) showed that
multiple food-web metrics can vary predictably along environmental gradients such as
temperature, sea ice, and habitat heterogeneity. We recognize that marine ecosystems
differ from freshwater streams in many respects, including connectivity, dispersal, and
habitat structure, yet this demonstrates that environmental filtering can drive systematic
changes in trophic network structure across aquatic landscapes. Previous studies have
assessed the effects of environmental gradients on network topology in other groups and
concluded that these are largely due to changes in species composition and the relative
abundances of consumers (Tylianakis, Morris, 2017; Pellissier ef al., 2018). However,
turnover in consumer species composition (i.e., of fish) was not within the scope of our
study and should be addressed in future research.

The absence of broad land-use effects on network metrics was unexpected and
contrary to our initial hypotheses. Alterations in surrounding terrestrial environments
typically reduce microhabitat heterogeneity, increase siltation, and modify the physical
and chemical water conditions (Casatti et al., 2006; Nessimian et al., 2008; Almada et al.,
2019). Such habitat changes generally simplify fish assemblages by excluding specialist
species, leading to a greater proportion of generalists (Winemiller, 1990; Thompson,
Townsend, 2005; Dala-Corte et al., 2017; Arantes ef al., 2018) or forcing species to
broaden their trophic niches by consuming less preferred resources like detritus and
plant material. Shifts in prey availability can indeed cause significant trophic network
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rewiring, as demonstrated in anuran food webs (Ceron et al., 2022). The lack of
significant effects may also be related to the composite land-use index employed here,
which aggregates multiple anthropogenic cover classes. This broad-scale index may
obscure fine-scale, in-stream impacts such as localized siltation and microhabitat loss.
Furthermore, while the buffer size used is relevant for assessing fish diversity (Pessoa e
al., 2025), its specific dimensions and shape may not have fully captured the in-stream
habitat modifications driving network structure, potentially contributing to the absence
of observed effects.

Nevertheless, our results for stream fish trophic networks revealed a clear reduction
in modularity associated with a high percentage of pasture cover in adjacent areas. In
contrast, the percentage of croplands was unrelated to any network metrics. This aligns
with previous studies linking farming practices to local reductions in fish species richness
and simplified aquatic trophic networks (Bonato et al., 2012; Zeni, Casatti, 2014; Santos ef
al., 2015). Under natural conditions, riparian vegetation supplies allochthonous material
(e.g., fruits, leaves, and insects) and increases the physical heterogeneity of the stream
channel, thereby creating diverse feeding habitats (e.g., Nuven et al., 2022). Pasture and
cropland expansion typically reduces this native vegetation, consequently decreasing the
input of terrestrial insects and plant material for various trophic groups (Zeni, Casatti,
2014; Manoel, Uieda, 2018). As a result, fish in these agricultural landscapes increasingly
consume low-protein, indigestible foods such as detritus, sediments, and organic matter
(Dala-Corte e al., 2016). This dietary shift reflects the ability of opportunistic species
to adapt to changes in resource availability, particularly toward low-quality food items
(Ferreira et al., 2012; Dala-Corte et al., 2017).

Under degraded conditions, detritus and fine organic matter likely play a crucial role
in these trophic networks. In open, pasture-dominated streams, increased sedimentation
and primary production can enhance the availability of detritus and its microbial
processing. This mechanism sustains generalist consumers and buffers against food-web
collapse (Moore et al., 2004), which could explain the overall stability of other network
metrics in impacted sites, as observed here. From a macroecological perspective,
this stability may also stem from the high diversity and functional redundancy of
tropical stream assemblages (Toussaint e al., 2016), where numerous trophic links
and overlapping resource pathways foster resilience to perturbation (Mouillot er al.,
2011). Such complex networks can absorb environmental variation through redundant
feeding pathways (Rooney ef al., 2006; Pellissier ef al., 2018). Furthermore, while shifts
in resource availability and habitat structure negatively affect specialist groups like
terrestrial insectivores and herbivores (Zeni, Casatti, 2014), a few resilient consumer
species from distinct trophic groups (e.g., characins, catfishes, cichlids, and poeciliids)
often persist even under severe disturbance (Casatti ef al., 2012). Consequently, some
network metrics may remain relatively stable because the overall structure undergoes
partial simplification rather than deep reorganization or collapse. Finally, the effects
of land use are highly variable and context-dependent (Camana et al., 2024), likely
influenced by historical patterns of land conversion (Brejio ef al., 2018). Although not
explicitly addressed in our study, these factors represent important avenues for future
research to refine our understanding of trophic network dynamics.

Network completeness significantly influenced the structural properties of the
fish trophic networks, exhibiting a negative relationship with both nestedness and
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modularity, but a positive relationship with link density. This pattern indicates that
a higher matrix fill, resulting from greater sampling effort of consumers and/or more
precise identification of food items, tends to reveal more complex network structures.
This sensitivity of network topology to sampling and construction methods is well-
documented (Brimacombe et al., 2023), reinforcing the need to explicitly account for
completeness in comparative analyses (Rivera-Hutinel, et al., 2012; Jordano, 2016).
While multiple approaches exist to enhance comparability between networks (Pellissier
et al., 2018; Bliithgen, Staab, 2024), we adopted two key strategies: the use of null models
(Bliithgen, Staab, 2024) and the inclusion of network completeness as a covariate in all
our statistical models to control for its effects. Our results demonstrate that these are
crucial steps for minimizing biased ecological interpretations.

Future studies could build upon this work in several key areas. While our literature
search was thorough, it is possible that some relevant trophic matrices were missed, and
our dataset represents a fixed snapshot in time. We acknowledge this limitation and
have made all trophic matrices fully available to facilitate future updates and refinements
(see Material and Methods for data and code repository). A potential criticism is the lack
of standardization in the taxonomic resolution of food items, as we retained the original
classifications from each source study. While this heterogeneity could affect the direct
comparability of certain metrics, such as nestedness and modularity, it also reflects the
genuine ecological and methodological diversity of research across Brazilian freshwater
ecosystems. The null models employed in our analysis are designed to mitigate this bias,
as each network metric is compared against its own null distribution when calculating
standardized effect sizes. This approach improves comparability across a broad range
of environments, dietary strategies, and data sources, thereby enhancing the ecological
representativeness of our synthesis. Furthermore, key local environmental features, such
as stream width, depth, discharge, substrate heterogeneity, and season, are known drivers
of food-web structure (Wang e al., 2022). However, these variables were inconsistently
reported or entirely absent in the source studies, preventing their inclusion as covariates.
To partially account for large-scale spatial variation, we instead incorporated broad
stream and climatic metrics (i.e., PCAs), whose effects were successfully captured in our
models (Tabs. 1-2). We strongly emphasize the importance of integrating these finer-
scale environmental descriptors in future research to better elucidate their influence on
network structure and its response to land-use change.

In conclusion, our study demonstrates that land-use change in Brazilian streams
induces minor, but measurable shifts in food-web structure. We identified a specific
trend toward simplification in pasture-dominated watersheds, resulting in less complex
and modular trophic networks. These findings underscore the critical role of natural
cover and riparian vegetation in maintaining the trophic structure of fish communities.
Given that this structure responds predictably to pasture coverage, even partial landscape
restoration could enhance the complexity of these aquatic systems. Future research
should focus on quantifying variables at a finer scale to uncover more subtle effects.
Key factors include the intensity and history of land use, the spatial configuration of
native vegetation fragments, and local environmental conditions such as organic matter
input and limnological characteristics. Integrating these elements will provide a deeper
understanding of how the removal of native and riparian forests shapes trophic networks.
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