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The ichthyofaunal composition of 
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The intensification of land use through agriculture, livestock, and mining has 
significantly impacted tropical stream ecosystems, often simplified habitats and 
reducing biodiversity. This study evaluated the effects of land use, particularly 
a buried bauxite slurry pipeline and its access road, on fish communities and 
environmental variables in the Eastern Amazon. Data were collected from 53 
streams influenced by mining, pasture, and forest fragments, including control 
streams without direct anthropogenic impact. Environmental and local-scale 
land use variables were summarized using PCA. Species richness differences 
were tested with Student’s t-test, while ANCOVA and db-RDA assessed the 
influence of environmental gradients on richness and species composition, 
respectively. A total of 9,555 fish were sampled. Although species richness did 
not differ between control and pipeline streams, composition was significantly 
influenced by environmental variables such as fine roots, thalweg depth, and 
dissolved oxygen. Habitat features like shelter availability, water temperature, 
and structural heterogeneity played a key role in shaping assemblages. These 
findings emphasize the importance of maintaining environmental heterogeneity 
to support ichthyofaunal diversity and highlight the ecological consequences of 
land-use changes in Amazonian streams. The results offer important guidance 
for mitigating the indirect impacts of expanding infrastructure on aquatic 
biodiversity in tropical regions.
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Human-made transformations impact Amazon ichthyofauna

A intensificação do uso da terra pela agricultura, pecuária e mineração impacta 
significativamente os ecossistemas de riachos tropicais, muitas vezes simplificando 
habitats e reduzindo a biodiversidade. Este estudo avaliou os efeitos do uso da terra, 
particularmente um mineroduto subterrâneo de bauxita e sua estrada de acesso, 
sobre as comunidades de peixes e variáveis ​​ambientais na Amazônia Oriental. 
Dados foram coletados de 53 riachos influenciados por mineração, pastagem e 
fragmentos florestais, incluindo riachos controle sem impacto antropogênico 
direto. Variáveis ​​ambientais e de paisagem foram resumidas usando ACP. 
As diferenças de riqueza de espécies foram testadas com o teste t de Student, 
enquanto ANCOVA e db-RDA avaliaram a influência de gradientes ambientais 
na riqueza e composição de espécies, respectivamente. Um total de 9.555 peixes 
foram amostrados. Embora a riqueza de espécies não tenha diferido entre os 
riachos controle e do oleoduto, a composição foi significativamente influenciada 
por variáveis ​​ambientais como raízes finas, profundidade do talvegue e oxigênio 
dissolvido. Características do habitat como disponibilidade de abrigo, temperatura 
da água e heterogeneidade estrutural desempenharam um papel fundamental na 
formação das assembleias. Esses resultados enfatizam a importância de manter 
a heterogeneidade ambiental para sustentar a diversidade ictiofaunística e 
destacam as consequências ecológicas das mudanças no uso da terra em riachos 
amazônicos. Os resultados oferecem orientações importantes para mitigar os 
impactos indiretos da expansão da infraestrutura sobre a biodiversidade aquática 
em regiões tropicais.

Palavras-chave: Conectividade, Diversidade de espécies, Heterogeneidade 
ambiental, Ictiofauna, Uso da terra.

INTRODUCTION
Land-use changes driven by the expansion of agriculture, livestock farming, and 
mining have led to significant impacts on aquatic biodiversity and ecological processes 
in freshwater ecosystems (Ortega et al., 2021). These alterations can range from habitat 
loss to shifts in the composition and functioning of biological communities (Martínez-
Meyer et al., 2013). The structure of aquatic communities is shaped across multiple 
spatial and temporal scales, influenced by both regional factors — such as climate and 
geology — and local factors, including water quality and habitat complexity (Poff, 
1997; Richter et al., 1997; Allan, 2004). Human-induced changes, such as increased 
temperature, sedimentation, nutrient input, and loss of habitat connectivity, can modify 
environmental conditions in streams and negatively affect the richness, diversity, and 
abundance of aquatic organisms (Kerr, Werner, 1980; Bellard et al., 2012).

Such environmental degradation may also compromise ecosystem functioning, 
reducing ecological resilience and stability (Scheffer et al., 2003; Ficke et al., 2007; 
Zeni et al., 2019). Several studies have demonstrated that land-use impacts — including 
riparian vegetation removal, agricultural intensification, and urbanization — can alter 
the composition of fish and aquatic macroinvertebrate communities (Carvalho et al., 
2013; Monteiro-Júnior et al., 2014; Cunha et al., 2015; Leal et al., 2016; Joy et al., 2019). 

https://www.ni.bio.br/
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Streams surrounded by landscapes with greater native vegetation cover tend to support 
a higher richness and abundance of sensitive species, while degraded areas often harbor 
more tolerant and generalist species (Harding et al., 1998; Iwata et al., 2003; Burcher 
et al., 2008).

Alterations in the structure and heterogeneity of habitats, such as streambed 
simplification and the loss of microhabitats, directly influence the diversity of 
aquatic communities (Brumbaugh et al., 2005; Garcia et al., 2023). The longitudinal 
connectivity of streams is also critical for the maintenance of ecological processes, 
being affected by physical barriers or changes in hydrological characteristics, such as 
damming and flow alterations (Pinto et al., 2009; Roa-Fuentes, Casatti, 2017). In this 
context, the implementation of buried infrastructure, such as slurry pipelines, can lead 
to localized environmental alterations, particularly when accompanied by surface access 
roads or vegetation clearance during installation. Although the pipelines themselves 
are underground and do not visibly impound streamflow, associated service roads 
may compromise streambank stability, increase sediment input, and disrupt riparian 
connectivity. Thus, the construction of such infrastructure represents an additional 
source of environmental impact on aquatic ecosystems. In addition to vegetation 
removal and soil disturbance during installation, slurry pipelines can cause changes in the 
morphology of water bodies and local hydrodynamics (Mechi, Sanches, 2010; Cooney, 
Kwak, 2013; Macedo, Castello, 2015; Negrão et al., 2018, 2021). Studies have indicated 
that the installation of slurry pipelines and associated works, such as access roads and 
containment basins, can alter streamflow regimes, damming sections and transforming 
lotic habitats into lentic ones, thereby affecting the distribution and composition of 
aquatic species (Casatti et al., 2006; Gomes et al., 2016). 

Additionally, the presence of structures such as slurry pipelines can cause differential 
changes along the course of the stream, particularly between upstream and downstream 
sections. Damming or alteration of flow can lead to sediment accumulation, increased 
temperature, decreased dissolved oxygen, and changes in flow velocity in downstream 
sections, affecting the availability of microhabitats and promoting the exclusion of 
species more sensitive to physical-chemical changes in the water (Lévesque, Dubé, 2007; 
Leitão et al., 2017). These changes can lead to the simplification of trophic structure, 
reduced functional diversity, and impairment of the ecosystem services provided by 
streams (Casatti et al., 2006; Monteiro-Júnior et al., 2014).

This study aims to evaluate the impacts of land use and land cover on the structure 
of ichthyofauna, focusing on how local environmental and local-scale land use variables 
influence fish richness and composition. Specifically, we address three questions: (i) will 
the richness and composition of the ichthyofauna be influenced by the structural and 
environmental changes in the streams under the influence of the structure created for the 
use of the mining pipeline? (ii) Will there be any difference in the species composition 
found in impacted streams compared to control streams? (iii) Are there differences in the 
composition of the ichthyofauna when comparing upstream and downstream stretches 
of the sampled streams? We hypothesize that changes in the structure of habitat found 
in streams subjected to different types of impact will negatively influence fish diversity. 
We expect preserved streams to exhibit higher taxonomic diversity than streams under 
direct or indirect impacts, due to reduced ecological complexity in impacted streams. 
Furthermore, we predict that the river distance between all sampled streams will be a 

https://www.ni.bio.br/
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key determinant of species composition and richness. Streams located in close proximity, 
particularly those in preserved areas, should experience greater species exchange and 
diversity, while fragmented streams near the pipeline, with reduced connectivity, 
should experience lower diversity and homogenization of fish assemblages.

MATERIAL AND METHODS

Study area. The study was conducted in 53 streams, 20 streams had a buried mining 
pipeline directly crossing their channels, while 33 streams were situated outside the direct 
influence area of the pipeline (Fig. 1). It is important to note that the pipeline remains 
entirely buried where it intersects stream channels, creating no visible surface barriers 
or impoundments. However, the associated aboveground access and maintenance roads 
may contribute to localized environmental alterations, including increased sediment 
input, modification of riparian zones, and disruption of streambank stability. Sampling 
points were chosen across different land-use types (pasture, monoculture, and human-
influenced areas), forming a gradient or mosaic of land use and cover. Sampling was 
carried out during the dry season (the period of lowest annual precipitation) in October 
2022 and October 2023.

FIGURE 1 | Location of the study area near the bauxite pipeline extension in the State of Pará, Eastern Amazon, Brazil.

https://www.ni.bio.br/
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To ensure spatial independence among samples, we selected 1st to 3rd-order streams 
(Strahler, 1957) located in separate micro-basins, maintaining a minimum distance 
of three kilometers between sampling sites. The municipality of Paragominas, where 
bauxite mining operations are established, serves as the industrial hub, situated 64 km 
from the urban center. The drainage network is characterized by the Capim and Gurupi 
rivers, which feature U-shaped valleys, streams, and extensive floodplains (Cruz, 2011). 
The region’s climate is classified as Am under the Köppen classification, corresponding 
to a typical equatorial tropical pattern with rainfall distributed throughout the year. 
The rainy season occurs predominantly from December to May, while the dry season 
extends from June to November.

Data collection. Ichthyofauna. In each stream, a 150-meter section was subdivided 
into equidistant transverse transects labeled “A” to “K” upstream, resulting in 10 
longitudinal sections of 15 m each. In streams influenced by the pipeline, the pipeline 
intersected section “F” at its midpoint, with 75 m upstream and 75 m downstream of the 
pipeline. This design aimed to detect impacts both upstream (related to impoundment 
and the transformation of a lotic environment into a semi-lentic one) and downstream 
(increased sediment input, higher light penetration, and elevated water temperature). 
Fish were sampled using metal mesh sieves with a 5 mm mesh size. Each section was 
subjected to a standardized sampling effort of six hours of sieving, with time divided 
between segments and collectors. This method has been successfully applied in the 
Eastern Amazon (Prudente et al., 2017; Benone et al., 2018). 

Collected fish were fixed in 10% formalin solution and, after 48 h, transferred to 70% 
ethanol for subsequent identification at the Laboratory of Ecology and Conservation 
of the Biological Sciences Institute, Universidade Federal do Pará. Identification of 
specimens was carried out to the lowest possible taxonomic level using identification 
keys (Kullander, 1986; Britski et al., 2007) and assistance from specialists when necessary. 
All specimens were deposited in the Ichthyological Collection of the Universidade 
Federal do Pará, Belém, Pará, Brazil, and are available for verification or consultation.

Local environmental variables. To assess potential environmental changes caused by 
the bauxite pipeline, we applied a protocol comprising 270 metrics that evaluate the 
physical integrity of streams (Tab. S1). These metrics are grouped into seven distinct 
blocks: land cover and use, human influence, substrate type, flow, wood disposition, 
and channel morphology (Kaufmann et al., 1999; Peck et al., 2005; Callisto et al., 2014). 
Additionally, we applied the Habitat Integrity Index (HII) developed by Nessimian et 
al. (2008), which is calculated based on 12 variables, yielding a score ranging from 0 to 
1. These variables include riparian forest width and integrity, land-use patterns beyond 
the riparian zone, stream substrate type, aquatic vegetation, among others.

Simultaneously, physical and chemical variables of the streams were measured at 
three equidistant points within each section, including pH, dissolved oxygen (mg/L), 
electrical conductivity (mS/cm), and temperature (°C). These parameters were measured 
using a portable multiparameter probe (AKSO/SX839). To evaluate stream complexity, 
we applied the Habitat Diversity Assessment Protocol described by Peck et al. (2005).

https://www.ni.bio.br/
https://www.scielo.br/ni
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Based on the literature, we pre-selected 45 environmental variables, including: 
dissolved oxygen (Prudente et al., 2017; Brejão et al., 2021; Palheta et al., 2021); 
temperature (Pinto et al., 2009; Prudente et al., 2017; Roa-Fuentes, Casatti, 2017; Brejão 
et al., 2021); thalweg depth (Montag et al., 2019; Freitas et al., 2021; Palheta et al., 2021); 
wetted width; immersion + banks (Juen et al., 2016; Palheta et al., 2021); fine gravel 
(Palheta et al., 2021); substrate < 16 mm (Leitão et al., 2017; Roa-Fuentes, Casatti, 2017; 
Seabra et al., 2022); leaf litter (Santos et al., 2019; Seabra et al., 2022); organic matter 
and roots (Mendonça et al., 2005; Santos et al., 2019); fast flow (Benone et al., 2020); 
flow heterogeneity (Brejão et al., 2021; Freitas et al., 2021); canopy over the channel; 
woody undergrowth < 0.5 m; woody understory 0.5–5 m (Montag et al., 2019); average 
canopy cover (Prudente et al., 2017); in-stream wood class 1 (Benone et al., 2017).

Thus, we utilized this subset extracted from the initial 277 environmental variables 
(protocol metrics + physicochemical variables + HII) and selected the final variables 
through the following steps: we calculated the percentage of zeros and excluded all 
variables with more than 70% of their data consisting of zeros. To minimize issues 
of multicollinearity, we adjusted pairwise correlations using Pearson’s method for 
continuous data and Spearman’s method for ordinal data. When a high correlation (r > 
0.7) was detected, we consistently selected the variable deemed most relevant to the fish 
communities in Amazonian streams. Finally, for continuous data only, we conducted 
a forward selection procedure (forward.sel) and retained only those variables with 
p-values < 0.05.

Local-scale land use. We calculated the percentage of land cover use for each sampled 
site using data on land use and land cover categories classified by the MapBiomas 
project (MapBiomas, 2022). MapBiomas integrates annual Sentinel-2 satellite images 
from 2016 to 2022 (Collection 7), classifying various land use and cover categories in 
Brazil on a pixel-based grid with a resolution of 10 × 10 m, utilizing a Random Forest 
algorithm (MapBiomas, 2022). Each site was represented by a grid of pixels where land 
cover was coded as 1 (presence) or 0 (absence) for each category of interest. A circular 
buffer with a radius of 300 m was created around the coordinates of each stream, and 
the number of pixels within the buffer corresponding to each land use category was 
summed and divided by the total buffer area. The percentage of land cover within the 
buffer was then calculated. The following categories were used: Forest (including Forest 
Formation and Savanna Formation), Agriculture (Pasture, Agriculture, and Forestry), 
Mining (Mining), and Exposed Soil (Urban Area and Beach, Dune, and Bare Soil), 
following the MapBiomas classification system.

Fluvial distance. We recorded the geographical coordinates of each stream using a 
GPS (Global Positioning System; model Garmin GPSMAP 65), which was recorded 
at the beginning of the 150-meter stretch sampled. Spatial variables were obtained by 
calculating the fluvial distance between streams, accounting for the direction of water 
flow. To perform this analysis, we applied the Asymmetric Eigenvector Maps (AEMs) 
technique (Blanchet et al., 2011). The axes generated by AEMs describe simple and 
complex spatial patterns at different scales when ordered by value. The scores of these 
axes can be used to understand the influence of spatial structure among streams on 
variations in fish assemblage composition. During the analysis, the AEM axes generated 

https://www.ni.bio.br/
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were tested using Moran’s I, with a significance level of less than 5%; only significant 
AEM axes were used as predictor variables in subsequent analyses (Zbinden et al., 2022).

Data analysis. In our study, each stream represented a sampling unit, totaling 
53 samples. Local-scale land use variables were reduced using Principal Component 
Analysis (PCA) based on the values of each Local-scale land usefeature. We utilized the 
first axis (PC1; Tab. S3, Fig. S2), which explained the highest percentage of variance. 
Metrics retained by the PCA criterion were used as corresponding Local-scale land use 
variables (Tab. S3). Prior to analysis, data were transformed or standardized to minimize 
potential effects of outliers. To assess potential differences in fish species richness 
between Control and Pipeline categories, we performed a Student’s t-test (Zar, 1999). 
Normality and homogeneity assumptions were evaluated using the Shapiro-Wilk and 
Levene tests, respectively.

Effects of environmental variables on species richness. We used an Analysis of Covariance 
(ANCOVA) to evaluate the influence of environmental, spatial, and local-scale land 
use variables (forest cover, bare soil, agriculture and pasture, and mining) on fish 
species richness in the Control and Pipeline categories. Model diagnostics for residual 
uniformity, overdispersion, and outlier detection were conducted using the simulate 
residuals function from the DHARMa package (Hartig, 2022). Predictor variables 
were selected using a forward selection approach via the forward.sel function from the 
adespatial package (Dray et al., 2012). All selected variables were standardized using 
Z-scores prior to analysis.

Effects of variables on species composition. The influence of environmental, spatial, and 
local-scale land use variables on fish species composition was assessed using distance-
based Redundancy Analysis (db-RDA; Legendre, Anderson, 1999). The fish composition 
matrix (response matrix in db-RDA) was Hellinger-transformed to reduce the influence 
of highly abundant species (Peres-Neto, Legendre, 2010). Predictor variables for the db-
RDA were selected using the ordistep function from the vegan package, which applies 
both forward and backward stepwise selection. The variable “Category” (Control vs. 
Pipeline) was excluded from this selection. The global significance of the db-RDA was 
tested using ANOVA with 9,999 permutations.

We evaluated the contributions of fish species, environmental, and spatial variables 
to variation in species composition using the envfit procedure (Oksanen et al., 2015), 
with 9,999 permutations to test the significance of associations between species and 
environmental/spatial predictors.

Differences in species composition (using Hellinger-transformed abundance data) 
between categories were tested using PERMANOVA, followed by a test of multivariate 
dispersion (Betadisper). Both analyses used Bray-Curtis dissimilarity. The Betadisper 
test assessed the homogeneity of dispersions among groups in multivariate space and 
served as a proxy for heterogeneity. Differences were tested via ANOVA. Together, 
these analyses allowed us to evaluate both differences in composition and variation (e.g., 
polygonal area differences) among categories.

https://www.ni.bio.br/
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Contribution of variable sets. We conducted a partial Redundancy Analysis (pRDA) to 
partition the individual and shared contributions of local environmental, local-scale land 
use, and spatial variables to both fish species richness and composition (Borcard, Legendre, 
2002). Only those local environmental variables selected by the methods described above 
were used. The statistical significance of variance fractions was tested using permutation 
tests with 9,999 iterations (McArdle, Anderson, 2001). All analyses were performed in 
R (R Development Core Team 2023), and a 5% significance threshold was adopted for 
all tests.

Upstream vs. downstream comparisons. Finally, to assess differences in fish species 
composition between upstream (0–75 m) and downstream (75–150 m) stream 
segments, we used multivariate PERMANOVA. Comparisons were performed within 
each category (Control and Pipeline) and between upstream and downstream segments 
across categories. The analysis was based on a Bray-Curtis dissimilarity matrix built 
from fish abundance data. Samples were grouped by position within the stream 
(upstream or downstream), and PERMANOVA was conducted with 999 permutations 
using the adonis2 function from the vegan package in R.

RESULTS

A total of 9,555 fish were collected, distributed across 25 families and seven orders (Tab. 
S4). The Characiformes accounted for over 65% of all individuals sampled, followed 
by Cichliformes, Gymnotiformes, and Siluriformes, respectively. Of this total, 3,187 
specimens were sampled from streams intersected by the buried pipeline, while 6,368 were 
found in control area streams. Fish from the Characidae family were highly abundant in 
both environments, followed by those from the Lebiasinidae and Cichlidae.

Fish species richness ranged from one to 26 species among the streams, with 26 
species recorded in control streams and 25 in pipeline streams. Similar families of fish 
were observed in both pipeline-influenced and control streams. The t-test did not detect 
any difference in species richness between the categories (t = 0.150, df = 51, p = 0.882). 

The analysis of covariance (ANCOVA) highlighted the influence of selected variables 
on fish species richness between the categories (Figs. 2A–C). Species richness showed a 
negative relationship with fine roots (R² = -0.460, p = 0.007; Fig. 2A) and thalweg depth 
(Depth T; R² = -0.460, p = 0.006; Fig. 2B), and a positive relationship with dissolved 
oxygen (R² = 0.400, p = 0.022; Fig. 2C). No effects of the environmental variables on 
species richness were detected specifically within the pipeline category.

The distance-based redundancy analysis (db-RDA) revealed a significant relationship 
between local environmental conditions and local-scale land use features on the stream 
fish species composition (F = 2.55; p = 0.001). Approximately 18% of the total inertia 
in dissimilarities was explained by the first two db-RDA axes. Composition showed a 
negative correlation with filamentous algae shelter (“shelter algae”) and temperature 
(“TEMP”) and a positive correlation with seasonal bed height (“seasonal height”) and 
fine roots (“fine roots”) along Axis 1. Meanwhile, Axis 2 exhibited a negative correlation 
with local-scale land use (PC1), the first axis of spatial variables (AEM1), and channel 
depth (“depth_T”) (Fig. 3). Twenty-nine fish species were significantly associated with 

https://www.ni.bio.br/
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the db-RDA axes (Tab. S5). Streams with higher amounts of filamentous algae tended 
to have greater abundances of Iguanodectes rachovii and Bryconops caudomaculatus, while 
streams with higher seasonal bed height values and fine root density supported greater 
abundances of Ituglanis amazonicus, Moenkhausia oligolepis, and Hyphessobrycon sp. The 
local-scale land use was positively associated with agriculture and negatively with 
forest cover, while spatial variables were more closely associated with species such as 
Moenkhausia sp. and Pyrrhulina capim (Fig. 3).

We identified a significant difference in fish species composition between categories 
(PERMANOVA: F₁,₅₁ = 2.2916, p = 0.016); however, dispersion between categories 
was similar (PERMDISP: F₁,₅₁ = 1.2985, p = 0.2598). Variance partitioning analysis 
revealed that only environmental factors significantly explained the variation in fish 
species richness in streams (adjusted R² = 0.30; p = 0.001; Fig. 4A). Similarly, for species 
composition, only local environmental variables accounted for the observed variation 
(adjusted R² = 0.12; p = 0.001; Fig. 4B). Both local-scale land use nor spatial variables 
contributed to the variation in fish species richness or composition in the studied streams.

When we evaluated the internal variation of the stream, i.e., comparing the stretches 
within a stream, no significant differences were observed in the composition of fish species 
between the upstream and downstream stretches of the streams under the influence of 
pipeline (PERMANOVA: R² = 0.01, F = 0.24, p = 0.99). There were also no significant 
differences in the composition of fish species between the upstream and downstream 
stretches of the control streams (PERMANOVA: R² = 0.01, F = 0.43, p = 0.95).

Nevertheless, when comparing stream reaches between the two categories (control 
vs. pipeline), both upstream and downstream, we observed significant differences in 
fish community composition. Specifically, comparisons of upstream reaches between 
control and pipeline streams revealed significant differences in species composition 
(PERMANOVA: R² = 0.04, F = 2.24, p = 0.02; Fig. 5A), as did comparisons of 
downstream reaches (PERMANOVA: R² = 0.05, F = 2.47, p = 0.01; Fig. 5B).

FIGURE 2 | Relationship between environmental variables and species richness of streams between the Control and Pipeline categories.
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FIGURE 3 | Distance-based redundancy analysis (db-RDA) relating environmental and landscape 

variables to the species composition of fish collected in the sampled streams. Variable codes: Shelter 

algae; Seasonal bed height; Landscape PC1; Depth T; Temperature TEMP; Fine roots. Species code: 

Carnegiella strigata (Cstrig); Bunocephalus coracoideus (Bcora); Hyphessobrycon sp. (Hyphsp); Ituglanis 

amazonicus (Iamaz); Hemigrammus bellottii (Hbell); Moenkhausia oligolepis (Moligol); Hemmigrammus 

sp. (Hemmsp); Nannostomus eques (Neques); Characidium sp. (Chasp); Iguanodectes rachovii (Iracho); 

Iguanodectes sp. (Iguasp); Moenkhausia sp. (Moenksp); Erythrinus erythrinus (Eery); Pyrrhulina capim 

(Pcapi); Anablepsoides urophthalmus (Aurop); Copella arnoldi (Carnol); Hyphessobrycon heterorhabdus (hhete); 

Bryconops caudomaculatus (Bcau).

FIGURE 4 | Venn diagram of variance partitioning, showing environment, landscape and space contributions to stream fish species richness 

(A) and composition (B). Values ​​indicate the percentage of variation explained by each fraction. Permutation tests were calculated on the 

variation explained by each testable fraction (p < 0.05).
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DISCUSSION

The results revealed that although species richness was similar between the control 
streams and those intersected by the buried pipeline, the composition of the ichthyofauna 
differed significantly between the categories. We found that local environmental 
variables, such as fine roots, channel depth and dissolved oxygen, significantly influenced 
species richness, highlighting the importance of local environmental conditions for 
maintaining diversity. In addition, factors such as the presence of filamentous algae 
and the seasonal height of the bed contributed to the differences observed in species 
composition, with certain taxa associated with specific conditions. In contrast, local-
scale land use and spatial variables did not explain the variation in species richness or 
composition, reinforcing the predominance of local environmental factors in structuring 
these communities. Analysis of the upstream and downstream stretches of the streams 
also revealed significant differences in the composition of fish species, suggesting that 
indirect alterations associated with surrounding infrastructure may contribute to local 
shifts in ichthyofaunal composition, even without the presence of visible flow disruption. 

The lack of significant impact on species richness contradicts initial expectations, since 
previous studies indicate that large infrastructure projects, such as mining pipelines, can 
cause significant damage to aquatic ecosystems, negatively altering fish communities 
(Freitas et al., 2018; Ellwanger et al., 2024). However, because the pipeline in this study 
is buried and sometimes does not obstruct stream flow and affect punctually the physical 
streambeds, it is possible that the observed differences are more closely linked to the 
presence of associated infrastructure, such as access roads or to cumulative landscape 
changes. One plausible explanation is that the resilience of communities and the adaptive 
capacity of species contribute to maintaining biodiversity, even under anthropogenic 
stressors (Moura et al., 2012). These findings highlight the importance of implementing 
integrated environmental management strategies and carefully assessing the potential 

FIGURE 5 | Analysis of PCoA with the difference in fish species composition between the upstream and downstream stretches of the streams.
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impacts of large projects from the initial planning stages. It should be noted, however, 
that the absence of detectable effects in this study does not exclude the possibility of 
indirect or long-term impacts, and continuous monitoring is essential to ensure the 
sustainability of industrial activities (Lepori, Hjerdt, 2006; Ogidi, Akpan, 2022).

Changes in habitat structure, such as substrate alteration and/or temperature 
changes directly affect aspects of community structure such as richness, abundance, 
and community composition. Numerous studies have confirmed these observations, 
especially regarding fish communities, given their ability to exploit different habitats 
(Gorman, Karr, 1978; Romanuk et al., 2006; Leitão et al., 2017; Volta, Jeppesen, 2021). 
However, our results showed that when compared between the categories used in this 
study (control and pipeline), fish species richness did not respond to these alterations, 
contrary to our hypothesis. It is worth noting that the effects of anthropogenic 
disturbances influence the distribution of certain species, meaning that the impacts are 
not uniform across all taxa within the community (Brooker et al., 2020; Firmiano et al., 
2021; Larentis et al., 2022). Our data suggest that environmental variables significantly 
influence fish species richness in the studied streams, with different response patterns 
observed between streams with and without direct pipeline influence. The negative 
relationship between fish species richness and variables such as fine roots and thalweg 
depth in streams unaffected by the pipeline aligns with previous studies highlighting the 
importance of structure and environmental heterogeneity for fish diversity (Liao et al., 
2023; Mao et al., 2024). 

Additionally, the positive relationship observed between species richness and dissolved 
oxygen in these streams underscores the importance of water quality in supporting aquatic 
life (Bulbul Ali, Mishra, 2022). However, the lack of a statistical relationship between 
environmental variables and species richness in pipeline-affected streams may indicate 
that other factors, such as direct or indirect pipeline effects, may outweigh the influence 
of environmental variables commonly used in studies, such as pH, temperature, and 
oxygen. These results highlight the complexity of interactions between environmental 
and anthropogenic factors in structuring fish communities in streams, reaffirming the 
importance of considering not only physicochemical variables but also anthropogenic 
factors in monitoring aquatic ecosystems (Mitra, 2019; Pinna et al., 2023).

The influence of the local environment and local-scale land use on fish species 
composition in streams is crucial for understanding how different ecological factors 
shape aquatic communities. At the local level, environmental characteristics such as the 
presence of filamentous algae shelters, water temperature, and substrate structure play 
key roles in determining species abundance and distribution. For instance, filamentous 
algae provide refuge and food for certain species, such as Iguanodectes ranchovii and 
Bryconops caudomaculatus. These species are known to prefer environments with dense 
vegetation cover and more complex habitat structures, which offer protection from 
predators and support prey capture (Esteves et al., 2021). Water temperature, in turn, can 
influence species metabolism and feeding behavior, creating more favorable conditions 
for some species (Santos et al., 2022).

Additionally, substrate structure also plays a significant role. A more heterogeneous 
substrate, comprising a combination of different cover types and structures, provides 
a range of microhabitats for species. Genera such as Ituglanis and Moenkhausia seem to 
benefit from this diversity of microhabitats, consistent with studies emphasizing the 
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importance of environmental heterogeneity in maintaining fish diversity in riverine 
ecosystems (Baltz et al., 1991; Peres-Neto, 2004). Substrate variation offers distinct 
habitat where different species can coexist and thrive. Areas with greater forest cover 
can act as resource sources, providing organic matter and detritus that fuel aquatic 
food webs and serve as barriers against anthropogenic degradation, such as erosion and 
pollution (Siqueira et al., 2012). In contrast, areas with exposed soil or intensive land use, 
such as mining, may reduce water quality, alter habitat availability, and negatively affect 
aquatic communities (Souza et al., 2020).

The relationship between local factors and the local-scale land use reinforces the 
notion that the “health” and diversity of aquatic ecosystems depend on both immediate 
factors, such as habitat structure, and broader local-scale land use influences. This 
complex interaction between local and regional levels underscores the need for integrated 
management that considers not only the preservation of aquatic habitats but also land 
use in adjacent areas to mitigate adverse impacts and promote biodiversity conservation 
(Pereira et al., 2022). Among the sampled streams, only local environmental variables 
were significant in explaining the variation in fish species richness and composition, 
while local-scale land use and spatial variables showed no significant association. This 
finding highlights the importance of local physical habitat aspects in determining the 
structure of fish communities in streams, suggesting that characteristics such as channel 
morphology, substrate, and shelter availability may play a predominant role in ecosystem 
processes (Leprieur et al., 2011).

The lack of influence from local-scale land use variables, such as different land uses, 
aligns with studies emphasizing the importance of spatial scale in fish community responses 
to environmental gradients. In aquatic environments, local habitat characteristics tend 
to have a more direct and immediate influence on species distribution and abundance, 
whereas the effects of landscape patterns may be subtler and manifest over broader 
spatial scales (Leitão et al., 2017). In this study, the landscape assessment occurred at a 
local scale, in the vicinity of the sampled points. While the negative impact of different 
land uses on species diversity in terrestrial environments is widely discussed (Bicknell, 
Peres, 2010; Bicknell et al., 2015), studies on aquatic biota have revealed contrasting 
results. Some research points to detrimental effects on the habitat specialization of 
aquatic communities, whereas others have not observed significant changes (Mykrä, 
Heino, 2017). 

The similarity of the ichthyofauna observed between the categories, control and 
pipeline, may be related to the greater forest cover surrounding the streams in the 
pipeline area. Although the region still retains extensive areas of native vegetation, the 
30-meter buffer established by the project acts as a mitigation measure, attenuating the 
negative effects of removing vegetation outside its immediate boundaries. Although 
it does not constitute an impenetrable barrier to deforestation, this stretch can reduce 
the intensity of anthropogenic disturbances on adjacent streams (Sweeney, Newbold, 
2014; Brejão et al., 2020). The maintenance of riparian vegetation contributes to bank 
stabilization, channel shading and the maintenance of hydrological connectivity, which 
are important factors for the ecological integrity of aquatic ecosystems (Vieira et al., 
2015; Brejão et al., 2020).

The preservation of riparian vegetation contributes to the partial maintenance of 
hydrological connectivity, especially in the longitudinal dimension, by favoring 
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the continuous flow of water, organic matter, and organisms along the river course 
(Vannote et al., 1980; Pringle, 2001). This connectivity can facilitate the movement of 
species between upstream and downstream reaches, potentially reducing local exclusion 
and helping to maintain relatively stable species richness, even in altered reaches. In 
the case of streams affected by the pipeline, the presence of well-preserved riparian 
vegetation may have mitigated more pronounced structural differences between 
upstream and downstream reaches, providing critical resources — such as shelter and 
food — that support the persistence of fish assemblages under anthropogenic pressure. 
According to Karr (1981), biological communities can recover from disturbances when 
external intervention is limited. This context may favor the expansion of generalist 
or opportunistic species (Casatti et al., 2010), capable of exploiting altered habitats. 
Therefore, although physical or hydrological disturbances may occur, the ecological 
function of riparian vegetation likely plays a key role in buffering impacts and 
maintaining taxonomic diversity at the local scale.

The current ichthyofaunal structure observed in streams affected by mining 
may be partially attributed to the long history of human exploitation in the region, 
particularly due to over 30 years of bauxite extraction. This activity leads to cumulative 
environmental degradation, including changes in water quality, sediment composition, 
and habitat structure, which, over time, tend to select for more disturbance-tolerant 
species. Although local-scale land variables did not show significant effects in our 
models, the db-RDA results revealed a weak but detectable relationship between species 
composition and environmental variation. Similar findings have been reported in other 
studies, where long-term anthropogenic pressure reduced fish diversity and favored 
generalist or resilient species capable of withstanding increased turbidity, reduced 
structural complexity, and fluctuations in water quality (Junk et al., 2007; Leal et al., 
2016). This pattern of biotic homogenization has also been linked to persistent land use 
and mining activities in various neotropical basins (Castro, Polaz, 2020). 

The absence of significant differences in species composition between the upstream 
and downstream stretches within the same stream, both in the control streams and 
in those under the influence of the pipeline, suggests that the ichthyofauna responds 
relatively homogeneously to local environmental conditions on a small spatial scale. 
This pattern may be related to habitat continuity and limited longitudinal heterogeneity 
in small streams (Ligeiro et al., 2013), which allows species to disperse and reduces 
community differentiation along the course of the stream (Siqueira et al., 2012). On 
the other hand, when comparing the stretches between land use categories (control 
vs. pipeline), both upstream and downstream, we observed significant differences in 
community composition. This indicates that anthropogenic land use, associated with 
the implementation of the pipeline, promotes environmental changes sufficient to 
modify the assembly of fish species, even when considering equivalent stretches of 
the hydrographic network. These results corroborate studies showing that changes in 
land use and cover affect the composition of the ichthyofauna, mainly through habitat 
degradation, increased sedimentation, changes in connectivity and water quality (Leitão 
et al., 2017; Teresa, Casatti, 2017). 

The replacement of sensitive species by more tolerant taxa in impacted areas may 
be indicative of biotic homogenization processes (Olden et al., 2004), which reinforces 
the need for continuous monitoring in areas under the influence of mining activities. 
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While the negative impact of land use on diversity is widely documented for terrestrial 
environments (Bicknell, Peres, 2010; Bicknell et al., 2015), the effects on aquatic biota 
are less consistent. Some studies suggest damage to the specialization of communities, 
while others do not detect significant changes (Mykrä, Heino, 2017). Species with 
more restricted niches tend to be more susceptible to environmental disturbances (Le 
Feuvre et al., 2021).

The results reveal that, although species richness did not differ significantly between 
control streams and those influenced by the pipeline, striking differences in species 
composition point to substantial changes in taxonomic diversity and community 
structure. These findings reinforce the importance of examining not only species 
counts but also species identity and turnover in response to environmental change. 
Our analyses indicate that local environmental variables are the primary factors 
shaping fish assemblages in these Amazonian streams, while local-scale land use and 
spatial factors played a comparatively minor role. This suggests that small-scale habitat 
conditions may override large-scale influences, highlighting the critical need to 
preserve local habitat quality. Given the ecological sensitivity and high biodiversity of 
Amazonian freshwater systems, these taxonomic changes can have cascading effects on 
ecosystem functioning. Therefore, long-term biomonitoring efforts are crucial to track 
potential biodiversity losses and guide evidence-based conservation and management. 
Furthermore, integrating ecological knowledge, particularly on taxonomic composition 
and functional characteristics, into infrastructure planning is essential to reduce impacts 
and promote sustainable land use practices in tropical forest regions.

Taken together, our findings suggest that, although the buried mining pipeline may 
represent a lower-impact alternative to conventional surface-level transportation routes, 
due to its subsurface placement and lack of surface impoundment, indirect effects 
associated with ancillary infrastructure, particularly service roads, still warrant targeted 
mitigation (Reddy et al., 2023). These roads can modify riparian vegetation, increase 
sediment runoff, and compromise local environmental integrity, ultimately influencing 
fish assemblages even in the absence of direct hydrological alteration. The observed 
differences in species composition between impacted and control streams, especially 
across upstream and downstream reaches, underscore the importance of considering 
both direct and diffuse impacts when assessing the ecological footprint of infrastructure 
projects in sensitive ecosystems.
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