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The Araguaia-Tocantins basin is a hotspot of ichthyofaunal endemism within 
the Amazon biome but is increasingly threatened by habitat fragmentation and 
environmental degradation, mainly driven by hydroelectric development and 
waterways. These impacts pose severe risks to lotic habitats, such as rapids, which 
sustain specialized and range-restricted taxa. We conducted the first population 
genomic assessment of three rheophilic species of Baryancistrus (B. longipinnis, 
B. niveatus, and Baryancistrus sp. “Araguaia”) using thousands of genome-wide 
SNPs obtained through ddRADseq. Overall, analyses revealed weak neutral 
population structure across species, with limited genetic differentiation. 
However, subtle isolation by distance was detected in B. niveatus, along with 
short-distance relatedness in B. niveatus and B. longipinnis. Landscape genetic 
models (MLPE) indicated that environmental gradients, particularly turbidity, 
slope, and riparian condition, significantly shaped genetic patterns, especially in 
B. niveatus. Remarkably, B. longipinnis exhibited low genetic diversity (HO = 0.31 
(0.28–0.35); HE = 0.356 (0.36–0.37)), elevated inbreeding (F = 0.12 (0.03–0.20)), 
and signs of genetic erosion. Tajima’s D values suggested population contraction 
across all species, likely associated with habitat loss. These findings highlight the 
vulnerability of rheophilic taxa and identify the Pedral do Lourenço rapids as a 
key refuge for B. longipinnis, supporting its immediate protection.

Keywords: Conservation genetics, Freshwater biodiversity, Landscape genetics, 
Rheophilic fishes.
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A bacia Araguaia-Tocantins é um hotspot de endemismo de peixes no bioma 
Amazônico, porém encontra-se ameaçada pela fragmentação de habitats e 
degradação ambiental, especialmente pela implantação de hidrelétricas e hidrovias. 
Esses impactos antrópicos representam riscos críticos a habitats lóticos, como 
corredeiras, que sustentam táxons especializados e de distribuição restrita. Nesse 
contexto, realizamos a primeira avaliação genômica populacional de três espécies 
do gênero Baryancistrus (B. longipinnis, B. niveatus e Baryancistrus sp. “Araguaia”), 
utilizando SNPs obtidos por ddRADseq. As análises revelaram fraca estruturação 
populacional, com baixa diferenciação genética. Foi detectado um sinal sutil 
de isolamento por distância em B. niveatus, além de evidências de parentesco 
em curtas distâncias em B. niveatus e B. longipinnis. Modelos de genética da 
paisagem (MLPE), indicaram que gradientes ambientais, especialmente turbidez, 
declividade e condição ripária, moldaram significativamente os padrões genéticos 
espaciais, sobretudo em B. niveatus. Destaca-se que B. longipinnis apresentou baixa 
diversidade genética (HO = 0,31 (0,28–0,35); HE = 0,356 (0,36–0,37)), elevados 
coeficientes de endogamia (F = 0,12 (0,03–0,20)) e sinais de erosão genética em 
curso. Inferências demográficas baseadas nos valores de D de Tajima sugerem 
contração populacional em todas as espécies, provavelmente associada à perda 
de habitat. Esses resultados evidenciam a vulnerabilidade de táxons reofílicos e 
identificam as corredeiras do Pedral do Lourenço como um refúgio-chave para 
B. longipinnis, reforçando a necessidade de sua proteção imediata.

Palavras chave: Biodiversidade de água doce, Genética da conservação, Genética 
da paisagem, Peixes reofílicos.

INTRODUCTION

In recent decades, anthropogenic impacts on freshwater ecosystems have intensified, 
leading to habitat loss and pollution, which threaten aquatic genetic resources and 
contribute to the extinction of native species (Visser et al., 2023). Although rivers and 
lakes cover less than 1% of Earth’s surface (Allen, Pavelsky, 2018), they support around 
one-quarter of all vertebrate species, mainly fishes (Helfman, 2007).

Habitat degradation and fragmentation are among the primary global drivers 
of biodiversity decline (Díaz et al., 2019; Peluso et al., 2023). Habitat loss can reduce 
genetic variation through increased inbreeding and random fixation of deleterious 
alleles (Hanski, 2011; Allendorf et al., 2013), thereby raising extinction risks for wild 
populations (Gallardo et al., 2018; Reid et al., 2019). Consequently, the number of 
threatened species tends to rise in areas where high fish diversity overlaps with dense 
human populations, habitat fragmentation, and intensive resource exploitation (Closs 
et al., 2015; Leidy, Moyle, 2021). One of the major threats to freshwater biodiversity is 
the implementation of power plants, provoking impacts on ecological processes and the 
disappearance of fish species (Araújo et al., 2013; Barbarossa et al., 2020; Keppeler et al., 
2022; Pezzuti et al., 2024). 

https://www.ni.bio.br/
https://www.scielo.br/ni
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In this context, the geomorphology of Neotropical rivers, especially in the Amazon, 
known as the “last energy frontier”, has favored extensive dam construction, nearly 
200 built and over 340 planned (Goulding et al., 2003; Arantes et al., 2019; Flecker 
et al., 2022; Peluso et al., 2022). These structures profoundly alter river morphology, 
water flow, substrate, and temperature (Liu et al., 2019), triggering cascading ecological 
effects such as the disruption of trophic networks (Reid et al., 2019).

In Brazil, lotic habitats such as the rapids of the Tocantins-Araguaia River basin 
(TO-AR) have undergone radical transformation due to damming (Goulding, 2003; 
Chamon et al., 2022). Under pristine conditions, these habitats are characterized by 
bedrock substrates, waterfalls, high water velocity, and complex structural matrices 
that support specialized and often endemic fish communities (Hrbek et al., 2018). 
Among these fishes, armored catfishes (Siluriformes: Loricariidae) are emblematic 
rheophilic species. Despite their ecological and economic relevance, knowledge about 
the bioecological aspects of this group remains limited (Suzuki et al., 2000; Borzone 
Mas et al., 2019).

An example of the impacts of habitat alteration on this group is that all Baryancistrus 
species native to the TO-AR basin are currently listed under some level of threat by both 
the IUCN and ICMBio. These species are subject to ornamental trade and subsistence 
fishing (ICMBio, 2018), and are long-lived, with estimated lifespans of up to 20 years 
and generation times of approximately 11.5 years (CO, 2024, pers. comm.). Baryancistrus 
longipinnis (Kindle, 1895) is endemic and Endangered (EN) to the Tocantins River, 
but currently its populations are restricted to a few stretches of rapids near Marabá 
city, especially in the Pedral do Lourenço, where it is most abundant (Araújo et al., 
2025). In contrast, Baryancistrus niveatus (Castelnau, 1855), listed as Vulnerable (VU), 
has a broader distribution, occurring throughout the TO-AR basin. A third, likely 
undescribed species, Baryancistrus sp. “Araguaia”, has also been reported in the region 
(Oliveira, 2018). This scenario is especially concerning in a basin historically affected by 
habitat modification, extractivism, agriculture, and livestock expansion (Akama, 2017). 
Despite their conservation status and ecological importance, little is known about the 
genetic consequences of these disturbances for Baryancistrus species, which hinders the 
development of effective management strategies.

To address these conservation concerns, we employed large-scale genomic data 
derived from double-digest Restriction-site Associated DNA Sequencing (ddRADSeq) 
to assess genetic diversity patterns in these rheophilic species. ddRADSeq is a cost-
effective, reference-free method capable of generating thousands of SNPs, and is 
particularly useful for studies where the available sample size is moderate or variable, 
or where the quality of biological material is compromised (Allendorf et al., 2010; 
Nazareno et al., 2017; Khoshkholgh et al., 2020). It has proven effective in evaluating 
genetic diversity, population structure, and signatures of local adaptation (Saha et al., 
2021; Herkenhoff, 2025).

We hypothesize that the spatial configuration of rheophilic habitats, along with 
species-specific ecological constraints, shapes patterns of genetic variation, and 
vulnerability. Specifically, we test the following predictions: i) Baryancistrus longipinnis, 
due to its actual restricted range, will exhibit lower genetic diversity and higher spatial 
genetic structure than B. niveatus and Baryancistrus sp. “Araguaia” which have wider 
distributions; ii) genetic differentiation will not be explained solely by riverine distance 

https://www.ni.bio.br/
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(Isolation by Distance - IBD); we expect a significant role for environmental variation 
(Isolation by Environment - IBE), such as differences in water temperature, turbidity, 
and riparian vegetation on it; iii) habitat loss from 1985 to 2020, particularly damming, 
will negatively affect genetic diversity, with individuals from impacted areas showing 
reduced expected heterozygosity (HE) and increased inbreeding (F). These effects are 
expected to be most pronounced in B. longipinnis due to its narrow distribution and 
greater susceptibility to genetic drift and environmental stress.

MATERIAL AND METHODS

Study area and sampling. Specimens of the genus Baryancistrus (n = 47) were 
collected from 10 sites within the Tocantins-Araguaia (TO-AR) river basin, spanning 
three Brazilian states: Pará (Marabá, São João do Araguaia, São Geraldo do Araguaia), 
Tocantins (Itaguatins and Peixe), and Maranhão (Porto Franco) (Tab. 1). Sampling was 
conducted between October 2019 and July 2021 by diving and using hand nets in lotic 
habitats characterized by rapids. 

The unequal number of individuals per species reflects the natural abundance and 
availability of each taxon at the sampling sites, as well as the logistical constraints of 
fieldwork in extreme environments. All samples were georeferenced and identified to 
the species level using the identification key provided by Oliveira (2018) (Tab. S1), 
tissue samples were preserved in microtubes containing 96% ethanol or on cryogeny 
for subsequent molecular analyses. The sampling range covered sites from the upper 
Tocantins River to the reservoir of the Tucuruí Hydroelectric Power Dam (approx. 
4° to 12°S and 47° to 49°W), Eastern Amazon, Brazil (Fig. 1). Given their habitat 
specificity and potential vulnerability to fragmentation, we designed our experimental 
approach to investigate how environmental and spatial factors affect genetic diversity 
and population structure across the basin.

Species Region N HO (CI) HE (CI) F (CI) π (CI) Tajima’s D

B. longipinnis

Region 1 15 0.36 (0.33/0.39) 0.373 (0.370/0.380) 0.03 (-0.05/0.12) 0.039 (0.035/0.044) 1.29 (1.10/1.45)

Region 2 9 0.35 (0.30/0.40) 0.380 (0.370/0.390) 0.07 (-0.05/0.20) 0.029 (0.025/0.033) 0.24 (0.06/0.43)

Overall 24 0.31 (0.28/0.35) 0.356 (0.352/0.360) 0.12 (0.03/0.20) 0.04 (0.034/0.043) 0.78 (0.65/1.03)

B. niveatus
Region 2 11 0.47 (0.42/0.51) 0.406 (0.402/0.409) -0.15 (-0.26/-0.04) 0.01 (0.008/0.013) 1.18 (0.79/1.51)

Overall 15 0.45 (0.42/0.48) 0.402 (0.399/0.405) -0.12 (-0.20/-0.04) 0.011 (0.009/0.013) 1.61 (1.29/1.87)

Baryancistrus sp. “Araguaia” Overall 6 0.73 (0.60/0.86) 0.495 (0.497/0.503) -0.48 (-0.76/-0.20) 0.003 (0.002/0.004) 1.64 (0.98/2.10)

TABLE 1 | Summary of genetic diversity metrics for Baryancistrus longipinnis, B. niveatus, and Baryancistrus sp. “Araguaia” by Region 

and Overall, with 95% Confidence Intervals. Sample sizes (N) are shown followed by mean observed heterozygosity (HO), mean expected 

heterozygosity (HE), mean inbreeding coefficient (F), and mean per-site nucleotide diversity (π). All estimates are shown along 95% confidence 

intervals (CI).

https://www.ni.bio.br/
https://www.scielo.br/ni
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Experimental design and preliminary analyses. Considering that B. longipinnis 
and B. niveatus inhabit specific riverine locations and exhibit low mobility traits inherent 
to rheophilic species, we anticipated that such characteristics could strongly influence 
their genetic connectivity into genetic variation and landscape genetics were based on 
preliminary population structure analyses, utilizing genetic data obtained from sampled 
individuals. These analyses were crucial for confirming species taxonomic classification 
and notably revealed an absence of significant intra-specific genetic structuring, as 
will be demonstrated throughout this study. A third undescribed species (Baryancistrus 
sp. “Araguaia”) was collected in the rio Tocantins basin (n = 6 individuals) but was 
not considered in the landscape genetics analyses due to low sample size, with only its 
population genetic diversity parameters being estimated.

FIGURE 1 | Map of the study area showing the locations of sampling sites for B. longipinnis, B. niveatus, and Baryancistrus sp. “Araguaia”. 

Sampling sites are denoted by specific site codes (refer to Tab. S1 for full details and geographical coordinates). Region 1 and Region 2 

represent microregions located near the Tucuruí Dam and around the city of Marabá. Abbreviations for localities: Low Pedral do Lourenço 

(LPL; representing a distinct collection point within the broader Pedral do Lourenço area); High Pedral do Lourenço (HPl; representing a 

distinct collection point within the broader Pedral do Lourenço area); Marabá (MB); Cabras Island (CI); Itacaiúnas (IT); Ilha do Jaú (JI); Caju 

Amigo (CA); Itaguatins (ITG); Porto Franco (PF); and Peixe (PX). Circles containing multiple colors indicate zones of sympatry where two 

species co-occur. The inset map in the upper left corner highlights the position of the Tucuruí Dam within the broader region.

https://www.ni.bio.br/
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To address the influence of landscape in a contextualized manner, sampling localities 
were grouped into two main macro-regions based on spatial proximity and prevailing 
anthropogenic pressures. Region 1 encompasses upstream sites near the Tucuruí 
Hydroelectric Dam. Region 2 comprises midstream areas surrounding the urban 
center of Marabá. The choice of regional divisions (Regions 1 and 2) reflects known 
ecological discontinuities and contrasts in land-use intensity, providing a relevant 
spatial framework for testing the influence of habitat history and loss on species genetic 
parameters. This regionalized approach justified the subsequent experimental design, 
enabling the analysis of populations within each of these two regions as cohesive units.

RAD sequencing and bioinformatics. DNA was extracted using the DNeasy 
Blood & Tissue Kit (Qiagen, EUA), DNA quantification was performed using the 
Qubit High Sensitivity Assay kit (Invitrogen, USA), and DNA integrity was assessed 
through 1.2% agarose gel electrophoresis. We selected all 47 DNA samples with 
sufficient nondegraded DNA to comply with the protocol double digest restriction 
site-associated DNA sequencing (ddRADseq) following Peterson et al. (2012), adapted 
by Campos et al. (2017). The genomic DNA was adjusted to a final concentration of 5 
ng/μL in a final volume of 30 μL. The genomic libraries were sequenced using 150 pb 
single-end sequencing in an Illumina NextSeq-500 sequencing system (Illumina, San 
Diego, CA, USA) with four flow cell lanes High Output, 300 cycles SE (1 x 150 pb). 

The quality control of the generated ddRADSeq data was verified before and after 
trimming with FastQC and MultiQC using the ‘fastqcr’ R package (Kassambara, 2019). 
An in-silico digestion was performed, according to Peterson et al. (2012), to remove 
reads without the expected restriction site. Trimmomatic v. 0.39 (Bolger et al., 2014) 
was used to remove Illumina adapter sequences (HEADCROP:5) and reads with quality 
below a Phred score of Q20 (AVGQUAL:20), and then sequences were trimmed to 
140 bp length (MINLEN:140; CROP:140). In STACKS software, RAD loci were 
assembled de novo pipeline implemented in the “denovo_map.pl” module (Catchen et 
al., 2011, 2013) using the following parameters: -M = 2, -m = 3 and -n = 1. Genotype 
calling and further processing were performed using a populations module (Catchen 
et al., 2011, 2013), in which loci with observed heterozygosity >0.7 (-max-obs-het), 
with a minor allele frequency of <0.025 (-min-maf) and loci genotyped in <50% of 
individuals (-r, most liberal filter value according to Halsey et al., 2022) were removed. 
The ‘-write_single_snp’ option was applied to restrict the analysis to the first SNP per 
locus and reduce the effects of linkage disequilibrium required for population genetic 
analyses. The output dataset was saved as a variant call format (VCF). Four datasets 
were generated: one with all species (“dataset_3S”) for population genetic analyses 
with varying missing data thresholds, and three species-specific datasets “dataset_
longipinnis”, “dataset_niveatus”, and “dataset_araguaia” used to assess genetic diversity 
and population structure. 

SNP Filtering and neutral dataset. We performed prefiltering of only missing data 
as a first step to verify the consistency of the morphological classification of the species. 
For this characterization of genetic structure, we assumed a varying percentage of missing 
data (per loci). Thus, we created a dataset with four missing data levels (“NoMissD” is an 

https://www.ni.bio.br/
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unfiltered dataset, whereas “20MissD”, 30MissD, and “40MissD” all correspond to the 
percentage of missing data of 20, 30, and 40%, respectively) from the complete dataset 
(“dataset_3S”: data including samples of all species) using the “max.missing” function 
from R package r2vcftools (see below). Additionally, we also performed quality control 
on the missing dataset, filtering loci for read depth (3–100). The large-scale genomic 
datasets and our population genetic inferences consistently suggest that the sampled 
specimens belong to three genetic clusters (Fig. 2). Based on the information gathered 
and stability of the individual’s ancestry in the population genetic inference, we opted 
for a percentage of 40% data missing for subsequent analyses.

FIGURE 2 | Scatterplots showing the relationship between genetic (Provesti’s distance) and geographic (riverine) distances, with two-

dimensional kernel density overlays (color gradient from low: blue, to high: red). The black dashed line indicates linear regression, with 

95% confidence intervals in gray. Adjusted R² and p-values are shown for each panel. Plots: (A) Baryancistrus longipinnis and (B) B. niveatus 

(all samples); (C) B. longipinnis (Region 1); (D) B. niveatus (Region 2); (E) B. longipinnis (Region 2). Samples from Porto Franco and Peixe were 

excluded due to their geographic isolation, which could bias riverine distance-based estimates.

https://www.ni.bio.br/
https://www.scielo.br/ni
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We used a wrapper for VCFtools (Danecek et al., 2011) implemented in the package 
r2vcftools in R v. 4.2.1 to perform final quality control on genomic data. Therefore, 
to obtain a subset of neutral and independent loci, individual datasets for each species 
(“dataset_longipinnis”, “dataset_niveatus” and “dataset_araguaia”) were filtered by 
retaining SNPs with read depth (3–100) and linkage disequilibrium (LD, r2 <0.8). Loci 
showing strong deviations from Hardy Weinberg equilibrium (HWE, p <0.0001) as 
well as loci with more than 40% missing data and genotypes with more than 75% 
missing data, were excluded. In addition, we removed any potentially selected loci based 
on genome scans. We evaluated population structure using the snmf function from 
the R package LEA (Frichot, François, 2015). False discovery rates were controlled by 
adjusting p-values with the genomic inflation factor (λ) and setting false discovery rates 
to q = 0.05 using the Benjamini-Hochberg algorithm (François et al., 2016). Genome 
scans were not applied to the species B. niveatus and Baryancistrus sp. “Araguaia” due 
to the limited number of individuals sampled. The resulting neutral dataset for each 
species was then used for downstream population genomic analyses. Futher details on 
the filtering schema applied to the ddRADseq dataset are available in Tab. S2. 

Genetic diversity and population structure. We assessed population structure 
by two complementary genetic clustering approaches: i) sparse nonnegative matrix 
factorization (sNMF) implemented in the snmf function from the R package LEA, 
which provides least-squares estimates of ancestry proportions (Frichot, François, 2015); 
and ii) discriminant analysis of principal components (DAPC) from the R package 
adegenet, which identifies and describes groups of genetically related individuals using 
a discriminant function analysis (DFA) with principal components (PC) (Jombart et al., 
2010). For both assumption-free methods, we tested the number of ancestral populations 
(k) varying between 1 and 10. For sNMF, the best k was chosen based on cross-entropy 
(Frichot et al., 2014). 

Based on the genetic cluster assigned by the sNMF approach, population genetic 
parameters were estimated. We calculated the observed heterozygosity (HO), expected 
heterozygosity (HE), and inbreeding coefficient (F) at the individual and population 
levels and nucleotide diversity (π: mean per-site nucleotide diversity) at the population 
level only. These indices of genetic diversity and their confidence intervals (C.I. 95%) 
were calculated with the query function using the “het” option in VCFtools (Danecek 
et al., 2011) implemented in the r2vcftools package. Additionally, we used r2vcftools in 
R to compute a genome‐wide estimate of Tajima’s D and perform a simulation from the 
neutral model to correct for bias due to the minor-allele-frequency filter (MAF >0.03) 
with confidence intervals (C.I. 95% by using 10,000 bootstrap replicates).

Landscape genetics. To assess how landscape predictors influence genetic 
differentiation, both individually and in combination, we applied Mixed-Effects Models 
with a Pairwise Landscape (MLPE) structure, using Prevosti’s inter-individual genetic 
distance as the response variable. Predictors were included as fixed effects, and source 
and destination populations as random effects to account for the non-independence of 
pairwise data. Riverine distance was used as the primary geographic metric, as it better 
reflects movement in aquatic systems.

https://www.ni.bio.br/
https://www.scielo.br/ni
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Separate MLPE models were constructed for each species (B. longipinnis, B. niveatus) 
and region (1 and 2), including single and combined predictors. To disentangle spatial 
and environmental effects, we explicitly modeled Isolation by Environment (IBE) using 
uncorrelated variables, isolating ecological heterogeneity from geographic distance.

Predictors included:
1.	 Isolation by Distance (IBD): riverine distances were computed using the riverdist 

package (Tyers, 2024) and the HydroRIVERS v. 1.0 dataset (Lehner, Grill, 
2013). The shapefile was clipped to the study area, reprojected (UTM Zone 22S; 
EPSG:32722), and converted to a linear network using line2network(). Sampling 
points were snapped to the nearest river segment with xy2segvert() (200 m 
tolerance), and pairwise distances were calculated with riverdistancemat().

2.	 Isolation by Environment (IBE): bioclimatic variables (WorldClim) were extracted 
and subjected to species-specific PCA. Environmental distances were computed 
from the scores of the first three principal components using the dist function from 
the ade4 package.

3.	Riparian Habitat (HabitatRip): derived from MapBiomas land cover data 
(Collection 9; 1985 and 2020). The optimal buffer size (1,000–3,000 m) was 
selected based on AICc.

4.	Water Surface Temperature (WST): extracted from Landsat 8 thermal imagery 
(ST_B10; 30 m), atmospherically corrected (Level-2) and downloaded from Earth 
Explorer.

5.	Normalized Difference Turbidity Index (NDTI): calculated from Sentinel-2 
Level-2A reflectance data using green and red bands (10 m). Images were selected 
based on low cloud cover and temporal proximity to sampling.

6.	Altitude (Alt).
7.	Slope: derived from 30 m-resolution DEMs (Earth Explorer - https://earthexplorer.

usgs.gov/) using the terrain() function in the raster package. All point-based 
predictors (WST, NDTI, Alt, Slope, and initial IBE) were reprojected to UTM 
and extracted from 100 m buffers around randomly jittered coordinates (±500 
m). Values were z-score standardized (raster, terra). Multicollinearity was assessed 
using Variance Inflation Factors (VIF), with iterative removal of variables with 
VIF >5. MLPE models combining multiple predictors (e.g., IBE, WST, NDTI, Alt, 
HabitatRip, and IBD) were also constructed and compared using AICc. Additional 
information of methodological approaches taken in this study are available on 
supplementary material S3.

Habitat cover and genetic diversity. We estimated individual genetic diversity 
metrics (expected heterozygosity - HE, and inbreeding coefficient - F) from RAD-seq-
derived SNPs using the “—het” function in VCFtools (Danecek et al., 2011).

Habitat metrics were derived from MapBiomas land cover maps (1985 and 2020; 30 
m resolution), clipped to a 30 km buffer and reprojected to UTM. Land cover classes 
were reclassified into natural vegetation (1) and anthropogenic cover (0), allowing us to 
compute: (1) historical habitat amount (1985), (2) current habitat amount (2020), and 
(3) habitat loss (1985–2020 difference). Metrics were calculated across multiple spatial 
scales (1–5 km and 10–20 km buffers), following a multiscale framework.

https://www.ni.bio.br/
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Linear mixed-effects models (LMMs) were fitted using the “nlme” package (Pinheiro 
et al., 2025), with HE (logit-transformed) or F as response variables. Sampling locality 
was included as a random effect, and habitat metrics as fixed effects. Model selection was 
based on AICc, ΔAICc, and Akaike weights (MuMIn::aictab) (Bartoń, 2015). Likelihood 
Ratio Tests (LRTs) assessed predictor significance. Model validation included residual 
plots, autocorrelation checks, and Shapiro-Wilk normality tests.

RESULTS

ddRADseq data and neutral SNPs. The ddRAD sequencing generated a total of 
47,584,483 raw reads, with per-sample read counts ranging from 699,558 to 3,106,590 
(Tab. S4). After initial quality filtering during bioinformatic processing, 39,869,024 
reads were retained, representing an average of 83.79% of the raw data (ranging from 
320,057 to 2,730,977 reads per sample). A de novo assembly-based alignment (variant 
calling) across all species yielded a total of 25,676 SNPs. The resulting final species-
specific datasets contained 2,758 SNPs for B. longipinnis, 5,040 for B. niveatus, and 3,508 
for Baryancistrus sp. “Araguaia”. Based on these final datasets, the sample size sufficiency 
analysis indicated that our sampling effort was adequate to accurately estimate genetic 
diversity and population parameters for both B. longipinnis and B. niveatus (Fig. S5). 
The ddRAD sequencing generated in this study and the corresponding VCF files are 
available on https://doi.org/10.5281/zenodo.16970398.

Genetic diversity and population structure. Preliminary ancestry assignments 
revealed mismatches between the initial morphological identifications and the genomic 
clusters (Fig. S6). Additional morphological investigations supported this genomic 
reclassification; although the principal component analysis (PCA) of size-standardized 
variables did not show complete separation, specific traits such as relative lower lip 
width and dentary length exhibited significant differences (Fig. S6). Following this 
dataset refinement, both sNMF and DAPC revealed a single genetic cluster per species 
(Fig. S7). For sNMF, the lowest cross-entropy supported K = 1 (0.096 for B. longipinnis 
and 0.027 for B. niveatus). DAPC also supported K = 1 based on the lowest Bayesian 
information criterion (BIC) (74.2 for B. longipinnis, 34.2 for B. niveatus). The highest 
heterozygosity values were observed in Baryancistrus sp. “Araguaia” (HO = 0.73 (0.60–
0.86); HE = 0.495 (0.497–0.503). In both B. niveatus and Baryancistrus sp. “Araguaia”, 
HO exceeded expected HE, resulting in significant negative inbreeding coefficients 
(F = -0.12 and -0.48, respectively), suggesting excess heterozygosity potentially 
linked to gene flow or recent demographic dynamics. In contrast, B. longipinnis 
showed a positive and significant inbreeding coefficient (F = 0.12), consistent with 
reduced genetic connectivity. Confidence intervals for F did not overlap among 
species, highlighting distinct demographic or evolutionary histories. All species 
exhibited relatively low and similar levels of nucleotide diversity (π), and positive, 
significant Tajima’s D values, suggesting a prevalence of intermediate-frequency 
alleles and a possible signal of recent population contraction or balancing selection. 
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Landscape genetics.	 Patterns of genetic differentiation varied between species and 
regions, with distinct landscape and environmental predictors emerging as the most 
supported models according to the lowest AICc values in our MLPE analyses (see Tab. 
S8; Figs. S7A, B). For B. longipinnis in Region 1, models including altitude, slope, riverine 
distance (IBD), and environmental distance (IBE) displayed similarly low AICc scores 
(ΔAICc ≤2), reflecting comparable explanatory power. Although no single factor was 
predominant, these findings suggest a multifactorial influence where both geographic 
and environmental heterogeneity contribute moderately to genetic structure. In Region 
2 of B. longipinnis, models emphasizing environmental variables, particularly local 
riparian habitat outperformed those based solely on geographic distance, as indicated 
by their superior AICc rankings (with ΔAICc ≤2 for the top models). For B. niveatus in 
Region 2, models incorporating fine-scale environmental factors such as turbidity and 
slope received the strongest support based on AICc comparisons, (with ΔAICc ≤2 for 
the top models), (Tab. S9). 

To further explore spatial genetic structure, contrasting patterns of spatial 
autocorrelation were detected between the species (Fig. 4). In B. longipinnis (Fig. 4A), 
a sharp decline in genetic relatedness was observed with increasing riverine distance, 
a pattern consistent with isolation by distance (IBD). In contrast, B. niveatus (Fig. 4B) 
showed no such directional trend, suggesting the absence of spatial genetic structure. 
Kernel density analysis revealed that B. longipinnis has a fragmented genetic pattern, 
while B. niveatus has a broad and continuous distribution. When analyzing the combined 
R1 and R2 reaches (global scale), a significant correlation was found between genetic 
and riverine distance for B. longipinnis (R² = 0.033, p < 0.01, Fig. 2A), but no such 
relationship was found for B. niveatus (R² = -0.009, p = 0.595, Fig. 2B). In contrast, at the 
regional level (i.e., analyzing R1 and R2 separately), this correlation was not significant 
for either species (Figs. 2C–E). Monmonier’s algorithm did not detect genetic barriers 
among sampled habitats (Fig. S9). We also compared geographic distance metrics by 
testing isolation by distance (IBD) using both Euclidean and riverine distances across 
MLPE and Mantel frameworks. Riverine distance consistently resulted in lower AICc 
values in MLPE models, supporting its use as the most appropriate spatial metric for 
subsequent landscape genetics analyses (Tab. S10).

Habitat cover and genetic diversity. Linear Mixed-Effects Models (LMMs) revealed 
that habitat amount, both historical (1985) and current (2020), influences genetic 
diversity metrics differently across species, regions, and spatial scales (Figs. 3, S11). For 
B. longipinnis in Region 1, historical habitat amount at a broad scale (20 km) was a strong 
predictor of expected heterozygosity (HE), with current habitat at a finer scale (3 km) 
also showing relevance. Inbreeding coefficient (F) was influenced by both historical and 
current habitat amounts at the broad scale and current habitat at the fine scale, reflecting 
multiscale effects of habitat alterations on inbreeding indexes (Tab. 2). In contrast, for 
B. longipinnis in Region 2, null models best explained variation in He and F, suggesting 
minimal habitat impact on genetic diversity in this region. Similarly, for B. niveatus in 
Region 2, He was best explained by null models, whereas F was significantly predicted 
by current habitat amount10 at a fine scale (2 km) and historical habitat at a broad 
scale (20 km). This indicates that localized and historical habitat patterns influence 
inbreeding but have less effect on heterozygosity. Overall, historical and current habitat 
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amounts significantly predict inbreeding coefficients across species and regions, while 
HE exhibits weaker and less consistent associations. These findings underscore the 
importance of incorporating temporal and spatial habitat dynamics into conservation 
strategies aimed at maintaining genetic diversity (Tab. S12). Additional Information on 
Results are available on S13.

FIGURE 3 | Model support (normalized ΔAICc) for habitat amount (1985 and 2020) influencing individual-level genetic diversity metrics, 

Heterozygosity (He) and Inbreeding (F), in Baryancistrus longipinnis and B. niveatus across regions, based on the set of best-fitting models 

(ΔAICc ≤2). The top row of panels (A–C) displays Heterozygosity (He), while the bottom row (D–F) displays Inbreeding (F). Columns represent, 

from left to right, B. longipinnis in Region 1, B. longipinnis in Region 2, and B. niveatus in Region 2, respectively, as indicated in the panel titles. 

Models incorporating habitat loss were also evaluated but did not fall within this set of best-fitting models.
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TABLE 2 | MLPE Model Selection for B. longipinnis and B. niveatus in Regions 1 and 2. Models with ΔAICc ≤ 2 are ranked from lowest to highest 

AICc. Provesti’s inter-individual genetic distance was modeled against fluvial distance (IBD), environmental distance (IBE), and single-factor 

landscape predictors (Altitude, Slope, HabitatRip, NDTI and WST). a Predictor abbreviations and ecological interpretation: IBD = Isolation 

by distance (riverine distance between sampling points); IBE = Isolation by environment (Euclidean distances based on PCA of 19 bioclimatic 

variables); Slope = Terrain slope (steepness in degrees); RipHab = Riparian habitat amount, calculated as the difference between natural and 

anthropogenic land cover within a buffer (1,500 m for B. longipinnis and 3,000 m for B. niveatus) around riparian zones; NDTI = Normalized 

Difference Turbidity Index, used as a proxy for sediment load or water turbidity; and WST: Water Surface Temperature. Significance levels: 

Statistical significance of each predictor is indicated by asterisks based on t-tests from the fixed effects of the linear mixed models: p < 0.05 

(*), p < 0.01 (**), and p < 0.001 (***).

FIGURE 4 | Spatial autocorrelation of Baryancistrus longipinnis (A) and B. niveatus (B) species. The black solid line is the LOESS adjusted for 

the genetic relatedness statistic Aij (i and iii, Yang et al., 2010). The red-shaded regions are 95% confidence limits around the null expectation 

(black dotted line). Short vertical lines along the xaxis represent pairwise riverine distances between individuals. Samples from Porto Franco 

and Peixe were excluded from the analysis due to their large geographic separation from Regions 1 and 2, which could bias spatial structure 

estimates based on riverine connectivity.

Species Region Predictor a logLik AICc ΔAIC AICc Weight

B. longipinnis

Region 1

HabitatRip (1500m) 340.17 -669.73 0.00 0.20

Altitude 340.16 -669.71 0.02 0.20

IBD 340.05 -669.49 0.24 0.18

IBE 339.89 -669.17 0.57 0.15

Slope 339.89 -669.17 0.57 0.15

Region 2

HabitatRip (1500m) 91.66 -171.33 0.00 0.23

IBE 91.61 -171.23 0.10 0.22

IBD 91.50 -171.00 0.32 0.20

Altitude 90.83 -169.66 1.66 0.10

WST 90.68 -169.36 1.96 0.09

B. niveatus Region 2

NDTI 237.69 -464.15 0.00 0.29

Slope 237.45 -463.68 0.47 0.23

HabitatRip (3000m) 237.18 -463.13 1.02 0.17

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

Population genomics and contrasting genetic structure in sympatric armored 
catfish species. Here, we present the first comprehensive population genomics 
investigation of three sympatric armored catfish species from the genus Baryancistrus. 
Based on high-resolution genomic datasets comprising thousands of SNPs, our study 
aimed to explore how historical and current landscape-scale environmental gradients 
shape patterns of genetic diversity and spatial structure among these species. This 
investigation revealed contrasting patterns of genetic structure that are likely shaped 
by distinct species-specific responses to the riverine landscape. The strong isolation by 
distance (IBD) detected in B. longipinnis, for example, highlights effective short-distance 
dispersal limitations and limited gene flow across the river system, a pattern often 
obscured by less powerful molecular markers (Skey et al., 2023) but clearly visible with 
our genomic data. In contrast, the lack of IBD in B. niveatus suggests higher dispersal 
capabilities or more recent population connectivity across the sampled area. These 
findings are crucial for conservation, as they demonstrate how habitat availability and 
environmental gradients influence gene flow differentially among sympatric species. 
The spatial autocorrelation analysis confirmed these contrasting spatial genetic patterns, 
and clustering methods often failed to fully capture the subtle spatial restrictions 
observed in the IBD analysis. Additionally, Monmonier’s algorithm failed to detect 
clear genetic barriers, suggesting a landscape with partial permeability (Manni et al., 
2004). This integrative approach, utilizing mixed linear population effects (MLPE) 
models with geographic and environmental variables, allowed us to disentangle the 
relative contributions of isolation by distance (IBD), isolation by environment (IBE), 
and isolation by barrier (IBB) in shaping population structure. 

Large-scale population structure and homogeneity. No strong population 
structure was recovered across the TO-AR basin, with populations maintaining a 
seemingly panmictic population at a large scale, with a third undescribed species 
(Baryancistrus sp. “Araguaia”) included for population-level diversity metrics. These 
results are consistent with the outcomes of our clustering (sNMF and DAPC) (Fig. S14) 
and spatial autocorrelation analyses, both of which revealed weak structure and lack of 
well-defined genetic discontinuities across the TO-AR basin. Our results reveal lower 
genetic diversity in critically endangered B. longipinnis compared to B. niveatus. Overall, 
historical and current habitat amounts significantly predict inbreeding coefficients 
F across species and regions. This underscores the importance of habitat quality and 
environmental gradients in shaping genetic differentiation in this region.

Contrary to our initial expectations, we observed contrasting patterns of isolation by 
distance between the two focal species. For B. longipinnis, a weak but significant IBD 
pattern was detected when analyzing all individuals (Fig. 2A), suggesting that genetic 
differentiation is partially associated with geographic distance across the sampled 
rheophilic habitats. However, this relationship was not significant at the regional level 
(Figs. 2C, E). This is further supported by the spatial autocorrelation analysis (Fig. 4A), 
which revealed a sharp decline in mean relatedness with increasing riverine distance 
in B. longipinnis, a pattern consistent with isolation by distance (IBD). In contrast, B. 
niveatus showed no evidence of IBD at either the macro or regional scale (Figs. 2B, 
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D), suggesting that genetic differentiation is not associated with riverine distance in 
this species. This genetic homogeneity may reflect the species’ restricted distribution, 
as our sampling likely encompasses most or all of its range, potentially capturing a 
single genetic stock. The absence of a clear directional trend in B. niveatus corroborates 
the lack of spatial genetic structure. Despite both species occupying rheophilic habitats 
fragmented along the TO-AR basin, gene flow appears to be limited by distance in 
B. longipinnis, whereas B. niveatus shows signs of high genetic connectivity. These 
findings differ from patterns observed in other rheophilic species, such as cichlids and 
anostomids (Hrbek et al., 2018), where isolated habitat patches led to strong population 
structuring. In our study, the disjunct distribution of rheophilic habitats does not seem 
to universally restrict gene flow among loricariid species, suggesting species-specific 
responses to geographic isolation. These IBD patterns were assessed using both riverine 
and Euclidean distance matrices, providing a hydrologically realistic framework for 
rheophilic taxa.

Fine-scale genetic divergence and environmental drivers. Our data showed a 
patchy pattern in B. longipinnis and B. niveatus, which aligns with their adaptation to 
fast-flowing rocky rapids. This habitat specificity confines individuals to fragmented 
patches, potentially leading to species-specific resistance to gene flow. Despite this 
habitat fragmentation, the contrasting genetic responses suggest species-specific 
dispersal strategies. While IBB tests failed to detect sharp genetic breaks and did not reveal 
significant effects of either natural (unsuitable habitat between rapids) or anthropogenic 
barriers (hydroelectric plants), MLPE models revealed that fine-scale environmental 
variables incorporating turbidity, slope, and habitat condition still accounted for 
subtle genetic divergence. This is exemplified by the documented contraction in the 
distribution area of Baryancistrus longipinnis (Chamon et al., 2022; Araújo et al., 2025), 
likely driven by ongoing habitat loss and degradation in lotic environments, like rapids. 
Loricariidae exhibit limited movement during breeding periods (Magalhães et al., 
2021). The detected strong IBD in B. longipinnis, coupled with evidence of distribution 
contraction, suggests that this population is highly sensitive to further habitat changes. 
Such high sensitivity implies that the observed IBD pattern is likely not static and may 
fluctuate temporally in response to environmental changes (Junge et al., 2011).

Temporal scale, demographic artifacts and anthropogenic impacts. Considering 
our panmixia results, we understand that it is unlikely that random mating has become 
a genuine reflection of genetic connectivity (such as long-distance migration) driven 
by anthropogenic alteration. There is no evidence that habitat loss in rheophilic areas 
derived from hydroelectric projects is forcing fish migration in these stretches (Hrbek 
et al., 2018). The rheophilic habitat of Pedral do Lourenço has been characterized as 
the main rocky refuge for endangered species (including B. longipinnis, Chamon et 
al., 2022; Araújo et al., 2025), possibly due to the preservation of local diversity rather 
than a migratory process. Here, some elements help to weaken the hypothesis of large-
scale migration driven by a hydro plant site for the focus species of this study: i) the 
generational time of the Baryancistrus genus is approximately 11 years, and longevity 
is approximately 20 years according to Instituto Chico Mendes de Conservação da 
Biodiversidade (2018); however, through field observations and A. Akama, pers. obs., 
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it is believed that the generational time of Plecos of the genus Baryancistrus is greater 
than 18 years, while the construction of large and small hydro plant sites has been 
taking place in the TO-AR basin for over four decades. Nevertheless, approximately 
60% of the 73 hydroelectric plants in operation along the basin have started operating 
in the last 20 years (Akama, 2017; Chamon et al., 2022). Thus, the longevity time lag 
between habitat loss and patterns of genetic differentiation is still noticeably short (~1.8 
generations), according to Coleman et al. (2018). The seemingly genetic homogeneity 
in certain regions may therefore be an artifact of demographic history (such as a recent 
population expansion), rather than indicative of significant contemporary connectivity. 
ii) The impact of hydro plant sites seems to significantly influence allele frequencies 
(leading to differentiated populations) in nonimmigrant and/or highly restricted species 
(Dehais et al., 2010; Coleman et al., 2018) or in long-distance migratory species (Alho et 
al., 2015). Therefore, contrary to connectivity, the impact generated by damming could 
not lead gene flow to override the genetic drift of these specialized species adapted to 
rheophilic environments.

Our results show positive Tajima’s D-values across all species analyzed, suggesting 
either balancing selection or an ongoing population contraction (Simonsen et al., 1995). 
Genome-wide Tajima’s D values, calculated per species and across sliding windows 
and corrected for MAF bias, support this interpretation by revealing consistent positive 
values across all three species. The latter scenario aligns with the substantial expansion 
of hydroelectric projects and increased land use throughout the TO-AR basin. These 
anthropogenic pressures represent the principal threats to the ichthyofauna in the 
region, impacting over 80% of the basin’s endangered fish species (Chamon et al., 
2022; Araújo et al., 2025). The loss of rheophilic habitats seems to lead to a significant 
population reduction in its specialized species (Hrbek et al., 2018; Chamon et al., 2022), 
compromising long-term population viability (Ribolli et al., 2021) and morphological 
variation due to permanent habitat alterations (Radojković et al., 2018).

Genetic erosion and conservation measures. In B. longipinnis, our results reveal 
significant inbreeding that is strongly associated with habitat loss. These patterns 
are consistent with the reduced diversity indices observed in areas subject to intense 
anthropogenic pressures (Fig. S11; Tab. S4), particularly Region 1. Linear Mixed-
Effects Models further support these findings, revealing significant associations between 
current and historical habitat amount and individual inbreeding levels F, particularly in 
Region 1. These patterns were robustly captured using MLPE models that accounted 
for the non-independence of pairwise comparisons and spatial autocorrelation. The 
significant level of inbreeding (F values) in this species likely reflect ongoing genetic 
erosion, potentially driven by reduced effective population size, habitat fragmentation, 
and disrupted gene flow (Bosse, van Loon, 2022; Pinto et al., 2024; Osborne et al., 
2024). From an evolutionary perspective, such inbreeding can increase homozygosity 
and reduce adaptive potential, thereby exacerbating extinction risk in small, isolated 
populations. Conversely, in B. niveatus, diversity indices (HO and HE) suggest a 
more pronounced loss of genetic variability in areas affected by pasture expansion 
and/or agricultural activities than by fragmentation from hydroelectric plants. These 
results emphasize the need to incorporate temporal and spatial habitat dynamics into 
conservation strategies aimed at maintaining genetic diversity.
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The complex evolutionary history of the Amazon basin, including climatic 
fluctuations and river system dynamics, has strongly influenced genetic diversity 
patterns in rheophilic fishes (Cassemiro et al., 2023). Species-specific biological traits 
and ecological specialization to fast-flowing rocky habitats further shape these patterns 
(Dagosta et al., 2018; Gehri et al., 2021). While our study focused primarily on neutral 
genetic variation, genetic differentiation is expected to accumulate more rapidly in 
genomic regions under selection, whereas neutral regions reflect genetic drift over longer 
timescales (Kavalco et al., 2005; Beheregaray et al., 2015). Incorporating adaptive genetic 
markers in future research could thus provide deeper insights into how environmental 
heterogeneity, such as hydrochemistry and habitat structure, drives local adaptation 
and population differentiation in these species (Cooke et al., 2012; Stoffers et al., 2022). 
Our landscape genetics models (MLPE) revealed that environmental predictors such as 
turbidity (NDTI), riparian vegetation, slope, and altitude contributed differentially to 
genetic differentiation, particularly in B. niveatus, where fine-scale ecological variables 
outperformed geographic distance. These results underscore the importance of habitat 
quality and environmental gradients in shaping genetic differentiation in this region, 
highlighting their role as key drivers of genetic structure within complex aquatic habitats 
areas characterized by pronounced spatial heterogeneity and dynamic physicochemical 
factors. Our filtering approach (MAF and LD pruning) ensured that population 
structure was assessed using neutral markers, reducing confounding effects of selection. 
Understanding the natural history of rheophilic Loricariidae and identifying adaptive 
loci linked to their specialized rocky rapid habitats are essential steps for clarifying the 
ecological and evolutionary factors shaping their genetic structure.

Despite the lack of strong population structure on a large scale, our fine-scale 
analyses (e.g., spatial autocorrelation and genetic diversity estimates) revealed subtle 
signals of restricted gene flow and clues of reduced effective population sizes in the 
species investigated, particularly in B. longipinnis. These patterns are likely associated 
with historical and ongoing habitat degradation. Remarkably, even with limited sample 
number per site, the high-resolution SNP dataset enabled us to uncover robust patterns 
of diversity, inbreeding, and landscape genetic structure. Recent research supports the 
use of genomic tools for conservation, even under sample size constraints, especially 
when thousands of loci are available (Hale et al., 2012; Nazareno et al., 2017). The 
incorporation of adaptive filtering (neutral SNPs and LD pruning) allowed robust 
inference of population structure and landscape influences. This reinforces the utility 
of population genomics as a key instrument for evaluating genetic erosion, local 
adaptation, and spatial connectivity in understudied Neotropical taxa, particularly those 
threatened by anthropogenic pressures.

Based on our findings, we can propose effective conservation measures aimed at 
mitigating the impacts currently underway against these species and thus ensuring 
their population viability in the short, medium, and long term. Our predictions were 
corroborated, indicating considerable levels of inbreeding and robust spatial genetic 
structuring in critically endangered B. longipinnis. Therefore, the narrowly distributed 
B. longipinnis is likely prone to extinction due to its high levels of closely related 
breeding pattern and range contraction (Araújo et al., 2025). Pedral do Lourenço 
(Marabá municipality, PA), the last refuge for B. longipinnis, is at risk of disappearing 
due to plans to implement a waterway for commodities transport across the Tocantins 
river in vessels (CONAB, 2021; MMA, 2022; Araújo et al., 2025). Given this fact, any 
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conservation management action for this species may become unfeasible, putting at risk 
at least other five endangered species that use the rocky refuge of this habitat (Chamon 
et al., 2022). Thus, we expressly suggest, as a short-term measure, the preservation of 
the rapids Pedral do Lourenço, designating this stretch of the TO-AR basin as an area 
of permanent protection (APP). 

Despite the lack of strong population structure on a large scale, our fine-scale analyses 
(e.g., spatial autocorrelation and genetic diversity estimates) revealed subtle signals of 
restricted gene flow and increased inbreeding in the species investigated, particularly 
in B. longipinnis. These patterns are likely associated with historical and ongoing habitat 
degradation. Remarkably, even with limited sample sizes per site, the high-resolution 
SNP dataset enabled us to uncover robust patterns of diversity, inbreeding, and landscape 
genetic structure. Recent research supports the use of genomic tools for conservation, 
even under sample size constraints, especially when thousands of loci are available 
(Hale et al., 2012; Nazareno et al., 2017). The application of neutral and independent 
SNPs allowed robust inference of population structure and landscape influences. This 
reinforces the utility of population genomics as a key instrument for evaluating genetic 
erosion, local adaptation, and spatial connectivity in understudied Neotropical taxa, 
particularly those threatened by anthropogenic pressures.
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