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Abstract
The Tocantins–Araguaia Basin, one of the largest and most ecologically significant watersheds in South America, harbors 
high biodiversity and provides essential ecosystem services. This study offers a comprehensive assessment of the scientific 
literature on the Tocantins–Araguaia River Basin using automated content analysis. We compared publication trends and 
research topics across major Brazilian river basins and applied Structural Topic Modeling (STM) to identify dominant 
themes, their relationships, and temporal dynamics in studies focused on the Tocantins–Araguaia Basin. Publication trends 
showed a steady increase in scientific output across all basins, with the Amazon and Paraná accounting for the highest 
number of papers. Keyword analysis revealed distinct thematic profiles, with research terms for the Tocantins–Araguaia 
Basin closely resembling those of the São Francisco Basin, both emphasizing aquatic biodiversity, hydropower, and 
land-use change. For the Tocantins–Araguaia Basin specifically, STM identified ten main research themes, with “Fish 
Morphology” and “Aquatic Communities” being the most frequent. Topics such as “Biodiversity & Fossils”, “Dams & 
Fisheries”, and “Agricultural Practices” showed high lexical overlap with other themes, indicating broader thematic inte-
gration. Temporal analyses revealed the growing prominence of applied and interdisciplinary themes, such as “Aquatic 
Communities”, “Agricultural Practices”, and “Land Use & Cerrado”, reflecting global scientific priorities in biodiversity 
conservation and water management. Despite increased scientific output, topics such as invasive species and eDNA remain 
underrepresented. The analytical framework applied here provides a transferable approach for identifying research trends 
and gaps in other understudied regions.
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Received: 2 April 2025 / Accepted: 22 December 2025 / Published online: 3 February 2026
© The Author(s) 2026

Mapping scientific production in the Tocantins–Araguaia Basin in 
Brazil Central: application of automated content analysis in freshwater 
studies

Philip Teles Soares1,6  · Luis Mauricio Bini2  · José Alexandre Felizola Diniz Filho2  ·  
Ludgero Cardoso Galli Vieira3  · Mariana Pires de Campos Telles1,4  · Rhewter Nunes5  · João Carlos Nabout6

1 3

https://doi.org/10.1007/s10201-025-00826-4
http://orcid.org/0000-0003-0407-4835
http://orcid.org/0000-0003-3398-9399
http://orcid.org/0000-0002-0967-9684
http://orcid.org/0000-0002-9411-6666
http://orcid.org/0000-0002-8022-7939
http://orcid.org/0000-0001-7770-7707
http://orcid.org/0000-0001-9102-3627
http://crossmark.crossref.org/dialog/?doi=10.1007/s10201-025-00826-4&domain=pdf&date_stamp=2026-2-1


Limnology (2026) 27:305–318

Introduction

Brazil harbors some of the largest and biodiverse river basins 
of the world (Agostinho et al. 2005; Pelicice et al. 2025). 
These Brazilian basins exhibit not only ecological differ-
ences but also historical disparities in research investment, 
field survey efforts, and the nature of environmental impacts 
(e.g., Machado et al. 2015; Moresco et al. 2017; Pelicice 
et al. 2025). The Tocantins–Araguaia Basin, for instance, 
covers an extensive area of approximately 967,000 km2, 
encompassing the states of Goiás, Tocantins, Mato Grosso, 
Pará, Maranhão, and the Federal District (ANA 2009). This 
basin maintains high biodiversity, provides different ecosys-
tem services (Latrubesse et al. 2019; Lucinda et al. 2007; 
Ribeiro et al. 1995), and supports large-scale agricultural 
activities. The basin is formed mainly by two large rivers, 
the Araguaia and Tocantins rivers (Latrubesse et al. 2019).

Despite its high biodiversity, the Tocantins–Araguaia 
Basin still has significant knowledge gaps regarding its bio-
logical richness (Nabout et al. 2025; Nakamura et al. 2025). 
In addition to these gaps, the basin has been increasingly 
affected by multiple stressors—including deforestation and 
contamination by heavy metals and pesticides—that pose 
serious threats to biodiversity and the provision of ecosys-
tem services (Chamon et al. 2022; Lima-Junior et al. 2024; 
Pelicice et al. 2021). Furthermore, the Tocantins–Araguaia 
Basin is home to a large and growing population—includ-
ing traditional communities and Indigenous peoples—and 
supports an expansive agricultural production system that 
places significant pressure on water resources (Pelicice et 
al. 2025). The region also includes a growing number of 
hydroelectric dams, and the expansion of hydropower infra-
structure has promoted agribusiness and urbanization, while 
simultaneously raising critical social and environmen-
tal concerns (e.g., Parreira and Nabout 2023). Beyond its 
ecological value, the basin harbors important cultural and 
recreational assets, including river beaches, waterfalls, and 
areas of cultural and subsistence fishing. Thus, the Tocan-
tins–Araguaia Basin holds not only ecological but also pro-
found social, cultural, and economic significance for Brazil 
(Pelicice et al. 2025).

To design evidence-based strategies for minimizing 
these impacts and promoting conservation efforts, there is 
a need for increased scientific research on the biodiversity 
of the Tocantins–Araguaia Basin. In this context, system-
atic reviews are instrumental in summarizing the literature 
on a topic or region and, in doing so, guiding and priori-
tizing research efforts to fill knowledge gaps (Blümel and 
Schniedermann 2020; Mingers and Leydesdorff 2015). 
There are several strategies for producing scientific litera-
ture syntheses (Nakagawa et al. 2019), such as systematic 
mapping (e.g., Haddaway et al. 2016; Márquez et al. 2023), 

scoping reviews (McClure et al. 2022), umbrella reviews 
(Brubacher et al. 2024), and meta-analyses (e.g., Gure-
vitch et al. 2018). For example, automated content analysis 
(ACA) analyzes large volumes of textual data, using algo-
rithms and computational techniques to identify underlying 
topics in texts (Knott et al. 2019; Nunez‐Mir et al. 2016). 
The main advantage of these approaches is their ability to 
handle large amounts of text data, allowing for constant and 
rapid updates on the subject of interest (Sietsma et al. 2024). 
These methods are used in areas such as ecology (Heberling 
et al. 2021), botany (Heberling et al. 2019), zoology (Evans 
et al. 2023), and social sciences (Dugoua et al. 2022), 
among others. With the rapid growth in articles and frequent 
updates on topics/subjects in ecological studies, automated 
techniques have become essential for understanding trends 
and key topics analyzed over time (Nunez‐Mir et al. 2016).

The aim of this study was to conduct a comprehensive 
survey of the scientific literature on the Tocantins–Ara-
guaia Basin, using automated content analysis to identify 
and explore the main research topics. Specifically, we aimed 
to: (i) compare the publication trends of the Tocantins–Ara-
guaia Basin with those of other major Brazilian river basins; 
(ii) compare the composition of research topics across 
basins; (iii) identify the main topics and issues addressed 
in the scientific literature of the Tocantins–Araguaia Basin; 
(iv) analyze the relationships and clustering patterns among 
these topics; and (v) evaluate temporal trends in topic prev-
alence. By identifying dominant research topics and gaps, 
this study provides a foundation for developing a targeted 
research agenda to support water resource conservation in 
the Tocantins–Araguaia Basin.

Material and methods

Data collection

We adopted two methodological approaches for article 
search and analysis: (1) a comparative assessment between 
the Tocantins–Araguaia Basin and other major Brazil-
ian river basins (addressing Objectives i and ii); and (2) a 
detailed analysis of the scientific literature specific to the 
Tocantins–Araguaia Basin, with a focus on topic modeling 
and trends (addressing Objectives iii, iv, and v). Below, we 
describe the literature search strategy employed for each 
component.

For the comparative analysis across basins, we searched 
for articles exclusively in the Web of Science (WoS) data-
base, covering the period from 1956 to 2024. The search 
was restricted to article titles (see Supplementary Mate-
rial SM1 for the complete list of search terms used). The 
same search string was applied to all basins, varying only 
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the name of the river basin. We limited the search to titles 
to ensure that the retrieved articles were directly related to 
the basin in question and to aquatic environments. While 
this approach may have excluded some studies, our primary 
goal was not to obtain an exhaustive list of publications, 
but rather to compare overall publication trends and terms 
(words) frequency across basins.

For a more detailed evaluation of the literature specific 
to the Tocantins–Araguaia Basin, we retrieved articles pub-
lished in journals indexed by the Web of Science (WoS; 
Clarivate Analytics, 1956–2024) and Scopus (1970–2024) 
databases. For both databases, we used the following search 
string: TITLE-ABS-KEY = (“ Tocantins–Araguaia” OR 
“Araguaia” OR “Tocantins”) AND (“Limno*” OR “Hydro-
log*” OR “Water*” OR “Freshwater*” OR “Aquatic*” OR 
“River*” OR “Lake*” OR “Basin*” OR “Stream*” OR “Res-
ervoir*” OR “Wetland*” OR “Floodplain*” OR “Lagoon*” 
OR “Pond*”). The search was conducted on June 20, 2025. 
Articles retrieved from both databases were combined into 
a single dataset, and duplicate entries were removed. This 
broader search strategy, based on titles, abstracts, and key-
words, was designed to capture a more comprehensive and 
thematically relevant set of publications focused on aquatic 
systems in the Tocantins–Araguaia Basin.

For both searches, we selected only records classi-
fied as “articles”. Thus, we excluded records identified as 
“conference paper”, “erratum”, “note”, “letter”, “book”, 
“book chapter”, “article review”, “article conference 

paper”, “article letter”, “editorial material”, “book review”, 
and “correction”. To remove duplicates, we used the bib-
liometrix package in R (Aria et al. 2022). Additionally, 
we conducted a manual screening of all articles to exclude 
remaining duplicates and studies not related to the Tocan-
tins–Araguaia Basin. The full workflow of the search and 
analysis steps is summarized in Fig. 1.

We focused exclusively on peer-reviewed scientific liter-
ature indexed in Scopus and Web of Science to ensure meth-
odological consistency and replicability. Grey literature 
(e.g., theses, reports) was excluded because, in the Brazilian 
context, such documents are often later published as jour-
nal articles, which could introduce redundancy. Moreover, 
their heterogeneous formats and metadata could reduce the 
reproducibility of our automated text-mining approach.

Structural topic models analyses

Structural Topic Model (STM) is a method that allows 
“researchers to discover topics” (Roberts et al. 2019). 
As opposed to the traditional Latent Dirichlet Allocation 
(LDA), STM allows modeling how topics are influenced by 
covariates (e.g., characteristics of the documents, including 
authorship and publication year; Roberts et al. 2014). In this 
context, we used publication “year” as a covariate to model 
the temporal changes of the topics.

We used the “stm”  package (Roberts et al. 2019). Ini-
tially, we processed all the abstracts compiled using the 

Fig. 1  Flow chart of the methods used in this study
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we extracted the 250 most frequent words from the abstracts 
for each basin and combined them into a single basin-by-
word matrix, where each row represented a basin and each 
column the frequency of a given word.

A Correspondence Analysis (CA) allowed us to explore 
thematic similarities and differences among the basins 
based on the frequency of keywords in the abstracts (e.g., 
Marquez et al. (2023) for the application of CA in a system-
atic review). In the factorial map, both basins and words are 
represented in the same space, and the relative position of a 
word to a basin indicates thematic proximity. We applied a 
χ2 test to assess whether the distribution of keywords across 
basins deviated from randomness.

To evaluate how the prevalence of each topic changed 
over time, we fitted linear regression models for each topic 
with publication year as the predictor. Specifically, for each 
topic, we regressed the estimated topic proportion (from 
the STM theta matrix) against the year of publication. This 
was done for each topic independently (e.g., Heberling et al. 
2019). All analyses were carried out using R software ver-
sion 4.3.2 (R Core Team 2023). We used the “stm” package 
(Roberts et al. 2014) for structural topic modeling, includ-
ing functions such as textProcessor for text preprocessing, 
prepDocuments for document preparation, stm for model fit-
ting, searchK and selectModel for model selection and eval-
uation, estimateEffect to estimate the effect of covariates on 
topic prevalence. Correspondence Analysis was performed 
using the base R function ca and visualized with the “Fac-
toMineR” package (Lê et al. 2008). The “ggplot2” package 
(Wickham 2016) was used extensively for data visualiza-
tion, including barplots of topic proportions, regression 
results, and temporal trends. Topic-topic correlation net-
works were created using “igraph” (Csardi and Nepus 2006) 
and “ggraph” (Pedersen 2022) packages, with node metrics 
computed using functions such as closeness and visualized 
via ggraph. Finally, word clouds were generated using the 
“wordcloud” package (Fellows et al. 2018). To clean bib-
liographic metadata and remove duplicate records from the 
literature search, we used the “bibliometrix” package (Aria 
and Cuccurullo 2017).

Results

A total of 313 articles—retrieved exclusively from the Web 
of Science (WoS) using search terms restricted to the title—
were identified as related to the Tocantins–Araguaia Basin. 
In absolute numbers, the Amazon (total 5454 papers) and 
Paraná (total 1877 papers) basins exhibited a higher volume 
of publications compared to the Tocantins–Araguaia, São 
Francisco (508 papers), and Paraguay basins (262 papers). 
Overall, the number of publications increased over time in 

“textProcessor” function. This text processing consists of 
several steps to clean and prepare the data for topic analysis. 
At this step, we eliminated articles without abstracts, con-
verted all text to lowercase, and removed HTML tags, num-
bers, punctuation, and lists of specific words, such as “(c)”, 
“ltd.”, “all”, “rights”, and “reserved”.

We ran the STM with different numbers of topics (from 5 
to 70 in steps of 5) and selected the optimal number of topics 
(k) based on semantic coherence and exclusivity. Semantic 
coherence measures the extent to which the words tend to 
co-occur (Roberts et al. 2014, 2019). Exclusivity, as given 
by the FREX metric, is a “weighted harmonic mean of the 
word’s rank in terms of exclusivity and frequency” (Roberts 
et al. 2019). So, each k value produces a model with seman-
tic coherence and exclusivity values, with the optimal k 
being the one with the highest values. In our data, we found 
that the ideal number of topics (k) was 10. To facilitate the 
interpretation of the topics, we used the function labelTopics 
of the package “stm”.

For each word, we calculated the total number of occur-
rences across all documents. Then, to visualize the most fre-
quent terms in the corpus—the set of all documents used as 
input for the topic modeling—we generated a word cloud. 
Terms with very low frequency (≤ 10) were excluded to 
improve readability.

To explore the relationships between the topics identi-
fied by the STM, we first estimated the Pearson correla-
tions between their proportions (e.g., Bertoldi et al. 2024). 
The resulting correlation matrix was then used to generate 
an undirected weighted graph, where nodes represent top-
ics and edges represent the strength and direction (positive 
or negative) of pairwise correlations. Node centrality was 
assessed using closeness centrality, which was also used to 
scale node sizes (e.g., Koschützki et al. 2005). Edge thick-
ness was scaled according to the absolute correlation values, 
while edge color distinguished between positive and nega-
tive correlations. The graph was visualized using a stress-
based layout.

Data analysis

To compare the scientific literature produced for the Tocan-
tins–Araguaia Basin with that of other major Brazilian river 
basins, we conducted a lexical analysis of abstracts using 
automated text mining. We analyzed the five largest Brazil-
ian basins in terms of publication volume: Amazon, Paraná, 
São Francisco, Paraguay, and Tocantins–Araguaia. For each 
basin, we collected articles previously retrieved from the 
Web of Science (see SM1) and used only the abstracts as 
textual material. We pre-processed the texts by removing 
punctuation, numbers, and English stopwords, and applied 
stemming using the Porter algorithm. After preprocessing, 
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An overall χ2 test of independence confirmed that key-
word distributions differed systematically among basins 
(χ2 = 235,383; p < 0.001), providing the basis for applying 
CA. The first two axis of the CA captured the main thematic 
gradients among basins  (Fig. 3). Along the first CA axis, 
Paraguay, Paraná, Tocantins–Araguaia, and São Francisco 
basins were positioned on the positive side, while the Ama-
zon appeared on the negative side. Words with high posi-
tive coordinates in this dimension (e.g., Paraguay, Pantanal, 
Mato, karyotype, Itaipu, taxonomic) indicate themes related 
to hydroelectric projects, ichthyology, and taxonomic or 

nearly all basins, except for the Paraná basin, where publi-
cation numbers stabilized after ca. 2008 (Fig. 2).

After identifying the 250 most frequent words in each 
basin, we combined them and obtained a total of 435 unique 
words that occur with high frequency across the studied 
basins. The frequency of these words in each basin revealed 
the most commonly used terms, highlighting the similari-
ties among the basins. The word “species” was the most 
frequent across all basins, indicating a shared emphasis on 
biodiversity studies (see word clouds for each basin in Sup-
plementary Material SM2).

Fig. 3  Correspondence Analy-
sis (CA) biplot of the keyword 
frequencies across the five major 
Brazilian river basins. All 435 
keywords are displayed as grey 
triangles (without labels), while 
the basins are represented as red 
squares with labels. The figure 
illustrates the main thematic gradi-
ents captured by the first two CA 
dimensions

 

Fig. 2  Trends in the number of 
articles related to the major Brazil-
ian river basins. Trends are based 
on the number of articles in which 
the search terms appeared in the 
title only
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highlighting a strong focus on taxonomic and morphologi-
cal descriptions of fish species.

Topic 3 was the second most frequent (14.2%), encom-
passing ecological studies on community structure and com-
position—particularly of fish and plankton—under seasonal 
and spatial gradients. This was followed by Topic 2 (Molec-
ular Genetics, 10.6%), which includes population-level 
studies using molecular, cytogenetic, and environmental 
DNA approaches. Topic 5 (Hydrology and Climate, 10.6%) 
captured hydrological modeling and climatic patterns in the 
basin, with terms like “rainfall”, “forecast”, “streamflow”, 
and “drought”. Topic 8 (Agricultural Practices, 10.4%) 
emphasized irrigation, crop production (notably soybean), 
and pest management, while Topic 7 (Land Use & Cerrado, 
8.9%) addressed vegetation, land cover, and conservation 
in savanna ecosystems using remote sensing and floristic 
surveys.

Topic 1 (Biodiversity & Fossils, 8.8%) included terms 
referencing fossil records, species inventories, and paleon-
tological findings. Topic 4 (Dams & Fisheries, 7.9%) was 
associated with the social and ecological impacts of hydro-
electric developments. Topic 9 (Tectonics & Geology, 5.9%) 
comprised geological and structural studies of the Tocan-
tins–Araguaia region. Less frequent was Topic 10 (Soil and 
Pollution, 5.6%), which focused on mercury contamination 
and sediment geochemistry.

The word cloud generated from the abstracts of studies in 
the Tocantins–Araguaia Basin reveals the predominance of 
research themes related to species-level investigations and 
freshwater ecosystems (Fig.  5). The most frequent words 

genetic studies, which were more prevalent in the Tocan-
tins–Araguaia, São Francisco, and Paraguay basins. Con-
versely, words with negative coordinates on the first axis 
(e.g., Amazonian, tree, precipitation rate, flux, deforestation, 
atmosphere, mercury) reflect an emphasis on forest ecology, 
climate impacts, and anthropogenic pressures, particularly 
associated with the Amazon basin.

The second CA axis revealed an additional thematic gra-
dient. On the positive side, the Tocantins–Araguaia and São 
Francisco basins were most strongly associated with words 
such as Tocantins, Araguaia, dorsal, Cerrado, fisheries, 
hydroelectric, riparian, and landscape, pointing to research 
related to aquatic biodiversity, riparian ecosystems, hydro-
power, and land-use change in these basins (Fig. 3). In con-
trast, the negative side of the second axis grouped the Paraná 
basin with words such as southern, Permian, preservation, 
diet, and fossil, highlighting the prominence of geological, 
paleontological, and paleoecological studies in this region. 
The list of all 435 keywords and their coordinates in the 
Correspondence Analysis is provided in the Supplementary 
Material (SM 3).

A total of 1533 articles related to the Tocantins–Araguaia 
Basin were retrieved from the Web of Science and Scopus 
databases, after removing duplicates. From this set, we 
compiled a corpus of 1522 documents (i.e., with abstract) 
comprising 15,661 unique terms. The topic modeling analy-
sis identified ten topics. Topic 9, labeled Fish Morphology, 
was the most prevalent, accounting for 17% of all abstracts 
(Fig. 4; see Table 1 for details). This topic is characterized 
by terms such as “fin”, “congen”, “dorsal”, and “caudal”, 

Fig. 4  Frequency of the main top-
ics addressed according to STM
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Topics Description
Topic 1: Biodiversity & Fossils
Highest Prob: speci, record, tocantin, river, cerrado, grosso, collect, mato, known, nest, basin, state, studi, 
number, distribut, goia, amazon, expansa, forest, repress
FREX: permian, germin, expansa, turtl, nest, egg, podocnemi, list, hatchl, mato, grosso, hatch, klapalek, 
taphonom, seed, fossil, record, maranhao, streambank, flora

Focused on biological sampling 
and fossil records in central 
Brazil, combining biodiversity 
inventories with paleontologi-
cal and historical data across 
regions such as the Cerrado and 
Amazon

Topic 2: Molecular Genetics
Highest Prob: speci, river, popul, genet, basin, studi, chromosom, amazon, distribut, molecular, genus, gene, 
divers, sequenc, morpholog, sampl, phylogenet, specimen, araguaia, south
FREX: genet, chromosom, gene, karyotyp, rdna, cytogenet, loci, microsatellit, vicari, diploid, heterochroma-
tin, phylogeograph, maculatus, c-band, cryptic, haplotyp, apareiodon, primer, mitochondri, molecular

Focused on cytogenetics, 
molecular markers, and phylo-
geography, with applications in 
population studies of Neotropi-
cal freshwater species

Topic 3: Aquatic Communities
Highest Prob: speci, fish, river, studi, divers, season, environment, communiti, sampl, rich, abund, function, 
dam, tocantin, habitat, structur, individu, variabl, show, floodplain
FREX: trophic, phytoplankton, ladder, beta, zooplankton, limnolog, piquiti, gillnet, waterbodi, rich, fisher, 
turnov, abund, peacock, function, reproduct, impound, dissimilar, fish, metacommun

Emphasizes ecological studies 
of aquatic communities, espe-
cially plankton and fish, under 
seasonal and spatial variation, 
including metacommunity 
processes

Topic 4: Dams & Fisheries
Highest Prob: river, tocantin, dam, fish, studi, hydroelectr, fisheri, amazon, tucurui, construct, project, com-
muniti, para, popul, social, power, local, interview, fishermen, affect
FREX: boto, tanytarsus, lesion, fishermen, tucurui, fisheri, interview, insecur, resin, ocular, hydroelectr, 
alimentar, insegurança, kudoa, dolphin, power, patient, narrat, araguaian, spong

Addresses social and ecological 
impacts of hydroelectric proj-
ects, including fisheries, health 
concerns, and perceptions of 
affected communities

Topic 5: Hydrology & Climate
Highest Prob: water, basin, climat, river, rainfal, estim, season, precipit, hydrolog, studi, period, variabl, 
tocantin, annual, amazon, flow, month, mean, discharg, product
FREX: rainfal, precipit, forecast, streamflow, gaug, tws, ensembl, runoff, enso, climat, aerosol, annual, 
hydrolog, drought, simul, meteorolog, month, estim, error, discharg

Focused on rainfall patterns, 
hydrological modeling, and 
climate variability in tropical 
basins, particularly under sea-
sonal and interannual scales

Topic 6: Tectonics & Geology
Highest Prob: belt, basin, craton, rock, age, structur, tecton, provinc, form, zone, geolog, margin, araguaia, 
neoproterozo, format, central, relat, francisco, zircon, graviti
FREX: craton, tecton, basement, magmat, crustal, fault, seismic, orogen, lineament, lithospher, rift, 
brasiliano, transbrasiliano, collis, dome, ophiolit, orogeni, thrust, cambrian, volcan

Geological and tectonic stud-
ies centered on the structural 
evolution, crustal features, and 
Proterozoic formations in the 
Tocantins–Araguaia

Topic 7: Land Use & Cerrado
Highest Prob: forest, river, veget, land, araguaia, cerrado, studi, soil, basin, cover, agricultur, flood, season, 
conserv, map, imag, import, natur, pastur, floodplain
FREX: veget, landsat, imag, pastur, fire, forest, degrad, banan, land, geomorpholog, savanna, dem, wetland, 
grassland, fragment, cover, landscap, riparian, plot, florist

Investigates land cover change, 
conservation issues, and envi-
ronmental degradation in the 
Cerrado, using satellite imagery 
and ecological indicators

Topic 8: Agricultural Practices
Highest Prob: water, product, studi, tocantin, evalu, plant, qualiti, yield, environment, crop, condit, aim, 
diseas, analyz, irrig, object, consumpt, cultivar, municip, soybean
FREX: cultivar, soybean, watermelon, pesticid, sow, heta, farmer, council, cna, cost, dose, irrig, blight, etc., 
gummi, siecm, technic, weed, diseas, qualiti

Explores agricultural productiv-
ity, crop evaluation (especially 
soybean), irrigation practices, 
and pest/disease management 
in farming landscapes

Topic 9: Fish Morphology
Highest Prob: speci, rio, basin, describ, tocantin, river, upper, distinguish, fin, genus, congen, dark, drainag, 
presenc, pattern, dorsal, bodi, later, charact, color
FREX: fin, congen, dorsal, caudal, teeth, ventral, row, blotch, spine, brown, anal-fin, ituglani, merist, caudal-
fin, dentari, pigment, colour, dorsal-fin, snout, humer

Focused on fish taxonomy and 
morphology, with emphasis 
on fin structure, pigmentation, 
and diagnostic traits for species 
description and identification

Topic 10: Soil and Pollution

Table 1  Topics generated by the stm package. “Highest Prob” lists the most probable words within each topic, while “FREX” highlights words 
that are both frequent and exclusive to the topic
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Fossils) and Topic 8 (Agricultural Practices)—having mod-
erate values (around 40). This indicates that, overall, there 
are no highly central or integrative topics in the corpus. In 
general, high closeness values would suggest that the terms 
associated with a given topic also appear frequently in other 
topics. Conversely, the low closeness observed here sug-
gests that most topics are relatively distinct, with limited 
lexical overlap.

Topics 1 and 8, which had the highest closeness values, 
include many words that also occur in several other topics. 
The word “species”, for instance, is central to Topic 1, but 
also appears in Topics 2 (Molecular Genetics), 3 (Aquatic 
Communities), and 9 (Fish Morphology). Likewise, the 
word “Tocantins”, prominent in Topic 8, also occurs in 
Topics 1, 3, 4, 5 (Hydrology & Climate), 9, and 10 (Soil 
and Pollution). These patterns explain the higher close-
ness scores for Topics 1 and 8, reflecting a broader lexical 
overlap. Interestingly, some of the most prevalent topics in 
terms of frequency showed lower closeness values, suggest-
ing that they are more thematically specific and use a more 
exclusive vocabulary, contributing to their distinctiveness 
within the network.

Correlations among topics were generally low (with a 
maximum around 0.2) (Fig. 6). This further reinforces the 
interpretation that the topics are largely distinct in their 
vocabulary usage, with documents tending to focus on 
different and non-overlapping thematic areas. Only a few 
weak positive associations were detectable—most notably 
between Land Use & Cerrado (T7) and Hydrology and Cli-
mate (T5), and between Tectonics and Geology (T6) and 
Soil and Pollution (T10) (Fig. 6).

To assess temporal trends in topic prevalence, we per-
formed linear regressions between topic proportion and 
publication year (Fig. 7). The majority of topics exhibited 
relatively stable proportions along the years (topics 1, 2, 4, 
5, 6, and 10; Fig. 7). The Topic 9 (Fish Morphology) showed 
a significant negative trend across the decades (Topic 9: 
b = − 0.0023, p = 0.046; Fig. 7). In contrast, Topic 3 (Aquatic 
Communities), Topic 8 (Agricultural Practices) and Topic 7 
(Land Use & Cerrado) showed significant positive temporal 
trends (Topic 3: b = 0.0013, p = 0.012; Topic 8: b = 0.0013, 
p < 0.001; Topic 7: b = 0.0009, p = 0.003; Fig. 7) (see scat-
terplot in Fig. S2 in Supplementary Material).

include “species”, “river”, “basin”, “Tocantins”, “study”, 
“water”, “Amazon”, “fish”, and “Araguaia”, reflecting a 
strong emphasis on biodiversity assessments and spatial 
characterization of the basin’s main watercourses. Notably, 
the frequent appearance of the word “Amazon”—despite the 
corpus being focused on the Tocantins–Araguaia Basin—
likely reflects the geographical, ecological, and historical 
proximity between the two basins. It may also indicate that, 
given the global recognition of the Amazon region, authors 
highlight this proximity to place their work in a broader, 
more widely recognized context.

Less frequent, yet still ecologically meaningful terms 
like “cerrado”, “impact”, “conservation”, and “floodplain” 
suggest growing interest in land-use change, environmental 
pressures, and conservation concerns, themes also captured 
in STM topics related to land use (Topic 7) and agriculture 
(Topic 8). This pattern reinforces that the scientific literature 
in the region is highly centered on biological diversity and 
hydrological dynamics, while emerging research is begin-
ning to integrate broader conservation and socio-environ-
mental contexts.

The interaction network analysis (Fig. 6) shows the cen-
trality of each topic generated by the STM, as measured 
by closeness. Most topics exhibited low closeness values 
(below 10), with only two topics—Topic 1 (Biodiversity & 

Fig. 5  Word cloud of all topics, with the 200 most frequent words

 

Topics Description
Highest Prob: sediment, river, sampl, concentr, soil, organ, sourc, studi, mercuri, deposit, amazon, indic, 
basin, tocantin, carbon, content, chemic, format, total, matter
FREX: mercuri, thg, ree, oxid, greenston, toxin, geotherm, plinthit, botulinum, propagul, saprolit, sediment, 
load, delta, carcass, geochemistri, gulli, plinthic, salin, matter

Deals with soil and sediment 
contamination, particularly 
mercury and geochemical 
signals

Table 1  (continued) 
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highlighting the dynamic and evolving nature of scientific 
research in the Tocantins–Araguaia Basin.

The increase in the number of papers focused on Bra-
zilian river basins aligns with global trends, where there is 
an increased interest in freshwater ecosystems (Bordin et 
al. 2014; Carvalho and Tejerina-Garro 2019; Machado et 
al. 2015; Nabout et al. 2023). Additionally, this tendency is 
explained by the fact that Brazil holds vast aquatic biodiver-
sity and an urgent need to understand and mitigate anthro-
pogenic impacts on freshwater environments (Nogueira et 
al. 2010; Pelicice et al. 2021, 2025). Moreover, the number 
of publications varies across basins, influenced by a combi-
nation of ecological, historical, and socio-economic factors 
(e.g., Barros et al. 2020). However, when we consider the 
country’s great biodiversity and the increasing environmen-
tal pressures on its freshwater systems, it becomes evident 
that there are significant biodiversity shortfalls across the 
different Brazilian river basins (e.g., Almeida et al. 2021; 
Barros et al. 2020; Nakamura et al. 2025).

Discussion

Our study reveals a growing trend in publications focused 
on the Tocantins–Araguaia Basin, highlighting the increas-
ing scientific interest in this region. Other major Brazilian 
river basins, which have a significantly higher number of 
published articles, also show positive trends over time. 
Compared to these basins, the Tocantins–Araguaia Basin 
presents a distinct thematic profile—though it remains close 
to São Francisco—with research emphasizing aquatic ecol-
ogy, agriculture, environmental monitoring and dams. Topic 
modeling identified ten main research themes, with Fish 
Morphology (Topic 9) and Aquatic Communities (Topic 
3) being the most frequent. Despite the predominance of 
classical taxonomic and ecological studies, there has been 
a temporal shift toward more applied and interdisciplinary 
themes, including land use change (Topic 7), agriculture 
(Topic 8), and molecular approaches (Topic 2). The tem-
poral analysis also revealed a relative decline in traditional 
topics and an expansion in thematic diversity over time, 

Fig. 6  Network of interactions among the 10 topics analyzed according to STM

 

1 3

313



Limnology (2026) 27:305–318

In the case of the Tocantins–Araguaia, our synthesis 
reveals a predominance of studies on aquatic biodiversity, 
fish morphology, and ecological communities, along with a 
growing focus on applied topics such as hydrology, land-use 
change, and agriculture. The topic modeling identified Fish 
Morphology (Topic 9) and Aquatic Communities (Topic 3) 
as the most prevalent themes, reflecting a historical focus 
on species description, taxonomic traits, and ecological 
patterns in aquatic systems (e.g., Nabout et al. 2025 which 
reports that the first record of algae occurred in 1956). These 
themes remain essential for addressing biodiversity knowl-
edge shortfalls, especially in underexplored regions such as 
the Tocantins–Araguaia Basin (Lima et al. 2021; Carvalho 
and Tejerina-Garro 2019; Reis et al. 2024).

The frequency of topics has changed over time, with 
Topic 9 (Fish Morphology) declining. It is important to 
note that a declining topic proportion does not necessarily 
imply fewer absolute studies on that theme; rather, it likely 
reflects the increasing thematic diversification of research 
in the Tocantins–Araguaia Basin. Against this backdrop, we 
observe a shift toward more interdisciplinary agendas: top-
ics related to Aquatic Communities (Topic 3), Agricultural 
Practices (Topic 8), and Land Use & Cerrado (Topic 7) have 
gained prominence, and since roughly 2010 new themes 
have emerged, reflecting growing concern over water secu-
rity, land-use change, and the environmental impacts of 
economic development (Pelicice et al. 2021; Strassburg et 

The greater scientific output for the Amazon basin may 
be partly explained by its exceptional global relevance, 
visibility, and therefore funding levels (e.g., Athayde et al. 
2019; Fassoni-Andrade et al. 2021; Junk 2013)—which may 
also account for the higher frequency of the term “Amazon” 
in the article titles. Nevertheless, even this comparatively 
well-studied basin still contains vast regions and tributaries 
that remain poorly sampled. The distinct socio-environmen-
tal pressures faced by each basin (e.g., Uchôa et al. 2024) 
underscore the need for continued investment and research 
across all Brazilian basins. The Tocantins–Araguaia basin 
shows thematic convergence with the São Francisco basin, 
reflecting their shared focus in studies addressing the 
impacts of hydropower damming and land-use change on 
biodiversity and ecosystem functioning (e.g. Pelicice et al. 
2025). Moreover, both basins are partially located within 
the Cerrado biome, one of the world’s biodiversity hotspots 
and a region undergoing intense agricultural expansion and 
hydrological alteration (e.g., Cremon et al. 2025). Despite 
these similarities, our results also reveal clear thematic par-
ticularities for each basin, reinforcing the importance of 
strengthening regionally based research groups and, criti-
cally, implementing (or expanding) long-term ecological 
research programs tailored to each basin to monitor, detect, 
and identify the causes of ongoing environmental changes 
(e.g., Thomaz et al. 2024).

Fig. 7  Temporal trends in STM 
topics (b ± 95% Confidence Interval 
CI). Each bar shows the estimated 
linear slope (b) of topic prevalence 
versus year; the box spans the 
95% confidence interval and the 
central tick marks b. Blue indicates 
statistical significance (p < 0.05); 
gray indicates not significant. The 
dashed horizontal line at 0 denotes 
no temporal change
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Additionally, ongoing studies have investigated the flood-
plain in terms of land use, biodiversity, and, critically, the 
substantial reduction in water volume observed in recent 
years (e.g., Coe et al. 2011; Cremon et al. 2025; Teixeira 
et al. 2024), following a general trend in Brazilian basins 
(Uchôa et al. 2024). Together, these patterns highlight that 
despite being part of the same basin, the Tocantins and Ara-
guaia rivers are subject to different anthropogenic pressures 
and research priorities, which should be considered in both 
scientific assessments and policy planning (Latrubesse et al. 
2017, 2019).

It is important to highlight that some topics occurring 
on a global scale have not yet been studied in the Tocan-
tins–Araguaia Basin. For example, words such as ‘tourism’, 
‘invasion’, and ‘drought’ were not recorded or showed low 
frequencies. Likewise, words associated with new bio-
monitoring approaches, such as ‘eDNA’ (Schenekar 2023), 
were also rarely observed (but see Diniz-Filho et al. 2024; 
Machado et al. 2019). The lack of these terms may indicate 
potential research gaps, especially because this basin has 
already been experiencing issues with water quantity loss 
(Teixeira et al. 2024) and large-scale impacts (Pelicice et al. 
2021). Therefore, future studies may explore these emerg-
ing topics, incorporating innovative monitoring techniques 
and assessing their relevance in addressing local environ-
mental challenges.

Our study identified key patterns and knowledge gaps in 
the scientific literature on the Tocantins–Araguaia Basin. 
Over time, studies have expanded beyond classical topics 
such as taxonomy and ecology to encompass applied and 
interdisciplinary themes, including land-use change, agri-
culture, genetics, and environmental impacts. This thematic 
diversification reflects both the ecological relevance of the 
Tocantins–Araguaia Basin and the growing scientific atten-
tion to the socio-environmental challenges it faces. The 
observed increase in publications and the emergence of new 
topics suggest that a research community is consolidating, 
offering strong potential to support evidence-based conser-
vation and sustainable management strategies. However, 
underrepresented areas—such as conservation, genetics, 
and social aspects—and low associations among topics, 
require further attention. Continued investment in interdis-
ciplinary and regionally grounded research is essential to 
mitigate the impacts of dam construction, agricultural inten-
sification, and climate change, while ensuring the protec-
tion of biodiversity and ecosystem functions vital to both 
local communities and national development. Finally, the 
analytical framework employed here—combining text min-
ing, topic modeling, and temporal analyses—can be readily 
adapted to other understudied basins worldwide, providing 
a replicable approach to map research landscapes and guide 
conservation priorities on a broader scale.

al. 2017). These shifts likely reflect regional challenges—
such as agricultural expansion, dam construction (particu-
larly in the Tocantins system), and climate variability—that 
have intensified pressure on freshwater ecosystems in the 
Cerrado and Tocantins–Araguaia Basin (Bayer et al. 2020; 
Latrubesse et al. 2019). Therefore, these patterns highlight 
the expansion and diversification of research themes over 
time and suggest a reorientation of scientific focus from 
classical taxonomic and morphological studies (more preva-
lent in earlier years) toward topics related to environmental 
impact, conservation, and climate dynamics, particularly 
over the past two decades.

Despite the increase in the number of topics over the 
years, topic–topic correlations remained low, suggesting 
that research lines in the Tocantins–Araguaia Basin are 
still largely compartmentalized. Considering that high-
impact science combines a strong conventional core with 
targeted novel recombinations (Uzzi et al. 2013), the next 
step is to associate topics in future studies. For example, 
potential links include: coupling Aquatic Communities 
(Topic 3) with Dams & Fisheries (Topic 4) to assess how 
community dynamics influence ecosystem services, such as 
fisheries, and how these services, in turn, affect human well-
being (e.g., Lomartire et al. 2021); integrating Hydrology & 
Climate (Topic 5) with Land Use & Cerrado (Topic 7) and 
Soil & Pollution (Topic 10) to trace how deforestation and 
agricultural expansion alter runoff sediment/contaminant 
loads, and water security (e.g., Monteiro et al. 2025); and 
connecting Agricultural Practices (Topic 8) with Hydrology 
& Climate (Topic 5) to investigate the irrigation and agricul-
tural productivity under increasing climate variability (e.g., 
Rodrigues et al. 2022). This combination of topics—among 
other possible combinations—has the potential to generate 
impactful knowledge, advancing understanding of the func-
tioning of the Tocantins–Araguaia Basin and spurring new 
research globally.

In our analyses, we considered the Tocantins–Araguaia 
Basin as a single study unit. However, the basin is com-
posed of two major river systems with distinct histories of 
land use, occupation, and research focus. This is reflected in 
the topic modeling results: some themes are more frequently 
associated with one river than the other. For instance, the 
term “Tocantins” appears prominently in Topic 4 (Dams & 
Fisheries) and Topic 8 (Agricultural Practices), reinforcing 
that the Tocantins sub-basin has been a focal point for stud-
ies related to hydroelectric development, aquaculture, and 
intensive agriculture (Latrubesse et al. 2019; Pelicice et al. 
2021). In contrast, the term “Araguaia” appears more fre-
quently in Topic 2 (Molecular Genetics), Topic 6 (Tectonics 
& Geology), and Topic 7 (Land Use & Cerrado), indicat-
ing a research focus on the geomorphological and geologi-
cal features of the Araguaia River (e.g., Suizu et al. 2023). 
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