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A B S T R A C T R E S U M O
Infestations of Eichhornia crassipes (Mart.) Solms and Pistia stra-
tiotes L. compromise the ecological equilibrium and the safety of
water management within the São Francisco River Basin. This study
evaluated the performance of Random Forest (RF), Support Vector
Machine (SVM), and Classification and Regression Trees (CART) algo-
rithms for mapping these invasive macrophytes in the sub-middle
region of the basin (Jatobá, Pernambuco, Brazil). Five land cover
classes were identified using Landsat 8 imagery and Normalized Dif-
ference Vegetation Index (NDVI) datasets processed in QGIS 3.16. RF
and CART displayed identical overall accuracy rates of 94%, and all
three algorithms achieved 100% accuracy in isolating Pistia stra-
tiotes. Conversely, persistent spectral confusion between Eichhornia
crassipes and soil led the RF model to misclassify 33% of soil points
due to spatial resolution limitations (30 m). SVM achieved an overall
accuracy of 88%, yielding a high recall rate (86%) for water hyacinth
but overestimating its area. The results validate orbital remote sens-
ing coupled with machine learning as an effective architecture for
continuous bioinvasion monitoring in target zones of the Brazilian
semiarid region.

Keywords: bioinvasion; Landsat 8; machine learning; predictive
modeling.

Infestações de Eichhornia crassipes (Mart.) Solms e Pistia stratiotes
L. comprometem o equilíbrio ecológico e a segurança da gestão hí-
drica na Bacia do Rio São Francisco. Este estudo avaliou o desempe-
nho dos algoritmos Random Forest (RF), Support Vector Machine
(SVM) e Classification and Regression Trees (CART) no mapeamento
dessas macrófitas invasoras na região do submédio da bacia (Jatobá,
Pernambuco-Brasil). Cinco classes de cobertura da terra foram iden-
tificadas a partir de imagens Landsat 8 e dados de Índice de Vegeta-
ção Normalizada processados no QGIS 3.16. O RF e o CART apresen-
taram índices idênticos de acurácia global (94%), e todos os três
algoritmos obtiveram 100% de acerto no isolamento da Pistia strati-
otes. Por outro lado, ocorreu uma confusão espectral persistente
entre a Eichhornia crassipes e o solo, levando o modelo RF a classifi-
car incorretamente 33% dos pontos de solo devido às limitações de
resolução espacial (30 m). O SVM alcançou acurácia global de 88%,
garantindo alta taxa de sensibilidade (86%) para o aguapé, embora
tenha superestimado sua área. Os resultados validam o sensoria-
mento remoto orbital aliado ao aprendizado de máquina como uma
arquitetura eficaz para o monitoramento contínuo da bioinvasão em
áreas estratégicas do semiárido brasileiro.

Palavras-chave: bioinvasão; Landsat 8; aprendizado de máquina;
modelagem preditiva.

1Instituto Federal de Alagoas – Piranhas (AL), Brazil.
Corresponding author: Ronny Francisco Marques de Souza – Instituto Federal de Alagoas (IFAL), Campus Piranhas – Av. Sergipe, s/n – Piranhas
(AL), CEP 57460-000, Brazil. E-mail: ronny.souza@ifal.edu.br
Received on: 06/21/2025. Accepted on: 09/04/2026.
https://doi.org/10.67790/rbciamb.026.2662

This is an open access article distributed under the terms of the Creative Commons license.

1

Revista Brasileira de Ciências Ambientais (RBCIAMB) | v.61 | e2662 | 2026

http://abes-dn.org.br/
http://www.rbciamb.com.br
https://orcid.org/0000-0003-2567-6579
https://orcid.org/0009-0002-3134-6955
https://orcid.org/0009-0008-9042-0119
https://orcid.org/0009-0006-1291-3597
https://orcid.org/0000-0003-2617-9136
https://orcid.org/0000-0002-8943-0247
https://doi.org/10.67790/rbciamb.026.2662
https://creativecommons.org/licenses/by/4.0/
mailto:ronny.souza@ifal.edu.br


Naziazeno Neto, L.F. et al.

Introduction
The arrival of exotic species in new environments has become a

serious problem. Their relationship with the disappearance of native
organisms, a process known as extinction, is now widely accepted
and documented (Haubrock et al., 2024). The dispersal and extinc-
tion of species are natural processes, but their rates have been pro-
foundly accelerated by humans throughout history (Riahi, 2020). The
establishment of the first human groups enabled the exchange of ma-
terials and species, creating incipient exchange networks that ex-
panded dramatically with the onset of early global trade, a historical
phenomenon conceptualized as the Columbian Exchange (Crosby,
2004). Once these exotic organisms became successfully established
in new territories, the problems related to invasive species began to
attract attention (Amorim et al., 2024). When they exhibit high eco-
logical plasticity, such organisms become aggressive biological in-
vaders (Haubrock et al., 2025). Within freshwater ecosystems, two
invasive aquatic macrophytes from South America exhibit excep-
tional propagation capabilities and stand out as major ecological
threats: Eichhornia crassipes (Mart.) Solms (water hyacinth) and Pis-
tia stratiotes L. (water lettuce) (Macêdo et al., 2024).

Eichhornia crassipes and Pistia stratiotes are free-living aquatic
macrophytes native to South American basins and belonging to the
Pontederiaceae and Araceae families, respectively. Both species re-
produce sexually and asexually, using clonal strategies for rapid prop-
agation and showing high tolerance to wide variations in abiotic con-
ditions, such as temperature, pH, and salinity. Consequently, they
form dense, floating green mats on the water, causing unprecedented
environmental, economic, and social problems (Villamagna and
Murphy, 2010). Their dispersion in continental waters worldwide,
initially associated with landscaping, is accelerated in anthropogeni-
cally eutrophicated aquatic environments with high concentrations of
phosphorus and nitrogen (Petrúcio and Esteves, 2000), especially in
tropical and subtropical regions (CABI, 2022). Currently, these
macrophytes pose severe biological risks, and the multifaceted eco-
logical damage driven by their aggressive exponential growth patterns
has been extensively documented (Macêdo et al., 2024). Although
these invaders do not act as primary drivers of eutrophication, their
continuous growth and decomposition cycles significantly increase
the internal organic matter load, thereby accelerating oxygen deple-
tion and further degrading aquatic ecosystems (Villamagna and Mur-
phy, 2010). Conversely, under controlled conditions, their high nutri-
ent uptake capacity enables them to be used as effective agents for
environmental phytoremediation (Alexandre et al., 2025).

In Brazil, the dispersion of these exotic species beyond their natu-
ral geographic limits has reached all major river basins, including the
São Francisco River (Oliveira et al., 2005). The São Francisco River
Basin is one of the most important systems in the country, covering
approximately 500 municipalities across seven states (ANA, 2022). It
holds immense economic and strategic relevance owing to hydroelec-

tric energy production, public water supply, and irrigation in the
semiarid Northeast, in addition to hosting important gastronomic
and tourist destinations (CBHSF, 2016). To monitor these vast areas,
remote sensing technologies enable a spatiotemporal understanding
where traditional visual methods fail (Thamaga and Dube, 2018). The
application of these tools has become highly viable due to Earth ob-
servation programs, such as the Sentinel missions (European Space
Agency) and the Landsat Program (NASA/USGS), which have free
data distribution policies, enabling regular biomass mapping without
prohibitive costs (Souza et al., 2024).

The study area is the municipality of Jatobá (PE), Brazil, a strate-
gically vital region for national energy production, ensuring electric-
ity supply and development for the Northeast. Located between the
Luiz Gonzaga and Paulo Afonso hydroelectric power plants, the area
has a combined installed capacity of approximately 5.7 GW (CHESF,
2022). Furthermore, intensive local aquaculture positions Jatobá as
the largest tilapia (Oreochromis niloticus) producer in the Northeast
and the third-largest in the country (IBGE, 2023). Local environmen-
tal features, such as high nutrient loads from human activities (fish
farms, urban waste, agricultural runoff) and the region’s lentic flow
system, make the region conducive to the development and spread of
these invasive macrophytes (Carvalho et al., 2023).

In recent years, the use of machine learning methods to track
aquatic weeds has expanded through diverse computational strate-
gies. Historically, Dube et al. (2017) reported excellent baseline re-
sults, achieving a 95% classification rate for water hyacinth using
Landsat 8 data processed with discriminant analysis frameworks.
Since then, evaluating which algorithm best adapts to different re-
gional contexts has become standard practice in the literature. For
instance, Mukarugwiro et al. (2019) tested random forest (RF) and
support vector machine (SVM) models on Landsat 8 images over
water bodies in Rwanda, observing that the decision-tree approach
achieved 85% accuracy, significantly outperforming vector-space
classification, which reached 65%. This general trend was later rein-
forced by Pádua et al. (2022), who used orbital and drone imagery
and found that RF achieved 94% accuracy, outperforming SVM.
Working along similar methodological lines, Ade et al. (2022)
achieved 90% overall accuracy with Sentinel-2 datasets, while Singh
et al. (2020) demonstrated the strength of hierarchical classification
by achieving a 93% success rate. More recently, a broad seasonal
study by Bayable et al. (2023) using the Google Earth Engine platform
confirmed that both Landsat and Sentinel sensors allow these predic-
tive models to surpass 90% accuracy at different times of the year,
with RF consistently delivering the most balanced statistical indica-
tors. Current efforts in the field are now moving toward integrating
optical data with radar sensors to better assess how these plants de-
velop over time (Belayhun et al., 2024; Kinara et al., 2024). However,
a common limitation across this body of work is a heavy reliance on
isolating a single target species, usually water hyacinth. This creates a
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clear gap in semiarid regions (Almeida et al., 2023), where different
invasive plants often coexist and require a system capable of mapping
multiple classes simultaneously.

In this context, this research evaluated an aquatic plant detection
protocol using Landsat 8 satellite imagery and machine learning ar-
chitectures. The core Pynton algorithm used for image processing
and classification was registered with the National Institute of Indus-
trial Property (INPI) under registration number BR512024002605-3
to secure computational copyright. However, semiarid water bodies
frequently present co-occurring invasive populations that require a
simultaneous multi-class approach. While the INPI registration pro-
tects the software code, the primary scientific contribution of this
setup is the integration of datasets calibrated to address localized
spectral overlaps among multiple coexisting macrophytes in a semi-
arid lentic system. Therefore, the objective of this study was to com-
pare the performance of RF, SVM, and Classification and Regression
Trees (CART) algorithms for the simultaneous detection of Eichhor-
nia crassipes and Pistia stratiotes within the sub-middle region of
the São Francisco River Basin.

Methodological procedures
The computational and spatial framework proposed in this study

establishes a machine-learning routine for the simultaneous detection
and mapping of Eichhornia crassipes and Pistia stratiotes within a
highly dynamic semiarid aquatic ecosystem. The methodological ar-
chitecture integrates digital image processing, spectral index extrac-
tion (the Normalized Difference Vegetation Index, NDVI), and su-
pervised classification techniques to evaluate the predictive perfor-
mance of tree-based and vector-space algorithms. Rather than
treating the analysis as a single-species problem, the protocol is struc-
tured as a robust multi-class assessment calibrated to handle localized
spectral overlaps, thereby enhancing natural resource management.

Data acquisition and study area

Geographical characterization of the study area
The study area is situated in the Brazilian municipality of Jatobá,

located in the state of Pernambuco. This region is characterized by
gently undulating terrain and features hyper-xerophytic vegetation,
indicative of its semiarid climate. The precise geographical delimita-
tion of this study area is presented in Figure 1.

Figure 1 – Study area map
Source: Google Satellite Database.
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Satellite data acquisition and characteristics
Satellite images were obtained from the United States Geological

Survey (USGS) platform (USGS, 2022) using data from the Landsat 8
satellite, operated by NASA. This Earth observation platform pro-
vides medium-resolution multispectral data. Landsat 8 images feature
a 30-meter spatial resolution, which is highly compatible with analy-
ses of regional land cover and vegetation dynamics. The ability of
Landsat 8 to capture data across multiple spectral bands, including
the Near-Infrared (NIR) band, which is indispensable for calculating
the NDVI, combined with its extensive temporal data series, makes it
a robust tool for long-term environmental monitoring and invasive
species detection without prohibitive operational costs. To facilitate
systematic processing, the raw geospatial data structures were man-
aged using cloud-based data repositories.

Sample collection and categorization
For model training and validation, a field visit to the study area

was conducted, complemented by a detailed visual inspection of
satellite images. This hybrid process enabled the collection of 500
georeferenced ground-truth points. These points were categorized
into five main land cover classes: Water, Exposed Soil, Eichhornia
crassipes, Pistia stratiotes, and Native Forest. Organizing these data
into shapefiles in QGIS 3.16 facilitated the identification and extrac-
tion of the target radiometric responses. The importance of these

samples lies in their ability to accurately represent different land
cover types, which is essential for the quality and precision of ma-
chine learning predictions (Yang et al., 2020). Representative samples
of each of these five classes are presented in Figure 2.

Detection model development

Image processing and normalization
Digital image processing and spectral normalization were exe-

cuted through an integrated computational workflow. The QGIS 3.16
software was used solely for geospatial data manipulation, vector
boundary definition, and visual inspection of surface samples. Subse-
quently, the pre-processed Landsat 8 bands were integrated into a
cloud-based Python environment to run the proprietary automated
routine registered with the INPI. Within this programmatic frame-
work, spectral matrix normalization and the mathematical extraction
of the NDVI were performed directly in code, leveraging the Near-
Infrared (B5) and Red (B4) spectral channels to optimize data inges-
tion for machine learning classifiers (Bayable et al., 2023; NASA,
2025). To eliminate radiometric inconsistencies and stabilize algo-
rithmic training, a linear min-max normalization protocol was sys-
tematically applied, rescaling all raw index features to a strict opera-
tional range of -1 to 1 to ensure data uniformity across the
multitemporal series (Song et al., 2020).

Figure 2 – Class samples
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Algorithmic training and classification framework
The predictive evaluation of the tree-based and vector-space ar-

chitectures was performed by ingesting the normalized NDVI matri-
ces and class labels into the automated Python routine. The training
phase systematically compared three supervised predictive models:
RF, SVM, and CART. The input data matrix was partitioned using a
cross-validation protocol to stabilize hyperparameter optimization
and prevent model overfitting.

For the RF implementation, the ensemble structure was com-
puted by aggregating multiple randomized decision-tree estimators
to minimize global variance (Breiman, 2001). The SVM setup was
configured using a radial basis function (RBF) kernel matrix to re-
solve localized spectral nonlinearities and nonseparable class bound-
aries between vegetation types (Cortes and Vapnik, 1995). Lastly, the
CART architecture was implemented as a nonparametric single-tree
baseline, establishing hierarchical decision rules based on feature
thresholds derived from the training data (Quinlan, 1986). Computa-
tional execution and the extraction of performance metrics for all
three algorithms were managed with the scikit-learn library frame-
work (Pedregosa et al., 2011).

Predictive performance assessment
Following the training phase, the validation matrices were sub-

jected to statistical analysis to assess the operational effectiveness of
the RF, SVM, and CART models. The spatial application of the
trained algorithms over the multitemporal raster scenes enabled
pixel-by-pixel classification. Model performance was quantitatively
evaluated using a comprehensive suite of statistical metrics, including
overall accuracy, precision, and recall. These metrics were computed
on the validation sub-dataset to measure the proportion of correct
global classifications, the rate of true positive assignments relative to
false positives (commission errors), and the models’ ability to capture
target instances relative to false negatives (omission errors).

To detect localized classification overlaps and systematic dis-
placements, confusion matrices were systematically generated. These
matrices provided a diagnostic visualization of cross-class perfor-
mance, isolating specific error patterns and detailing each algorithm’s
capacity to distinguish between conflicting surface classes, such as na-
tive vegetation, exposed soil, and the target aquatic invasive species
(Ma et al., 2020).

Results and discussion
The spatial classification models generated through the computa-

tional routine yielded specific metrics for tracking the co-occurrence
of Eichhornia crassipes and Pistia stratiotes within the study area. In
terms of overall accuracy, both the ensemble RF and the hierarchical
CART architectures achieved 94%, outperforming the SVM baseline,
which reached 88%. This divergence suggests that tree-based non-

parametric structures better adapt to the asymmetric spectral distri-
butions typically observed in semiarid regions.

Regarding statistical precision, RF achieved 94.32%, followed by
CART at 94.23% and SVM at 91.95%. These precision values reflect
the tree-based model’s ability to mitigate commission errors, reduc-
ing false positives in critical areas. In practical terms, avoiding the
misclassification of clean water bodies or native Caatinga margins as
invasive biomass is relevant for environmental enforcement and local
economic activities, preventing operational disruptions in Jatobá’s
aquaculture sector and in the hydroelectric reservoirs.

For recall, all three algorithms achieved 94%. This parity indicates
that, despite variations in overall accuracy, all models maintained the
sensitivity required to detect the presence of biological invaders, min-
imizing omission errors for early-warning ecological monitoring. The
observed predictive behavior aligns with previous remote sensing lit-
erature, which notes the performance of tree-based methods when
processing multispectral scenes in complex environments (Mukarug-
wiro et al., 2019; Pádua et al., 2022; Bayable et al., 2023). The spatial
distribution of these thematic classifications across the geographic
subset is illustrated in Figure 3.

The performance of the RF and CART models can be attributed
to the ability of decision-tree structures to resolve nonlinear spectral
relationships and handle multi-class imbalances without requiring
rigid parametric distributions. The hierarchical splitting mechanism
of CART architectures generates explicit rule-based thresholds for
environmental targets. Furthermore, the ensemble randomization
mechanism inherent to RF execution reduces structural variance and
mitigates overfitting, stabilizing predictions across heterogeneous
landscapes (Breiman, 2001). Conversely, while the SVM algorithm
yielded inferior global metrics compared to the tree-based frame-
works, its vector-space separation protocol remained stable, using
kernel functions to define optimal separating hyperplanes between
overlapping radiometric profiles (Cortes and Vapnik, 1995).

To verify the localized classification performance under indepen-
dent operational conditions, the confusion matrix for the RF model
was computed from the validation dataset (Table 1). The cross-
tabulation analysis demonstrated the model’s ability to resolve spec-
tral classes across the study area.

The cross-tabulation matrix details the internal balance of the en-
semble model, highlighting its discriminant characteristics and local-
ized radiometric challenges (Table 1). The computational routine
achieved a classification accuracy of 100% for Pistia stratiotes, along
with separation performance of 99% for Native Forest and 94% for
Water. These values indicate that the algorithmic structure extracted
distinct phenological and moisture-related signatures characterizing
these surfaces, thereby reducing spatial overestimation in open-water
regions and dense terrestrial canopies.

Conversely, a spectral overlap occurred between the Exposed Soil
and Eichhornia crassipes domains. The model exhibited a 33% com-
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mission error, with exposed soil pixels misclassified as water hy-
acinth, and a 17% omission error, shifting aquatic biomass toward the
soil class. Within the semiarid geographic context of the sub-middle
São Francisco River Basin, this behavior is associated with the 30-
meter spatial resolution of the sensor. During seasonal low-water pe-
riods, marginal macrophyte banks undergo partial desiccation, accu-
mulate organic detritus, and transition into sub-pixel mixtures in

which the bare-soil background and dry biomass merge into an over-
lapping radiometric profile. Additionally, suspended sediment loads
in shallow littoral zones can mimic the reflectance responses of mixed
edge pixels. These localized border confusions indicate the potential
value of integrating multi-sensor frameworks into future high-
resolution monitoring architectures.

Figure 3 – Images generated with the RF, SVM, and CART algorithms

Table 1 – Confusion matrix (%) for RF

Class Water Exposed Soil E. crassipes P. stratiotes Native Forest

Water 94 2 1 0 3

Exposed Soil 2 65 33 0 0

E. crassipes 0 17 83 0 0

P. stratiotes 0 0 0 100 0

Native Forest 1 0 0 0 99
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To evaluate the variables that contributed to the overall accuracy
of 88% observed with the vector-space classifier, the SVM’s behavior
was tabulated (Table 2).

The matrix shows that while the SVM isolated the biological in-
vaders, achieving 100% classification accuracy for Pistia stratiotes
and 86% for Eichhornia crassipes, variations occurred when process-
ing the background control classes.

An operational variation is evidenced by the misclassification of
59% of open-water pixels as Native Forest, alongside a 51% commis-
sion displacement that shifted Exposed Soil into the Eichhornia cras-
sipes domain. Within the sub-middle São Francisco River environ-
ment, this confusion indicates that the radial basis function kernel
boundaries overfitted to the NIR and localized NDVI responses of
dense vegetation. Consequently, the algorithm did not establish an
operational margin for shallow, sediment-rich littoral waters and
marginal dry soils, and it projected their mixed radiometric profiles
into terrestrial and aquatic biomass categories. This performance re-
flects the limitations imposed by vector-space hyperplanes when han-
dling multitemporal scenes under semiarid conditions, indicating
that single-tree and ensemble architectures provide alternative frame-
works for regional environmental management.

To evaluate the behavior of a nonparametric single-tree architec-
ture, the classification performance of the CART model was tabulated
(Table 3).

The CART model achieved 98% accuracy in isolating open-water
bodies and maintained 100% classification accuracy when detecting
Pistia stratiotes. This indicates that for differentiated radiometric tar-
gets, a single nonparametric tree can compute threshold splits that
equal the performance of ensemble structures.

During the transitional dynamics of semiarid riparian margins,
variations in the single-tree architecture occurred. The model repli-

cated the spectral overlap observed in the alternative tree-based
framework, showing a 31% commission error, with Exposed Soil mis-
classified as Eichhornia crassipes, and a 19% omission error, with
water hyacinth misclassified as soil. Because this confusion pattern
persists across both RF and CART architectures, it indicates that the
mixed-pixel phenomenon at a 30-meter spatial resolution, driven by
marginal desiccation and fluctuating water levels, is associated with
environmental and sensor characteristics.

A comparative inspection reveals that CART detected Eichhor-
nia crassipes at 80%, whereas the RF model achieved 83%. This 3%
difference in the main target invasive class indicates the greater sensi-
tivity of a single tree to localized radiometric noise. By not using ran-
domized feature subsets, CART establishes orthogonal boundaries
that make sensitivity less stable under varying vegetation conditions.
This variation indicates the greater stability of the RF ensemble in the
automated computational routine, providing a framework for multi-
class classification precision.

Study limitations and future perspectives
The operational parameters of this study reflect the limitations

imposed by the 30-meter spatial resolution of the Landsat 8 sensor,
which influences the detection of marginal macrophyte banks during
transitional seasonal periods. Additionally, the modeling framework
used the NDVI metric as the primary vegetation index, representing
an approach based on spectral boundaries. The performance metrics
obtained characterize the local geographic variables of the sub-middle
São Francisco River Basin. Future applications can evaluate the inte-
gration of multi-sensor architectures, incorporating platforms such as
Sentinel-2, to analyze multi-class dynamics at other scales.

The comparative evaluation of RF, SVM, and CART models
demonstrated the applicability of machine learning to Eichhornia

Table 2 – Confusion matrix (%) for SVM

Class Water Exposed Soil E. crassipes P. stratiotes Native Forest

Water 37 0 4 0 59

Exposed Soil 7 42 51 0 0

E. crassipes 0 14 86 0 0

P. stratiotes 0 0 0 100 0

Native Forest 1 0 0 0 99

Table 3 – Confusion matrix (%) for CART

Class Water Exposed Soil E. crassipes P. stratiotes Native Forest

Water 98 1 0 0 1

Exposed Soil 3 66 31 0 0

E. crassipes 1 19 80 0 0

P. stratiotes 0 0 0 100 0

Native Forest 3 0 0 0 97
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crassipes detection. All three models classified spectrally distinct
classes, such as Pistia stratiotes and Native Forest, without error. RF
and CART achieved an overall accuracy of 94%. CART detected E.
crassipes with fewer false positives from other classes, while RF of-
fered an operational balance. Although SVM achieved an accuracy of
88%, it had a recall of 86% for E. crassipes detection, indicating that it
correctly identified the invasive species’ presence. The confusion with
Exposed Soil occurred across the tested architectures. These models
provide data for management and conservation strategies.

The comparative evaluation of the model developed for Eichhor-
nia crassipes detection indicates characteristics comparable to those
reported in previous studies. With RF and CART achieving 94%
overall accuracy, the results are close to those reported by Dube et al.
(2017), who obtained 95% using Landsat 8, and Bayable et al. (2023),
who reported over 90% accuracy with the same sensor, while differ-
ing from the metrics presented by Mukarugwiro et al. (2019) and Ade
et al. (2022). The performance of RF and CART relative to SVM (88%
accuracy) is consistent with observations reported by Pádua et al.
(2022) and Mukarugwiro et al. (2019).

A characteristic of the proposed framework is 100% classification
accuracy for Pistia stratiotes across the algorithms. For E. crassipes,
although confusion with Exposed Soil occurred, the models displayed
distinct operational parameters: SVM achieved 86% recall for this
class, followed by RF (83%) and CART (80%), with variations in

false-positive rates. This classification behavior for both invasive
species in the São Francisco River relates to its practical application
for environmental monitoring and decision-making. The applicabil-
ity of this approach was evaluated in the sub-middle region of the São
Francisco River, an area characterized by multiple activities, includ-
ing energy production, fish farming, water supply, navigation, and
tourism, which are affected by the proliferation of both species, pro-
viding data to support the mitigation of these regional environmental
and socioeconomic impacts.

Conclusion
The models evaluated in this study, using Landsat 8 imagery and

machine learning algorithms integrated with the NDVI metric, de-
tected the presence of Eichhornia crassipes and Pistia stratiotes. The
data obtained indicate the distribution of these macrophytes, sup-
porting the selection of targeted monitoring parameters. This archi-
tecture demonstrated a framework for dual invasive species detection,
classifying both invaders across the monitored sectors of the sub-
middle São Francisco River region.

In summary, this application indicates the potential of computa-
tional frameworks in environmental remote sensing, demonstrating
that automated classification routines can serve as tools to support
data generation for regional water resource management and conser-
vation policies.
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