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Abstract: Gullies in urban environments pose challenges to urban land-use planning due to their rapid development and the
impact they cause on infrastructure and the physical environment. This study aimed at monitoring four gullies located in
Colonia Antonio Aleixo watershed, in Manaus, Brazil, to analyze their morphometric characteristics and to estimate
associated erosion rates. The study was based on cartographic records from 2006, 2012, and 2016, complemented by
Unmanned Aerial Vehicle (UAV) surveys conducted in 2017 and 2020. The high-resolution imagery provided detailed
information on the erosive features, while fieldwork supported data validation. The results indicate widening of the gullies
and reduction in their depth, due to internal sediment deposition. Edge retreat also led to the coalescence of adjacent features.
UAYV monitoring made it possible to identify secondary landforms associated with reworking processes, such as headcut
alcoves and small erosional channels. It is concluded that topographic profile analysis is an effective approach for
understanding the morphology and evolutionary dynamics of gullies in urban environments.

Keywords: topographic profile; monitoring; watershed; UAV; erosion

Resumo: A ocorréncia de vogorocas em dreas urbanas representa um desafio ao planejamento e a ocupagdo do solo, em
func¢ao da intensidade com que esses processos evoluem e dos danos causados a infraestrutura e ao meio fisico. Este estudo
teve como objetivo monitorar quatro vogorocas localizadas na bacia hidrografica Colénia Antonio Aleixo, em Manaus (AM),
com a finalidade de analisar suas caracteristicas morfométricas e estimar as taxas de erosao associadas. Para isso, utilizaram-
se registros cartograficos dos anos de 2006, 2012 e 2016, complementados por levantamentos realizados com Veiculo Aéreo
Nao Tripulado (VANT) em 2017 e 2020. As imagens geradas, com alta resolucao espacial, permitiram detalhar as feigdes
erosivas, enquanto os trabalhos de campo possibilitaram validar as informacges obtidas. Os resultados indicam o
alargamento das vogorocas e a redugao de suas profundidades, sugerindo deposicdo interna de material. Também foi
observada a coalescéncia de feigdes vizinhas, decorrente do recuo das bordas. O uso do VANT possibilitou identificar formas
secundarias associadas ao retrabalhamento, como alcovas de regressao e caneluras. Conclui-se que a analise por perfis
topograficos constitui uma ferramenta eficaz para compreender a morfologia e a dinadmica evolutiva de vogorocas em
ambientes urbanos.

Palavras-chave: Perfil topografico; monitoramento; bacia hidrografica; VANT; erosao
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1. Introduction

Monitoring gullies using high spatial resolution imagery constitutes a relevant approach for investigating
erosional processes and their dynamics at both national and international scales. Such imagery may be acquired
by satellites or Unmanned Aerial Vehicles (UAVs). Among the studies addressing this topic, those conducted by
Shruthi et al. (2011) and Borrelli et al. (2022) stand out for employing high-resolution imagery for remote
monitoring, including Ikonos satellite data. The integration of remotely sensed imagery with field surveys is
essential, as in situ observations are fundamental for validating remotely acquired information and generating
more accurate products that faithfully represent field conditions.

Studies conducted in South Africa by Krenz et al. (2018, 2019) and Krenz and Kuhn (2018) employed UAVs
to generate Digital Terrain Models (DTMs), estimate areas susceptible to erosive processes, monitor erosion,
quantify soil loss, and identify degraded areas with accuracy comparable to conventional field-based mapping.
These authors emphasized that this approach enables the rapid and efficient identification of severely degraded
areas while supporting assessments in heterogeneous landscapes. According to Krenz et al. (2018, 2019) and Krenz
and Kuhn (2018), aerial surveys provide a broader landscape perspective than ground-based observations.

Loureiro (2019) and Loureiro et al. (2020) applied this technology to monitor and characterize a gully located
along the RJ-155 highway between Angra dos Reis and Rio Claro, Brazil. Their results demonstrated that UAV-
derived aerial imagery and derivative products enabled the identification of preferential runoff pathways and
variations in sediment accumulation within the gully system.

In the Metropolitan Region of Manaus, UAV-generated imagery was first applied to gully characterization
and monitoring by Silva (2017). The primary objective of that study was to evaluate the potential of this technology
for monitoring gullies in remote and difficult-to-access areas of the Amazon. The author used UAV-derived
products to describe, in detail, secondary erosional features such as headcut alcoves and potholes in gullies located
in the Nova Cidade neighborhood and along the AM-010 and BR-174 highways. The results revealed that only the
gullies located along the highways exhibited pedestals within their interiors, suggesting the influence of diffuse
overland flow associated with splash erosion.

In Rio Preto da Eva, another municipality within the Metropolitan Region of Manaus, UAV monitoring was
applied to three gullies. The survey considered morphometric parameters extracted from image processing and
Digital Terrain Model generation, following the methodology proposed by Silva and Vieira (2020). The analysis
enabled the identification of incision morphologies and their respective typologies based on the classification
systems of Oliveira (1989) and Vieira (2008). Measurements of mean width, length, area (m?), and eroded volume
(m3) were also obtained. The three incisions analyzed were responsible for more than 123,000 m? of eroded soil,
rendering approximately 6,120 m? unusable and generating risk zones around two of the monitored features
(Vieira et al., 2022).

In Iranduba, another municipality within the Metropolitan Region of Manaus, UAV monitoring was applied
to six gullies over a one-year period to assess their morphological evolution (Silva, 2020). Among these features,
one exhibited significant expansion in both area and volume, resulting in the loss of residential structures and
urban infrastructure, including streets, drainage channels, and utility poles (Silva and Vieira, 2021).

These findings corroborate those reported by Santana (2019), who highlighted the growing application of
UAVs in multiple fields, including environmental monitoring. UAVs have become established as relevant tools,
particularly when integrated with specialized software for image processing and data generation. This integration
enables more efficient exploration and analysis of difficult-to-access areas (Santana, 2019). This perspective is
consistent with the discussion presented by Vieira and Frota Filho (2023) regarding the use of UAVs for monitoring
erosional landforms and the need to integrate this technology with complementary techniques to improve
analytical accuracy.

Within this context, detailed gully mapping is particularly important because it provides data on incision
growth rates, eroded volumes, risk area identification, and off-site impacts. Accordingly, the present study aimed
to characterize the evolution of four gullies in terms of morphometry and secondary erosional features through
UAV-based monitoring and soil loss estimation.

2. Study Area

This study was conducted in the Colonia Antonio Aleixo watershed (Figure 1), located in the eastern sector
of the urban area of Manaus, northern Brazil, with direct drainage into the Amazon River. Geologically, the study
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area is underlain by the Mesozoic Alter do Chao Formation (Franzinelli and Piucci, 1988). The local
geomorphology belongs to the Eastern Amazon Plateau (Ross, 2000), which is characterized by intense erosional
activity (Vieira, 2008).

Within the watershed, relief elevation does not exceed 120 m and is characterized by tabular interfluves that
terminate in predominantly convex lower hillslopes (Vieira, 2008). The high density of erosional features is closely
related to local geomorphological conditions, particularly slope gradient, the convex morphology of lower
hillslope segments, and the stormwater drainage system (Vieira, 2008). The predominant soil classes are Oxisols,
Ultisols, and Spodosols (Leal, 1996; Vieira, 1998, 2008; Barbosa, 2013; Frota Filho, 2016, 2021). For the gullies
investigated in this study, incision development occurred predominantly in Oxisols.
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Figure 1. Location of the gullies monitored between 2017 and 2020 in the Col6nia Antdonio Aleixo watershed,
Manaus, Amazonas, Brazil. Data sources: IBGE (2018) and ESRI. Prepared by the authors (2026) using ArcMap 10.8.

The regional climate is classified as humid equatorial, with a mean annual rainfall of 2,339.3 mm between
1986 and 2015 (D’ Avila Junior and Vieira, 2019). Mean annual air temperature during the same period was 27.9
°C, ranging from 23.7 °C to 32.1 °C, corresponding to the average minimum and maximum values, respectively
(Santana, 2018). The hydrographic network is characterized by a dense dendritic drainage pattern (Frota Filho,
2016), with streams locally referred to as igarapés. The original vegetation cover is classified as Dense
Ombrophilous Forest (Vieira, 1998).

The watershed contains the highest concentration of gullies within the urban area of Manaus, with 50
incisions recorded in 2008 (Vieira, 2008), 38 in 2012 (Frota Filho, 2012), 22 in 2016 (Frota Filho, 2016), and 26 in 2021
(Frota Filho, 2021). The reduction in the number of gullies over time is primarily associated with containment
measures implemented by public authorities, along with interventions undertaken by local residents and civil
society, such as infilling, which contributed to feature stabilization. Urbanization is identified as one of the main
triggering factors of gully erosion within the watershed (Frota Filho, 2021).
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3. Materials and methods

This study adopted a geomorphological monitoring approach that, according to Crozier et al. (2010),
enables the quantitative and qualitative observation of landforms and landscape changes over time. Different
techniques and instruments may be employed for this purpose, ranging from measuring tapes, compasses, and
theodolites to satellite imagery and, more recently, data acquired by Unmanned Aerial Vehicles (UAVs).

The present investigation builds on the results of gully mapping and monitoring previously conducted in
Manaus at three distinct periods: 2006, 2012, and 2021 (Vieira, 2008; Frota Filho, 2012, 2021). This study
incorporates UAV-based monitoring into these previous datasets using an Unmanned Aerial Vehicle operated by
the Laboratory for Sediment and Soil Analysis and Processing (LATOSSOLO/DEGEOG/UFAM). Field surveys
were conducted to validate the results, specifically to confirm the location and morphometric characteristics of the
monitored sites.

During the field campaigns, secondary erosional features associated with gully reworking processes were
identified, including headcut alcoves, torrential potholes, and pedestals. Table 1 summarizes the location and
morphometric characteristics of the hillslopes affected by the investigated gullies.

Table 1. Characteristics of the sites where the monitored gullies are located.

Gully Coordinates Hillslope gradient Hillslope morphology

(©) (%)
! 5005350:43411:4515" 19.67° 3191 Convex divergent
2 20:9()03252_% 24.11° 3979 Straight divergent
3 500;3;0;;?96;1';” 18.36° 26.66 Convex convergent
4 2)053;?311186; 26.19° 43.62 Convex divergent

Source: Authors (2026).

Only four of the twenty-six gullies currently present within the Colonia Antonio Aleixo watershed were
monitored in this study (Figure 1). These features are located in the Distrito Industrial II neighborhood and were
selected because of their greater linear extent, depth, and volume, as well as their high activity and significant
impacts on the urban drainage network. Site selection was based on field surveys, preliminary cartographic
records, previous inventories and monitoring campaigns (Vieira, 2008; Frota Filho, 2016, 2021), and accessibility
criteria.

Gully monitoring was conducted using a Phantom 4 Unmanned Aerial Vehicle (UAV) during survey flights
performed on September 10, 2017, and January 7, 2020. Flight planning and execution were carried out using
Pix4D software for the Phantom 4 platform (Figure 2).

The UAV was configured with 75% lateral and longitudinal overlap and equipped with a 4K-resolution
camera tilted at 70°. Flight missions were planned in Grid Mission mode at an altitude of 60 m above ground level.
This configuration provided a spatial resolution of 10 cm pixel™, with a planned Ground Sample Distance (GSD)
of 2.79 cm pixel™, ensuring adequate coverage and high image quality.

According to Sousa (2018), the UAV system presented a total Root Mean Square Error (RMSE) of 9.81 m and
a total Circular Map Accuracy Standard (CMAS) error of 21.04 m. Cartographic accuracy assessment indicated
that the orthomosaic generated without ground control points exhibited geometric quality compatible with Class
B Cartographic Accuracy Standard (PEC) products at a 1:10,000 scale and Class A products at a 1:25,000 scale,
according to Sousa (2018). These parameters were adopted as reference values for assessing the reliability of the
generated models and the subsequent morphometric analyses.
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Figure 2. Unmanned Aerial Vehicle (UAV), DJI Phantom 4 model. Source: Prepared by the authors (2026).
Photograph taken on February 5, 2024.

The images acquired during the UAV surveys were processed using Agisoft Metashape software based on
the geometric altitude and GPS location data recorded for each photograph. From these data, a dense point cloud
was generated, followed by model texturing. In the subsequent processing stage, the Digital Terrain Model (DTM),
orthomosaics, and three-dimensional models were generated. These products were then analyzed in a Geographic
Information System (GIS) environment using QGIS software.

Based on the processing performed in this environment, derivative products, including the Digital Terrain
Model (DTM), contour lines, and orthophotos, were generated (Figure 3), providing the basis for gully delineation.
Delineation was performed manually from the initial boundaries of the erosional features, resulting in shapefile
(.shp) polygon files representing each individual incision.

110m

| 100m

Figure 3. Delimitation of gully 1 (A) and the Digital Terrain Model (DTM) (B), generated from contour lines (A).
Prepared by the authors (2026).

The adopted methodology included the application of digital aerial photogrammetry based on the Structure
from Motion-Multi View Stereo (SfM-MVS) principle, a technique that enables the generation of three-
dimensional models from overlapping images acquired at different viewing angles. This method allows the
reconstruction of dense point clouds and high-resolution surface models, even in the absence of ground control
points. In UAV-based studies, this approach has demonstrated high efficiency for terrain modeling and
morphometric analysis of erosional landforms, particularly in difficult-to-access areas (Bitencourt et al., 2021).

Subsequently, morphometric parameters were calculated, including length, mean width, mean depth, area,
and volume, in addition to the generation of transverse and longitudinal incision profiles within the GIS
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environment. Based on the imagery processed in Agisoft Metashape, length, mean width, and mean depth were
obtained, enabling the calculation of eroded area (length x width), eroded volume (area x depth), and soil loss
(volume x soil bulk density).

Repeated monitoring surveys made it possible to quantify changes in eroded area and volume between the
analyzed periods, expressed in m? and m?, respectively. The surveys also enabled the assessment of feature
expansion or reduction over the monitored years and the estimation of annual linear expansion rates (m year)
for each incision.

In addition, morphological changes in the gullies were assessed according to "Type," following the
classification proposed by Oliveira (1989) (Figure 4); "Shape," according to Vieira (2008) (Figure 5); and size classes,
based on the classification system proposed by Vieira and Albuquerque (2004) (Table 2).

Table 2. Gully size classification according to eroded volume (m3).

Class  Eroded volume (m?) Size category
01 Up to 999 m® Very small
02 De 1,000 m3 - 9,999 m3 Small

03 Entre 10,000 - 19,999 m? Medium

04 Entre 20,000 - 40,000 m3 Large

05 > 40,000 m3 Very large

Figure 4. Types of gullies: Type 1 - connected gully; Type 2 - disconnected gully; Type 3 - integration of both types

of gullies. Source: Oliveira (1989).
Linear Branched Rectangular

Bifurcated ! Irregular

Figure 5. Gully morphologies (Vieira, 2008).
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4. Results

The intensification of hydrogeomorphological dynamics was further enhanced by urbanization processes
within the study area. Accordingly, monitoring surveys sought to characterize gully evolution in terms of
morphometry and secondary erosional features, as well as to estimate soil loss from the investigated incisions,
thereby enabling the determination of the size class of these erosional landforms.

3.1. Incision morphometry: growth rates and expansion patterns

The monitoring surveys conducted in 2017 and 2020 (Figure 6) enabled the analysis of the morphology and
expansion of Gully 01. Examination of the transverse profiles (AB, CD, and EF) revealed a U-shaped morphology,
which is characteristic of this type of erosional feature (Figure 6).

From a morphological perspective, the evolution of profile AB between 2017 and 2020 exhibited the greatest
lateral expansion. This behavior may be attributed to the large contributing area associated with runoff
concentration, combined with the presence of highly friable soil material. It should be noted that soil analysis was
not the primary objective of this study but was derived from complementary research conducted in the same area
(Frota Filho, 2021). In that investigation, the soil was classified as sandy loam, comprising 71.03% sand, 22.46%
silt, and 6.51% clay. These textural properties contributed to the higher erodibility of the material.

Between 2017 and 2020, changes in the internal configuration of the incision were identified through the
analysis of Digital Terrain Models and aerial imagery. Sediment redistribution between the monitoring periods
was evidenced by variations in contour line configuration throughout the analyzed interval (Figure 7).

The integrated analysis of the figures and the geoprocessed morphometric data allowed the quantification of
the changes that occurred between the monitoring campaigns, identifying a 0.03 m reduction in gully depth. This
decrease resulted from the accumulation of alluvial-colluvial sediments within the incision (Table 3). The
longitudinal profile exhibited an expansion of 2.24 m during this period. Among the transverse profiles analyzed,
profile AB recorded the greatest increase, with an expansion of 2.23 m, whereas profile CD exhibited a more
limited expansion of 0.20 m.

(il

I

Figure 6. Gully 01 during the 2017 and 2020 monitoring surveys, showing orthorectified imagery, 5-m contour
intervals, a scale of 1:1,000, cross-sectional profiles (AB, CD, and EF, in red), and the longitudinal profile (in yellow).
Source: Authors (2026).
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Table 3. Summary of morphometric parameters analyzed during the monitoring surveys of Gully 01.

Gully 01
Parameter 2017 2020 Changes

Cross-section profile AB (m) 39.75 41.98 +2.23%
Cross-section profile CD (m) 32.74 32.94 +0.20%*
Cross-section profile EF (m) 24.42 24.81 +0.39*
Mean Cross-section profile (m) 32.30 33.24 +0.94*
Longitudinal profile (m) 52.19 54.42 +2.24*
Depth (m) 21.92 21.89 -0.03**
Area (m?) 1 685.85 1 809.06 +123.21*%
Volume (m?) 36 960.60 39 596.77 +2 636.16*

*Increase between monitoring periods. **Decrease between monitoring periods. Source: Authors (2026).

The longitudinal profile exhibited changes between the monitoring periods, with sediment accumulation
observed in the downstream sector of the incision in 2020. This interpretation is corroborated by transverse profile
EF, which clearly shows the deposition of these sediments. This process also explains the reduction in gully depth,
likely associated with erosion of margin F and the subsequent deposition of sediment at the base of the incision.

Transverse profile AB exhibited the highest lateral growth rate, with an expansion of 2.23 m. An increase in
depth was also observed in this sector. In contrast, profile CD remained relatively stable in terms of width,

exhibiting an increase of only 0.20 m, accompanied by a slight increase in depth.

Revista Brasileira de Geomorfologia. 2026, v.27, n.2; e2707; DOI: http://dx.doi.org/10.20502/rbg.v27i2.2707

https://rbgeomorfologia.org.br/



Revista Brasileira de Geomorfologia, v. 27, n.2, 2026
Longitudinal profile of the gully 1.

0T Wm 0m Om 50m S6m

Cross-sectional profilgs of the gully 1.

0m Wm 0m Om Om Sm

Legend
—~— 2017 - 2020

Figure 7. Longitudinal and cross-sectional profiles (AB, CD, and EF) of Gully 01 derived from the 2017 and 2020
monitoring surveys. Source: Authors (2026).

Gully 02 remained classified as connected to the hydrographic network and retained a linear morphology
(Figure 8). The eroded volume was estimated at 42,173.50 m3, classifying this incision as very large. Table 4
summarizes the monitoring data, highlighting gully expansion in both width and length. These changes were

further confirmed by the transverse profiles presented in Figure 9.
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Figure 8. Gully 02 uring the 2017 and 2020 monitorin srveys, showing orthorrectified imagery, 5-m contour

intervals, a scale of 1:1,000, transverse profile traces (AB, CD, and EF, in red), and the longitudinal profile (in yellow).

Source: Authors (2026).

Table 4. Summary of the parameters analyzed during the monitoring of gully 02.

Gully 02

Parameter 2017 2020 Changes
Cross-section profile AB (m) 23.38 22.49 +0.10*
Cross-section profile CD (m) 21.73 21.92 +0.18*
Cross-section profile EF (m) 21.62 24.24 +2.62%
Mean Cross-section profile (m) 22.24 22.88 +0.64*
Longitudinal profile (m) 84.04 84.59 +0.54*
Depth (m) 21.89 26.79 +4.90%
Area (m?) 1869.44 1926.87 +57.44*
Volume (m?) 40 921.95 51 622.89 +10 700.94

*Increase between monitoring periods. **Decrease between monitoring periods. Source: Authors (2026).

Among the analyzed profiles, profile EF exhibited the greatest morphological evolution, with an expansion
of 2.62 m between 2017 and 2020. This behavior indicates greater erosive activity in this sector of the incision
(Figure 9), where erosional processes promote the formation of rills that contribute to margin collapse, with
possible block failure along the gully walls. This process may explain the increase in width observed in this sector

(Figure 9, profile EF).

The observed dynamics also contributed to incision deepening, which reached 4.90 m, increasing the eroded
volume from 40,921.95 m? in 2017 to 51,622.89 m? in 2020 (Table 4). This behavior is associated with the removal
of material previously deposited within the gully, as evidenced by the evolution of the longitudinal and transverse

profiles.
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Figure 9. Longitudinal and cross-section profiles (AB, CD, and EF) of Gully 02 for the years 2017 and 2020. Source:
Authors (2026).

Limited growth was observed in cross-section profiles AB and CD, with expansions of 0.10 m and 0.18 m,
respectively, when compared to profile EF, which exhibited an expansion of 2.62 m (Table 4). This behavior
indicates a reduction in the contributing area because of longitudinal headward progression toward the interfluve,
thereby decreasing the concentrated flows responsible for sediment transport. Consequently, transport capacity
decreases, due to slope reduction and the associated decline in kinetic energy and entrainment potential.

As the incision advances toward the interfluve, the contributing area is progressively reduced. This results in
a proportional decrease in concentrated flow discharge, directly affecting kinetic energy and erosive potential,
which in turn reduces the linear expansion rate of the gully, a process characterized by headward retreat.
Therefore, as the headcut of this erosional feature progresses toward the interfluve, lower water accumulation is
directed into the incision, favoring progressive stabilization.
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This relative stability enabled vegetation establishment within the gully interior (Figure 6), a pattern also
reflected in the growth dynamics recorded in cross-section profiles AB and CD (Figure 9). Comparison between
the longitudinal profiles from the two monitoring periods (Figure 9) reveals a reduction in the volume of material
deposited within the incision. The Digital Elevation Model corresponding to 2020 shows a more irregular basal
surface near the headcut, compared with the previous monitoring period, an interpretation corroborated by the
deeper-cross-section profiles.

Regarding Gullies 03 and 04, this hillslope initially exhibited a system composed of four gullies (Figure 10),
which subsequently underwent evolutionary and capture processes, resulting in the elimination of one feature
due to coalescence between Gullies 04 and 05.

Figure 10. Evolution of gullies in the Distrito Industrial II neighborhood, Colénia Ant6énio Aleixo watershed.
Sources: Authors (2013) and © Google Earth (2005). Prepared by the authors (2026).

In addition to these features, Gully 06 deserves particular attention, although it was not included in this
monitoring campaign, due to morphological changes associated with the loss of characteristic gully features, such
as a flat basal floor and vertical walls, giving way to terrace formation within its interior.

Within this context, Gullies 03 and 04, which constitute the focus of this study, exhibit similar morphological
characteristics and were classified as integrated, rectangular, and very large (Figure 11).

Gully 03 exhibited increases in both length and width, whereas Gully 04 showed reductions in area and
volume (Table 5). This decrease resulted from the collapse of a portion of the incision wall, causing the partial loss
of morphological characteristics typically associated with gullies, particularly vertical walls. Consequently, a
reduction in length was observed, directly affecting eroded areas and volume. This behavior is related to the fact
that the incisions on this hillslope share the same erosional source, represented by concentrated stormwater runoff
conveyed through drainage channels, which has favored their progressive integration over time.

About Gully 03, cross-section profiles AB and CD showed clear evolution, with expansions of 2.62 m and 3.74
m, respectively. Profile EF exhibited the greatest lateral development, with an increase of 10.9 m during the
monitoring period between 2017 and 2020, accompanied by downstream sector leveling, as suggested by the
imagery presented in Figure 8. This behavior indicates intensified erosive activity in this sector of the incision
(Figures 12 and 13), associated with the erosion of vertical walls.
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Figure 11. Gullies 03 and 04 during the 2017 and 2020 monitoring surveys, showing orthorectified imagery, 5-m
contour intervals, a scale of 1:1,000, cross-sectional profiles (AB, CD, and EF, in red), and the longitudinal profile (in

yellow). Source: Authors (2026).

Table 5. Summary of the parameters analyzed during the monitoring of gullies 03 and 04.

Parameter Gully 03 Gully 04
Cross-section profile AB (m) 2017 2020 Changes 2017 2020 Changes
Cross-section profile CD (m) 54,13 56,75 +2,62* 31,57 33,60 +2,03*
Cross-section proﬁle EF (m) 53,01 56,75 +3,74* 33,59 34,50 +0,91*
Mean Cross-section profi (m) 44,92 55,81 +10,90* 30,53 0,00%** -30,53**
Longitudinal profile (m) 50,69 56,44 +5,75% 31,90 22,70 -9,20**
Depth (m) 61,61 61,72 +0,11* 47,63 33,40 -14,23**
Area (m?) 34,69 26,62 -8,07** 32,80 25,77 -7,03**
Volume (m?) 3122,67 3483,38 360,71* 1519,32 758,20 -761,12%*
Transverse profile AB (m) 108 322,39 92 713,75 -15 608,65**  49833,64 19536,60 -30297,04**

*Increase between monitoring periods. **Decrease between monitoring periods. Source: Authors (2026).

The same pattern of intensified erosive activity was observed in profiles AB and CD with respect to depth,
resulting in incision flattening, as suggested by classical concepts associated with flat-bottomed gully morphology.
Because of this process, sediment deposition occurred within the incision, contributing to depth reduction and
reflecting a decrease in eroded volume between monitoring periods. Comparison of the profiles from the analyzed
years indicates an accumulation exceeding 5 m of deposited material (Figure 12).

From a longitudinal perspective, virtually no growth was observed during the monitoring period,
corresponding to only 0.11 m. As observed for Gully 02, this feature exhibits a reduced contributing area, as it is
located close to the interfluve and its primary source of concentrated flow corresponds to wastewater discharge
originating on the upslope along the access road.

The cross-section profiles reveal lateral expansion and incision deepening. However, the longitudinal profile
shows sediment accumulation in specific sectors (Figure 10), resulting in a reduction in eroded volume between
2017 and 2020, from 108,322.39 m?® to 92,713.75 m®. Accordingly, sediment retention within the incision is estimated
at 15,608.65 m?® (Table 5).

It is noteworthy that the contributing area remained practically unchanged, considering that longitudinal
gully growth advanced only 0.11 m toward the interfluve. The proximity between the gully headcut and the
interfluve indicates a limited contributing area for generating concentrated flows directed into the incision,
suggesting relative stability of this feature in this sector. In contrast to the headcut sector, lateral expansion was
more pronounced in transverse profiles AB, CD, and EF, with expansions of 2.62 m, 3.74 m, and 10.9 m,
respectively, as shown in Table 5 and Figure 12.
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The integrated analysis of longitudinal and cross-section profile evolution reveals internal sediment
redistribution within the gully, as evidenced by depth reduction in sectors AB, CD, and EF, with the latter being
affected to a lesser extent. In the central portion of the longitudinal axis, sediment accumulation formed a deposit
approximately 5 m thick (Figure 12, longitudinal profile).

Regarding incision area, an increase from 3,122.67 m? to 3,483.38 m? was observed, corresponding to an
expansion of 360.71 m?2. Part of the material eroded from the gully walls remained partially deposited within the
incision, causing a reduction in depth and, consequently, a decrease in eroded volume within the central sector of
the longitudinal axis (Figure 12, longitudinal profile; Table 5).

Longitudinal profile of the gully 3.
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Figure 12. Longitudinal and transverse profiles (AB, CD, and EF) of gully 03, obtained during the 2017 and 2020
monitoring campaigns. Source: Prepared by the authors (2026).
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Gully 04 (Figure 13) showed a reduction in area and volume due to the collapse of the incision walls in its
final section (Figure 11, transverse profile EF), as presented in Table 5. This change resulted in a decrease in feature
length from 47.63 m to 33.40 m, directly affecting area values, which decreased from 1,519.32 m? to 758.20 m?, and
volume, which was reduced from 49,833.64 m3 to 19,536.6 m3.

On the other hand, transverse profiles AB and CD recorded width increases of 2.03 m and 0.91 m, respectively.
The internal dynamics of the erosive feature proved to be intense, with significant removal of the alluvial-colluvial
deposits present within it (Figures 11 and 13), resulting in increased depth. The material observed in profiles AB
and CD was transported downstream (Figure 11, longitudinal profile).

Longitudinal profile of the gully 4.
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Figure 13. Longitudinal and cross-sectional profiles (AB, CD, and EF) of Gully 04 derived from the 2017 and 2020
monitoring surveys. Source: Authors (2026).
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Based on the data derived from UAV-processed imagery, it was possible to calculate the growth rates of the
four monitored incisions in terms of area and volume. Considering only days with recorded precipitation, Gully
03 exhibited the highest surface growth rate, reaching 0.79 m? day (Table 6). This result indicates the high
erodibility of soils in the study area, as evidenced by the increase in width observed in the cross-section profiles,
although, as discussed in the previously analyzed profiles, part of the mobilized sediment was deposited within

the incision.

Table 6. Surface growth rates of the investigated gullies (m? day?).
Gully. | Area (m?) Area (m?) Difference Cumulative Surface growth | Surface growth
2017 2020 B-A=0Q) precipitation rate (m? day-!) rate (m? day-!)
(A) (B) (m?) 2017-2020 (mm) Total period Rainfall days
(850 days)* only (453
days)**
1 1685,85 1809,06 123,21 5839,1 0,14 0,27
2 1869,44 1926,87 57,44 5839,1 0,06 0,12
3 3122,67 3483,38 360,71 5839,1 0,42 0,79
4 1519,32 758,20 -761,12 5839,1 . e

* Total monitoring period (850 days). ** Days with recorded precipitation (453 days).
*** Rate not calculated due to negative surface variation. Source: Authors (2026).

However, due to the occurrence of negative volumetric growth associated with sediment deposition on the
incision floor, it was not possible to determine volumetric growth rates for Gullies 03 and 04. Similarly, the surface
growth rate of Gully 04 could not be estimated, since wall collapse in its terminal section compromised analytical
accuracy.

Accordingly, Gully 02 stood out by exhibiting the highest volumetric growth rate, reaching 23.62 m? day~
(Table 7). This result reflects substantial expansion in width and, particularly, depth throughout the analyzed
period, considering that the removed sediment was effectively transported out of the gully system.

Table 7. Growth rate of the studied erosional incisions (m?day).

Volume (m?® | Volume (m? | Difference (B | Cumulative Volumetric Volumetric
Gullie 2017 2020 -A=C)(m3? | precipitation growth rate growth rate
s. (A) (B) 2017-2020 (m?3 day™) (m? day™)
(mm) Total period Rainfall days
(850 days)* only (453
days)**
1 36960,60 39596,77 2636,16 5839,1 3,10 5,81
2 40921,95 51622,89 10700,94 5839,1 12,58 23,62
3 108322,39 92713,75 -15608,65 5839,1 ok o
4 49833,64 19536,60 -30297,04 5839,1 ok ok

* Total monitoring period between September 10, 2017 and January 7, 2020.** Days with recorded precipitation during
the monitoring period.
*** Growth rate not calculated due to volumetric reduction between monitoring periods. Source: Authors (2026).

5. Discussion

5.1. Morphometric evolution of gullies

As previously discussed, secondary erosional features, such as vertical and subvertical rills, grooves, and
other reworking structures, occur along gully margins and contribute to the enlargement of these erosional
landforms.

Secondary erosional and reworking features were identified in all four monitored incisions, indicating the
continuous activity of erosional processes within the gullies and contributing to their morphological evolution
(Oliveira, 1999; Vieira et al., 2011; Guerra et al., 2017; Frota Filho et al., 2020). These features are associated with
specific geomorphic mechanisms, and their characteristic morphology reflects the dominant erosional dynamics.
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In addition to indicating that the gullies remain active, these structures promote their expansion. Among the main
features observed were headcut alcoves, potholes, ribs, pedestals (demoiselles), and exfoliation structures.

Tension cracks were observed along the margins and headcut of Gully 01, indicating terrain instability and
lateral wall retreat through collapse processes (Figure 14). These features demonstrate that the gully remains active
and indicate the occurrence of generalized mass movements contributing to its ongoing evolution. The same
growth pattern was identified in the other monitored incisions, following dynamics similar to those described in
previous studies (Augustin and Aranha, 2006; Silva et al., 2017; Rocha et al., 2018; Pinto and Araujo, 2020; Xavier
et al., 2023).

Based on the presented data, longitudinal growth was consistently lower than transverse expansion. This
behavior results from the reduction in the contributing area, corresponding to the stormwater catchment zone,
which directly influences the volume of flow directed toward the headcut. In other words, longitudinal growth
depends primarily on concentrated surface runoff, whereas transverse expansion is more directly associated with
localized erosional processes represented by headcut alcoves, flutings, and torrential potholes that continue to
develop within the incisions, as described by Oliveira (1999), Frota Filho et al. (2020), and Vieira and Frota Filho
(2023).

Therefore, the reduction in the direct stormwater catchment area caused by incision progression affects the
rate of upstream expansion. This behavior is associated with a positive feedback mechanism between flow
generation and erosion. Such dynamics occur mainly in disconnected and integrated gullies, according to the
typological classification proposed by Oliveira (1989).

Figure 14. Rills along the margin of Gully 01, Distrito Industrial II neighborhood. Source and prepared by the
authors (2026).

Incisions 04 and 05 (Figure 10), developed on the same hillslope and already reaching the summit, were
classified as integrated gullies and exhibited progressive widening and coalescence resulting from the collapse of
the wall separating them, leading to the formation of a single gully (Figure 15), currently designated as Incision
04. A similar dynamic is likely to occur between Incisions 03 and 04, considering that both exhibited width
expansion and increasingly rounded headcuts, progressively approaching a rectangular morphology.
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Figure 15. Evolution of gullies in the Distrito Industrial II neighborhood within the Col6énia Anténio Aleixo
watershed. The yellow marker indicates Gully 03, whereas the orange marker indicates Gully 04. Source: © Google
Earth imagery from 2005, 2007, and 2013; prepared by the authors (2026).

Understanding gully morphometry makes it possible to assess the impacts caused by these incisions from
both environmental and urban planning perspectives. In the first case, the main impacts include land loss and the
volume of sediment transported to drainage channels, promoting channel siltation. This process is further
compounded by vegetation mortality resulting from ecological changes caused by sediment accumulation. From
an urban planning perspective, the continuous advance of these incisions toward access roads causes pavement
damage and deterioration of stormwater drainage infrastructure, among other impacts.

In general, the analyzed gullies exhibit similar characteristics, particularly regarding morphology and
hillslope position, especially when associated with anthropogenic forcing as the triggering factor for their
development. To a large extent, this process is related to artificial drainage systems composed of channels and
stormwater galleries, which convey concentrated water flows capable of intensifying erosional processes and
controlling both their direction and expansion.

Upstream of their headcuts, these gullies are bordered by paved roads that accumulate rainfall runoff. This
water is captured by drainage systems and subsequently directed into the gullies, promoting their evolution. In
this context, Tucci and Collischonn (2000) and Rossato and Botelho (2002) reported that increases in surface paving
coefficients intensify urban erosion by approximately 60% to 80%. Consequently, as the proportion of paved
streets increases, infiltration areas decrease and surface runoff intensifies, enhancing erosional processes. When
these concentrated flows reach exposed soil, their erosive potential increases further. This scenario favors the
development of erosional features such as gullies, accelerating their growth and increasing their dimensions,
particularly under conditions of intense and concentrated rainfall associated with stormwater channelization.

The erosional dynamics intensified by drainage channels responsible for concentrating stormwater runoff
may initiate or enlarge gullies, especially in areas of exposed soil. In the Coldnia Antonio Aleixo watershed, the
monitored gullies follow the direction of these drainage channels, reflecting a process identified in other studies
conducted in urban and roadside environments (Tucci and Collischonn, 2000; Rossato and Botelho, 2002;
Jungerius et al., 2002; Valentin and Poesen, 2005; Ferreira et al., 2011; Dirane, 2016, 2018; Frota Filho, 2016, 2021;
Silva, 2017, 2020; Silva and Vieira, 2021; Vieira et al., 2022; Guerra et al., 2023; Kuhn et al., 2023). The increase in
concentrated runoff associated with artificial drainage systems promotes the development of these erosional
landforms.

5.2. Soil Loss Rates and Impacts on the Drainage Network

Regarding the four monitored incisions, including two connected and two integrated gullies, the sediment
volumes mobilized by erosion were transported into the fluvial drainage network, which is currently heavily
silted. Connected and integrated gullies directly affect fluvial channels, as reported for other sectors of the Col6nia
Antdnio Aleixo watershed (Barbosa, 2013; Frota Filho, 2016, 2021).

To quantify the sediment volume mobilized by the four monitored incisions, the eroded areas were
multiplied by the maximum measured depth, yielding the maximum eroded volume for each incision up to the
2020 monitoring survey. To complement this calculation, the mean soil bulk density at the sites where these
features developed was applied, enabling the estimation of eroded mass in tons for each incision (Table 8).
Conceptually, soil bulk density encompasses the solid, liquid, and gaseous phases, as described by Lepsch (2011).
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Table 8. Area, volume, and estimated eroded mass of the monitored gullies.

Maximum

Maximum eroded Maximum eroded Soil bulk density Eroded
Gully measured depth
area (m?) (m) volume (m?) (g cm™) mass (t)
1 1 809,06 21,92 39 654,59 1,41 55912,97
2 1926,87 26,79 51 620,84 1,41 72 785,38
3 3483,38 34,69 120 838,45 1,19 143 797,75
4 1519,32 32,80 49 833,69 1,19 59 302,09
Total 8738,63 - 261 947,57 - 331798,19

Source: Authors (2026).

In proportional terms, Gullies 01 and 02 contributed greater sediment mass because of the higher bulk density
of the transported material, corresponding to 1.41 g cm=. Gullies 03 and 04 exhibited lower bulk density values,
averaging 1.19 g cm=, although these two incisions contributed greater absolute sediment volumes. Altogether,
the analyzed features supplied approximately 261,947.57 m3, or 331,798.19 t, of sediment to the drainage network
(Figure 16), which is currently heavily silted because of the continuous input of sediment from these incisions.

The impacts become more pronounced in connected and integrated gullies because these features are directly
linked to the drainage network. Consequently, sediment is delivered directly, with limited potential for retention
or deposition along midslope positions or at hillslope toes. In general, Barbosa (2013) indicated that gullies
contribute substantial volumes of sediment to the Colonia Antonio Aleixo watershed, with much of this material
remaining within the basin, particularly the coarser fraction, represented by sand, whereas the finer fractions,
represented by silt and clay, are transported directly to the Amazon River.

Figure 16. (A) Gullies 01 and 02. (B) Gullies 03, 04, and 05. Partial view of the drainage network silted by sediments
derived from the gullies (red arrows) in the Distrito Industrial II neighborhood. Source: Google Earth imagery
(2024), scale 1:10,000; prepared by the authors (2026).

Another condition directly associated with siltation in the Colénia Anténio Aleixo watershed is the low
discharge of the main channel. Abdon (2004), Camargo (2012), and Mugade and Sapkale (2015) confirmed the
relationship between channel discharge and siltation, indicating that this process occurs when sediment
deposition rates exceed the channel's transport capacity.

However, finer sediments, represented by the clay and silt fractions, are transported through the channel
network and subsequently exported beyond the watershed boundaries. This behavior is corroborated by
suspended sediment concentrations observed in the lower third of the main channel, ranging from 2.0 to 2.4 mg
L (Barbosa, 2013). Sediment deposition and the resulting siltation may induce morphological adjustments in
channel geometry and alter interactions between surface and subsurface flows, favoring the expansion of erosional
surfaces (Golosov, 2002; Thakur, 2019).

6. Conclusions
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The application of UAVs has proven to be an efficient alternative for overcoming limitations commonly
encountered during field-based diagnosis and monitoring of erosional features. Under conditions of restricted
access or elevated physical risk, this remote sensing approach provides a viable and safe solution. Its ability to
generate high-spatial-resolution data is particularly suitable for perimeter delineation, area and volume
estimation, and the construction of longitudinal and transverse profiles.

In the present study, UAVs were employed to monitor gully evolution and associated secondary features,
such as headcut alcoves and rills. The adopted methodology was based on aerial photogrammetric surveys
followed by geoprocessing analysis, yielding more precise results than traditional methods such as stake-based
surveys and planimetric polygonal measurements. This procedure enabled the monitoring of incision dynamics,
the differentiation of developmental stages, and the identification of associated erosional elements, although field
verification remains essential for complementary validation.

Digital Elevation Models (DEMs) generated from the acquired imagery were used to calculate the volume of
soil eroded throughout the evolutionary process of the analyzed gullies. Data reliability was verified through
comparison with topographic profiles collected in the field, showing variations of less than 10%. By relating
volumetric estimates to mean soil bulk density, it was possible to estimate the mass of displaced sediment. Across
the four monitored gullies, the estimated eroded volume reached 261,947.57 m?, corresponding to approximately
331,798.19 t of transported material. These values highlight the substantial sediment load mobilized and reinforce
the importance of this type of analysis for understanding the impacts of erosion on urban drainage networks.

Secondary erosional features, such as headcut alcoves, were identified within the gullies and were shown to
contribute to incision advance. Comparison of topographic profiles, particularly for Gullies 01 and 02, revealed
the formation of rills along the margins of the main incision. This behavior indicates active erosional sectors and
suggests ongoing lateral expansion. These analyses enabled the estimation of morphometric evolution rates and
the identification of preferential erosion directions. Longitudinal and transverse profiles further demonstrated the
influence of factors such as stormwater runoff and anthropogenic land-use disturbance. In this context, the
direction of gully expansion was shown to be primarily controlled by human interventions.

Systematic and continuous gully monitoring enables the identification of highly vulnerable zones and the
mapping of preferential growth directions of erosional features. Such information is particularly relevant in areas
adjacent to roads, residences, and urban infrastructure, where geotechnical risk is elevated. In these contexts,
UAV-based monitoring offers strong potential for both diagnosis and support for erosion control, containment,
and environmental rehabilitation measures.

The results demonstrate that erosional processes in urban areas are directly associated with disordered
occupation patterns and inadequate territorial planning. These findings reinforce the need for public policies
focused on geotechnical risk management and the incorporation of remote sensing technologies, such as UAVs,
into continuous monitoring programs for these vulnerable environments.
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