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ABSTRACT

, Aline Maria Meiguins de Lima?

RESUMO

In recent decades, climatic and anthropogenic pressures have
caused serious environmental problems. The joint analysis of geo-
environmental variables, through geoprocessing techniques, can
support the estimation of the contribution of each environmental
component to hydro-environmental fragility (HF). The aim of this
work was to analyze the contribution of climatic phenomena and
deforestation in the HF of the Gurupi River Watershed (GRW).
Precipitation data were extracted from the Climate Hazards Group
InfraRed Precipitation with Stations (CHIRPS); land use and cover
were obtained from the MapBiomas Project; drainage network
was acquired from the National Water and Sanitation Agency
(ANA); slope data were gathered from the National Institute for
Space Research (INPE); soil data were obtained from the Brazilian
Agricultural Research Corporation (EMBRAPA); geomorphological
units were extracted from the Brazilian Institute of Geography
and Statistics (IBGE); and rock data were based on the Geological
Survey of Brazil (CPRM). For the mapping of HF, the Analytic
Hierarchy Process (AHP) was adopted to weigh the importance of
each variable in four extreme precipitation year scenarios (1989,
2012, 2015, and 2019). It was observed that spatial precipitation
is considerably different in extreme years. Results showed that
deforestation has increased over the years; and that static geo-
environmental variables (drainage, slope, soils, geomorphological
units, and rocks) have larger feature domains that favor the increase
of HF in the GRW. The HF of the GRW showed significant differences
in the analyzed scenarios. Policies and environmental conservation
programs are needed in the GRW.

Keywords: extreme years; land use and land cover; geosystems.

Nas ultimas décadas as pressdes climdticas e antrépicas vém
causando sérios problemas ambientais. A analise conjunta de
variaveis geoambientais, por meio de técnicas de geoprocessamento,
pode subsidiar a estimativa da contribuicdo de cada componente
ambiental na fragilidade hidroambiental (FHA). O objetivo do
trabalho foi analisar a contribuicdo dos fendmenos climaticos e do
desmatamento na FHA da Bacia Hidrografica do rio Gurupi (BHG).
Utilizaram-se dados de precipitagdo do Climate Hazards Group
InfraRed Precipitation with Stations (CHIRPS); o uso e cobertura do
solo foram obtidos do Projeto MapBiomas; a rede de drenagem foi
adquirida na Agéncia Nacional de Aguas e Saneamento Basico (ANA);
a declividade foi obtida do Instituto Nacional de Pesquisas Espaciais
(INPE); os dados de solos foram obtidos da Empresa Brasileira de
Pesquisa Agropecudria (EMBRAPA); foram consideradas as unidades
geomorfoldgicas do Instituto Brasileiro de Geografia e Estatistica
(IBGE) e os dados de rochas do Servigo Geoldgico do Brasil (CPRM).
Para o mapeamento da FHA, adotou-se a Analytic Hierarchy Process
(AHP) com a finalidade de ponderagdo de importancia para cada
varidvel, em quatro cenarios de anos extremos de precipitacdo
(1989, 2012, 2015 e 2019). Observou-se que a precipitacdo espacial
é consideravelmente diferente nos anos extremos. Os resultados
mostram que o desmatamento aumentou ao longo dos anos; que
as varidveis geoambientais estdticas (drenagem, declividade, solos,
unidades geomorfoldgicas e rochas) possuem maiores dominios de
feicbes que favorecem o aumento da FHA na BHG. A FHA da BHG
apresentou diferengas significativas nos cendrios analisados. A BHG
necessita de politicas e programas de conserva¢do ambiental.

Palavras-chave: anos extremos; uso e cobertura do solo; geossistemas.
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Introduction

Generally, environmental problems are caused by hydroclimat-
ic forcings that lead to extreme scenarios of water excess or scarcity
(Costa and Blanco, 2018; Towner et al., 2020). The culprits behind this
situation are climatological phenomena that should be studied and
monitored in order to mitigate the impacts of potential natural disas-
ters; therefore, information about these natural events contributes to
preventing their effects on society (Aguirre-Ayerbe et al., 2020). It is
necessary to understand how these natural factors operate and their
effects on the environment.

Climatic phenomena are natural events that influence precipitation
in the Amazon region (Towner et al., 2020). This means that in a giv-
en year, under the influence of these phenomena, precipitation levels
can significantly decrease and/or increase (Costa and Blanco, 2018).
When this occurs, it is referred to as extreme events, and the period
of their occurrence can be classified as extreme years (Jorge and Luce-
na, 2018). Associated with these extreme events, climatic mechanisms
are processes of ocean-atmosphere interaction that enable the forma-
tion of climate phenomena (Ndbrega et al., 2016; Pezzi et al., 2016).
Accoring to Kelman (2019), among the climatic mechanisms con-
tributing to the occurrence of extreme precipitation years, the El
Nino-Southern Oscillation (ENSO) stands out. ENSO is composed of
phases known as El Nifio (EN) and La Nifna (LA), which have decreas-
ing (EN) and increasing (LA) effects on precipitation in many parts of
the northern Brazilian region (Cdrdova et al., 2022). The Atlantic di-
pole (AD) is another climatic mechanism consisting of positive (AD*)
and negative (AD") phases, which intensify precipitation variability in
the Amazon (Jahfer et al., 2017).

In addition to the atmospheric variable, precipitation, the ter-
restrial surface and its landscape dynamics also influence terrain
fragility, leading to increased environmental problems related to un-
regulated human occupation and the extensive transformation of the
Amazon’s natural landscape (Silva et al., 2022). The environmental
changes result from natural events (Huguenin and Meirelles, 2022)
as well as anthropogenic interventions for agricultural purposes, es-
pecially in eastern Amazonia (Silva et al., 2022). The effects of an-
thropization processes in eastern Amazonia are corroborated by the
increased environmental degradation caused by changes in land use
and land cover (LULC) in a hydrographic basin in the same region
(Silva et al., 2021).

The term “land use and land cover” is widely used in discussions
about anthropogenic interactions with the natural environment. Con-
sidered an important component, changes in LULC are associated with
environmental changes and represent the dynamics of anthropogenic
activities (Marengo et al., 2022), where deforestation is an example,
contributing to increased soil erosion (Teshome et al., 2022). This type
of environmental degradation in eastern Amazonia is a reflection of

technological advancement and the economy, with increasing envi-
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ronmental exploitation (Huguenin and Meirelles, 2022). This places
territorial planning as a priority because factors (climate, LULC) that
amplify natural terrain fragility can lead to soil instability due to deg-
radation (Dias and Lima, 2020). In this context, anthropogenic influ-
ences such as agricultural and livestock activities are the aggravating
factors that have had the greatest impact on the environment in recent
decades (Silva et al., 2022).

It is pertinent to consider precipitation and LULC as dynamic
geo-environmental variables since they exhibit characteristics of
high spatiotemporal variability (Paca et al., 2020; Marengo et al.,
2022). However, these are external forcings on the terrain, as there
are also internal components considered static geo-environmental
variables due to their slow spatial and temporal changes (Faisal and
Hayakawa, 2022; Musso et al., 2022). Internal forcings are related
to landforms, geomorphological features, rock formations, and soil
properties. Thus, Dias and Lima (2020) developed hydro-environ-
mental zoning and analyzed the effects of precipitation and LULC
associated with static geo-environmental variables on the fragility of
an Amazonian watershed.

Given the impacts of external forcings such as dynamic variables on
areas composed of static variables, it is important to investigate how the
combination of climatic and anthropogenic pressures (Marengo et al.,
2022) is affecting hydro-environmental fragility (HF) at the level of wa-
tersheds. Assuming that watersheds are sensitive environmental systems
to changes in their landscape (Tricart, 1977; Lira et al., 2022), it is inter-
esting to analyze HF in a watershed in the far eastern Amazonia, as it is
a region where its natural landscape has been heavily altered by anthro-
pogenic actions, in addition to being marked by the influence of climatic
phenomena.

However, despite numerous studies addressing this theme, there
is a gap in the scientific literature regarding the differences in HF in
different climatic and deforestation scenarios in a transitional water-
shed between biomes. Thus, the objective of this study was to analyze
the contribution of climatic phenomena and deforestation to HF in the
Gurupi River Watershed (GRW).

Materials and Methods

Study area

The GRW covers a territorial extension of approximately 35,875.0
km? and has a population of 392,601 inhabitants (ANA, 2015). It is
located in the northern region of Brazil in the eastern Amazonia
(Figure 1), encompassing the cross-border area of the states of Para
(PA) and Maranhdo (MA). Within the GRW boundaries, there are 11
municipal seats and its area includes 14 municipalities. In terms of
socio-environmental aspects, the GRW consists of conservation units
(CUgs) to the east of the Gurupi Upper (GU), with 1,571.8 km?; indige-

nous lands (ILs), covering approximately 5,177.4 km? in the transition

RBCIAMB | v.58 | n.3 | Sep 2023 | 375-385 - ISSN 2176-9478



Influence of climatic phenomena and deforestation on hydroenvironmental fragility, Gurupi River watershed, Northern Brazil

zone between the GU and Gurupi Lower (GL) sub-basins; and perma-
nent protection areas (PPAs), with 126.2 km? along the coastline, near
the mouth of the Gurupi River.

The GRW landscape is characterized by the transition between the
Amazon and savannah biomes, with a predominance of dense Amazon
rainforests and areas of savanna formations (MapBiomas Project, 2022).
The topography of GRW is marked by plateaus (192-336 m) in the south-
ern region (GU), where the Serra do Gurupi is located and the Gurupi
River originates, stretching for 700 km until GL, where plains (1-144 m)
predominate and the river flows into the estuarine zone of the Atlantic
Ocean. The hydrographic system of GRW also includes tributaries such as
the Agailandia, Itinga, Gurupizinho, Pirid, and Uraim rivers (ANA, 2015).

The climatic conditions of the region are characterized by relatively
high annual precipitation of 1,450-2,650 mm, a minimum air tempera-
ture of 24°C and maximum of 33°C, with low annual temperature vari-
ation, high relative air humidity of 85%, regular evapotranspiration of
1,400 mm, and low wind speed of 2 m/s, with a well-defined direction
from the northeast (INMET, 2022).

Figure 1 - Location of the study area: Gurupi River Watershed.
PPAs: permanent protection areas; ILs: indigenous lands; CUs: conservation units.

Data Acquisition

For rainfall spatialization, the dataset suggested by Funk et al.
(2015) was used - the Climate Hazards Group InfraRed Precipita-
tion with Stations (CHIRPS, 2022) - with a spatial resolution of 0.05°
(~ 5 km). Cartographic products for other geo-environmental vari-
ables, such as LULC, were obtained from the MapBiomas Project
(2022). The drainage network was acquired from the National Water
and Sanitation Agency (ANA, 2022). Slope data were gathered from
geomorphometric data provided by the National Institute for Space Re-
search (INPE, 2022). Soil types were based on the classification of the
EMBRAPA soil map (2022). Geomorphological units were extracted
from the Brazilian Institute of Geography and Statistics (IBGE, 2022),
and rock types were based on the geological map from the Geological
Survey of Brazil (CPRM, 2022).

Data processing

For this study, the methodology of Franca et al. (2022) was em-
ployed. Initially, cartography was generated within a geographic infor-
mation system (GIS), utilizing various geo-environmental variables
(rainfall, LULC, slope, soils, rocks, geomorphology, and drainage
density) with the aim of obtaining the product representing HF (fra-
gility to hydrological alterations). The analysis criteria followed the
methodology proposed by Saaty (1980) and further developed by Ross
(1994), which was also subsequently applied by Bacani et al. (2015),
Dias and Lima (2020), and Franga et al. (2022). Criteria weighting was
accomplished using the Analytic Hierarchy Process (AHP) method
(Franga et al., 2022). After a review of the scientific literature, consul-
tations were conducted with experts qualified in research involving the
geo-environmental variables studied in this work to analyze how each
component contributes to the increase or decrease in HF and make
an empirical decision regarding the impact of each variable (Sinshaw
et al., 2021).

Rainfall was spatialized as done by Franga et al. (2022), but it was
adapted to utilize precipitation data only from years influenced by
climatic phenomena originating from the Atlantic and Pacific oceans
(Gomes et al., 2022). The extreme years analyzed were: 1989 (LN: La
Nifa), 2012 (DA*: positive Atlantic Dipole), 2015 (EN: El Nifo), and
2019 (AD': negative Atlantic dipole). In all of these years, the most
intense episodes of their respective phenomena occurred, favoring
increases and decreases in precipitation (Gomes et al., 2022). Addi-
tionally, this meteorological component was referred to as a dynamic
variable, as precipitation in the study region exhibits high spatiotem-
poral variability. It was considered one of the main components for
the final calculations. Another geo-environmental component, also re-
ferred to as a dynamic variable, was the LULC, due to the rapid changes
in space and time caused by accelerated deforestation. Therefore, the
years of LULC (1989, 2012, 2015, and 2019) were selected to represent
different HF scenarios for each year.
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The components slope, soils, rocks, geomorphological units,
and drainage density were referred to as static variables because
their respective spatiotemporal changes are slow. It is worth not-
ing that drainage density was considered static from a cartographic
perspective as drainage is generally closely related to precipitation
variability and consequently undergoes changes concomitantly
with the pluviometric regime. Another point to highlight is that
drainage density was calculated based on the kernel method (Sique-
ira et al., 2017).

Following these steps, the construction of HF scenarios (Equa-
tion 1) proceeded with the insertion of spatialized products of the
geo-environmental variables into a raster calculator tool, using their
respective weights acquired through the AHP. The HF class intervals
were adapted from Bacani et al. (2015) and range from 0 to 1, as fol-
lows: low (0-0.27), medium (0.28-0.66), and high (0.67-1.00). Values
close to zero indicate more stable and less fragile terrain with respect
to soil erosion. As values approach one, the area becomes more suscep-
tible to erosive processes.

n

Where:

HEF: hydro-environmental fragility;
p: AHP weight;

va: environmental variables;

n: total number of variables under analysis.

The characteristics of each analyzed geo-environmental variable were
considered for their classification and weighting criteria (Table 1). Three
levels of classes (low, medium, and high) are described to indicate the de-
gree of influence of the variables on the environmental degradation pro-
cess. Furthermore, the class levels aim to represent the values of certain
variables (precipitation, slope, and drainage density) and categories or
types of other variables (LULC, geomorphological units, soils, and rocks).

For the analyzed geo-environmental variables (precipitation,
LULC, slope, soils, rocks, geomorphology, and drainage density),
potential risks were calculated, and weights were assigned based on
the degrees of environmental degradation (rainfall volume, land use
forms, types) that each geo-environmental component contributes to
regional morphogenesis, e.g., to the erosive processes of the GRW as
described in Table 2.

Table 1 - Classifications and respective criteria adopted for the hydro-environmental fragility of the Gurupi River Watershed.

Classes
HF Rainfall Geomorphological

(mm) Units

Urban Area
Mining and
Fields

Medium 1,501 > 3,000 Tablelands

Criteria

Slope Drainage Density
(Degrees)

(km/km?)

Sand-Clay,
8.7>27 10 > 20 ?ﬁﬁiﬁfﬁ: Sediments
Muddy and Sand

Source: Franga et al. (2022).
HEF: hydro-environmental fragility; LULC: land use and land cover.

Table 2 - Classifications, weights, and descriptions of the hydro-environmental fragility of the Gurupi River Watershed.

Medium 2

Source: Franga et al. (2022).

Potential moderate fragility marked by the transition to morphogenesis instability due to the effects on the terrain of
some analyzed geo-environmental variables
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To verify the consistency of the AHP assessment, the consistency
index (CI) and the consistency ratio (CR) were calculated, described
respectively in Equations 2 and 3. Acceptable values were obtained
with CI (0.08) and CR (0.06), indicating the reliability of the variable
weights. The steps of the adopted procedures are presented in Figure 2.
CI — Amax —-n (2)

n-1
Where:
CI: consistency index;
Amax: arithmetic mean of the eigenvector;

n: number of analyzed variables.
CR=— (©)

Where:
CR: consistency ratio;
CIL: consistency index;

RI: random index.
Results

Fragilities of dynamic variables: years (1989, 2012, 2015, 2019)
Figure 3 presents the spatialized fragilities regarding precipitation
in extreme years. Under the influence of LN (1989), the fragility was
classified as moderate and predominant in the GL with 34,800.5 km?
o P 1 ¢ Kim? o h h Figure 3 - Pluviometric fragility (1989, 2012, 2015, and 2019): Gurupi
(99.1%), except for a small area of 314.2 (0.9%) to the northeast River Watershed.
in the GL that exhibited high precipitation volume and high fragility. AD*: positive Atlantic dipole; AD: negative Atlantic dipole.

Figure 2 - Flowchart of the methodological steps of hydro-environmental fragility.
AHP: Analytic Hierarchy Process; HF: hydro-environmental fragility. GIS: geographic information system; LULC: land use and land cover; CI: consistency index; CR:
consistency ratio; RRL: reclassified raster layers.

379
RBCIAMB | v.58 | n.3 | Sep 2023 | 375-385 - ISSN 2176-9478




Gomes, D.J.C. et al.

However, in the scenario of EN (2015), low fragility was observed
to the south, in the GU with an area of 12,374.8 km? (35.3%), and a
moderate classification in the central-northern part with 22,696.4 km?
(64.7%), covering the entire GL region.

The extreme years related to the phases of the AD showed very difterent
spatial distributions of fragilities. During the AD* period (2012), precipita-
tion fragility was classified as low in most GU with 24,308.0 km? (69.4%)
along with a small area near the mouth of the Gurupi River. The GL was
classified as moderate fragility with 10,712.4 km? (30.6%). Meanwhile, AD"
(2019) was the only extreme year where the three fragility classifications
were observed. The low fragility zone was located in the extreme south of
GU with 1,626.0 km? (4.6%). The central sector of GRW extending to the
southeast of GL was classified as moderate fragility, covering the largest
area with approximately 25,464.8 km? (72.6%). Additionally, high fragility
was detected in the north-northwest axis region with 7,987.0 km? (22.7%).

The spatialized fragilities (Figure 4) regarding LULC (1989, 2012,
2015, 2019) showed anthropogenic actions impacting different parts
of GRW. In 1989, there was a predominance of low-fragility areas with
26,939.1 km? (77.1%), mainly in GL and the southeastern sector of
GRW. In this same period, there were still regions of 70.1 km? (0.2%)
with moderate fragility near the river mouth and 7,913.1 km? (22.6%)
classified as high fragility concentrated in the south-southwest sector.

Figure 4 - Land use and land cover fragility (1989, 2012, 2015, and 2019):
Gurupi River Watershed.

In 2012, there was a decline in areas with low fragility (20,598.1
km? 59.0%). Concurrently, the expansion of moderate (103.9 km?
0.3%) and high fragility (14,220.3 km? 40.7%) zones was possibly evi-
dence of environmental degradation, reflecting regional deforestation.
Although low fragility continued to predominate in GRW in the years
2015 (20,385.3 km? 58.4%) and 2019 (20,912.4 km? 59.9%), the in-
crease in areas classified as high fragility also remained significant in
2015 (14,430.3 km? 41.3%) and 2019 (13,888.3 km? 39.7%). This in-
dicates the ongoing advancement and agricultural pressure exerted on
the forest formations of GRW.

The fragility of geo-environmental variables in GRW was spatial-
ized in Figure 5. River fragility showed a low classification in a small
area of 83.4 km? (0.2%) in the extreme east of GRW, whereas moder-
ate fragilities were observed to the south in GU and in a large part of
GL, covering approximately 13,528.4 km? (38.7%). The largest zones
were classified as high fragility with 21,342.4 km? (61.0%) and were
predominantly located in the central part of GRW, with a small area to
the north in GL.

Geomorphological fragility had the smallest areas in the low
(2,332.4 km? 6.7%) and medium (7,710.5 km? 22.1%) categories, con-
centrated in the northeast and northwest, respectively. However, GRW
was dominated by regions with high fragility (24,796.8 km? 71.1%),
especially in GU and a large part of GL. Some geomorphological fea-
tures may be related to the slope of the land surface, as such landforms
have very rugged terrain. Thus, the clinographic fragility of GRW was
marked by the dominance and balance between areas classified as low
(17,542.0 km? 50.2%) and medium (16,673.9 km?; 47.7%), distribut-
ed throughout all parts of GRW. Areas with high fragility (705.7 km?
2.0%) were lower and concentrated in the central region and some
points to the east.

In soil composition, although low pedological fragility (4,727.4
km? 13.6%) was the smallest area (GL, east, and south), the spatial
distribution of soil fragilities also exhibited balance with respect to me-
dium class (13,190.1 km? 37.8%) to the north and high class (16,912.9
km?; 48.5%) in the western part, showing the degradation of GRW in
relation to this environmental component. In GRW, the lowest areas of
lithological fragility were low (4,350.3 km? 12.5%) in GL and medium
(6,727.8 km? 19.3%) in the southwest region. Meanwhile, high fragility
covered 23,758.9 km? (68.2%) in the eastern sector.

Figure 6 highlights HE, representing the effects of extreme years and
their different forms of LULC. In 1989, low HF (0.21) was concentrated
in the northeast of GL, possibly influenced by LULC associated with
some geo-environmental variables, where the combination of these
components favored stability. Medium HF (0.40) was observed to the
south and southwest of GRW, mainly in the Paragominas municipality
region. These risk zones are exacerbated due to the LN phenomenon,
which contributes to increased precipitation in some deforestation ar-
eas dominated by drainage density and soil types, intensifying HF.
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Figure 5 - Fragility of static variables: Gurupi River Watershed.

Figure 6 - Hydro-environmental fragility (1989, 2012, 2015, and 2019):
Gurupi River Watershed.
CUs: conservation units. ILs: indigenous lands; PPAs: permanent protection areas.
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Another scenario of an extremely rainy year was in 2019, when
AD- influenced the high rainfall volume above normal, combined with
LULC in some areas of geo-environmental variables. This contribut-
ed to the moderate HF index (0.41) to the northwest of GRW, with
emphasis on some points in GL and particularly near the headwaters
of the Gurupi River. It is worth noting that in this year, there was a
decrease in low (0.19) HF areas in GL.

In dry years like 2012, the reduction in rainfall caused by the AD*
phenomenon decreased the impacts on GRW with a low HF (0.17).
Deforestation advanced significantly during this period in the south-
ern, eastern, and some points in the GL sectors. These deforestation
points occurred in regions with high geomorphological, clinographic,
pedological, and lithological fragility, making the removal of vegeta-
tion cover more detrimental in these areas. Meanwhile, the zones of
high HF (0.39) to the east were intensified by deforestation in areas of
high fluvial and pedological fragility.

In 2015, the EN also favored a reduction in precipitation in
GRW, directly reducing the effects of this variable with low HF (0.20)
during this period. However, the zones of medium HF (0.42) ob-
served in the eastern sector were the effects of LULC, where exten-
sive forest areas were devastated for the use of large land areas for
agriculture and pasture activities. This is an aggravating factor, as it
occurred in naturally unstable zones, especially due to high fluvial
and pedological fragilities.
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Discussion

While precipitation in GRW exhibited significant differences in
extreme years, the highest volume of rainfall was concentrated in GL
in all the years analyzed under the influence of climatic phenomena.
This suggests that GRW is possibly influenced by more than one rain-
fall regime, which may be associated with the region’s location in a bi-
ome transition zone. Regarding precipitation, the rainy years of 1989
and 2019 stand out, as high pluviometric fragility zones occurred in ILs
and PPAs. Despite static geo-environmental variables not favoring this,
in 2019, deforestation points were observed within the boundaries of
ILs, which could intensify the climatic impacts of AD" through extreme
rainfall. However, despite this study focusing on the annual scale of
precipitation and emphasizing rainy and dry years, it is known that
the region of GRW experiences a seasonal pattern marked by the rainy
season in the first semester and the dry season in the second semester
(Kubota et al., 2019). Under these conditions, a seasonal approach may
show more pronouncedly the spatial difference in pluviometric fragili-
ty during the rainy season under the effects of LN and AD-, and during
the dry season influenced by EN and AD".

Rodrigues et al. (2020) analyzed an extreme rainfall event in 2018
in the municipality of Paragominas (eastern GRW), where there was
high pluviometric intensity. Pedreira Junior et al. (2020) described in
their scientific paper that climatic phenomena such as LN events in-
crease the frequency and intensity of storms in the Amazon region,
implying greater erosive potential on the soil. This observation was also
made by Costa and Blanco (2018) in their studies, where they found
that LN and AD" were related to higher erosion indices in the northern
Amazon. Such information is crucial for confirming that these natural
events are capable of enhancing HF increase in the Amazon. Thus, re-
ports like these complement the analysis of this study, as the GRW
region is marked by deforestation for agricultural purposes, making
the soil more vulnerable to erosive processes, as the reduction in forest
cover exposes the soil to the impacts of heavy rainfall (Li and Fang,
2016; Sarapatka and Bednar, 2022).

Furthermore, the deforestation zones detected in this study are
alarming as they involve serious socio-environmental issues, such as
encroachment on areas protected by laws. From a social perspective,
it is evident the expansion of the agricultural frontier over the years
analyzed, since 2012, towards the areas of ILs, where pastures were ob-
served in all scenarios that have only increased over time. Bowman et al.
(2021) also reported similar observations in their research, noting that
the Amazon rainforest undergoes a slow process of environmental deg-
radation in protected indigenous areas due to deforestation. These find-
ings corroborate the results observed in GRW, where some points of
medium HF were detected within ILs. It is worth noting that there are
more points of medium HF observed in LN and AD- years, indicating
that despite deforestation contributing to the increase in HE, the high

volume of precipitation in extreme years exacerbates this degradation.
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From an environmental perspective, the accelerated deforestation
observed every year, also considering within the boundaries of PPAs,
CUs, and ILs, can lead to serious environmental problems. In this regard,
unsustainable removal of vegetation has severe consequences, such as
increased soil erosion (Teshome et al., 2022). The causes of this defor-
estation are related to the intensification of pasture activities and the ex-
pansion of soybean cultivation in the western part of GRW (Fuchs, 2020;
Pinillos et al., 2021). This scenario contributes to significant environmen-
tal impacts, as the removal of natural vegetation reduces evapotranspira-
tion and, consequently, rainfall recharge (Llopart et al., 2018; Leite-Filho
etal, 2021). Another environmental harm due to uncontrolled soy-driv-
en deforestation is the water deficit, as soy requires a large amount of
water for its maintenance and production (Volken et al., 2022), which
can affect the river system (Yasarer et al., 2020). Considering this infor-
mation, the advance of soy and pasture near the source of the Gurupi
River and throughout its surroundings is concerning, once it jeopardizes
regional water availability and could even impact agriculture.

These findings are relevant given the expansion of reforestation
during the analyzed period in GRW, which was concentrated in the
GU. This sector of GRW potentially carries a higher risk due to the
dominance of static geo-environmental variables that favor terrain in-
stability. It is important to note that fluvial fragility is the only static
geo-environmental variable (for calculation purposes) in the analysis
that has a seasonal dynamic, as it depends directly on rainfall variabil-
ity. In other words, during rainy periods, there is a tendency for larger
areas of fluvial fragility, while during droughts, the values tend to de-
crease. Therefore, since its cartography is derived from the drainage
network, there are no spatial data on rivers by year, so it is reccommend-
ed to consider static fluvial fragility only in theoretical terms.

In light of these situations, the detection and analysis of HF in
GRW serve as a basis for the formulation of environmental plans and
policies, and is essential for better watershed management (Narendra
et al,, 2021). Pressure from agriculture has been identified in recent
years in PPAs, CUs, and ILs in GRW. This issue can be addressed
through sustainable alternatives such as a soy moratorium (Paim,
2021), agricultural zoning (Marin et al., 2022), and agroforestry and
polyculture systems (Bowman et al., 2021). Bowman et al. (2021)
also emphasized that the measures proposed in their research have
additional advantages for environmental conservation, such as the
restoration of degraded areas, prevention of deforestation of planted
forests, increased biodiversity, and higher profitability in agroforestry
cases. The discussed and detected reforestation is crucial in stabilizing
these naturally unstable areas, which can be exacerbated in extreme

years associated with deforestation.

Conclusions
Precipitation in GRW exhibits high spatiotemporal variabil-

ity, particularly during extreme years, leading to the temporary
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emergence (period of activity and impact of phenomena) of highly
vulnerable areas due to prolonged and intense rainfall induced by
AD- and LN events. Conversely, stability in fragility occurs when
climatic phenomena inhibit precipitation, such as in the case of
AD" and EN events. There is an ongoing process of deforestation
in GRW as agricultural frontiers encroach upon protected areas,
which is a concerning sign, especially in the western sector where
there is a greater concentration of soybean and pasture-related
agriculture activities. This expansion of the agricultural frontier
serves as a warning for the southern sector of GU. If deforesta-
tion continues at this pace, regional ecosystems will likely suf-
fer even greater environmental impacts, including alterations in
GRW hydrological patterns, particularly endangering the Gurupi
River’s source.

GRW is dominated by static geo-environmental variables that fa-
vor high terrain instability, rendering its natural state extremely fragile.
This underscores the importance of forest control and conservation
practices since soil erosion can negatively impact environmental and
socioeconomic sectors due to soil loss and reduced quality for crop
cultivation. Furthermore, this naturally unstable scenario can be ex-
acerbated by accelerated deforestation in conjunction with extreme

climatic events.

Differences in HF (fragility hazard assessment) were observed in
certain areas of GRW. In extreme years characterized by precipitation
surplus in a scenario of greater forest conservation, HF is more influ-
enced by the effects of natural events and static geo-environmental
variables. However, as agro-pastoral expansion intensifies, deforesta-
tion starts to have a greater impact on HE A third, more critical scenar-
io arises in extremely rainy years associated with extensive forest cover
removal, resulting in high HF in GRW.

Given that extreme years are factors beyond human control, ac-
tions focused on sustainable conservation and preservation practices
regarding LULC may be viable for mitigating the impacts of deforesta-
tion. Some of these actions may be within the scope of conservation
policies. Property environmental records and soy moratoriums are
means to curb uncontrolled deforestation and can provide regional
natural resource managers with guidance for mitigating both climatic

and anthropogenic pressures on GRW.
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