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(Ballut-Dajud et al. 2022; Fluet-Chouinard et al. 2023). 
Today, the potential harms of such conversion for essential 
regulating services, such as water purification or climate 
regulation, are considerable. Additionally, climate change 
impacts natural systems and human infrastructure (i.e., 
changes in fire regimes and intensity, heatwaves, and crop 
failures; Goulart et al. 2021; Fowler et al. 2021; Carnicer et 

Introduction

It is becoming increasingly clear that land cover changes 
pose significant risks to biodiversity, primarily through hab-
itat loss and fragmentation (McDonald et al. 2019). Wet-
land areas are replaced mainly by crops aligned with the 
current expansion of agro-industrial and food production 
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Abstract
Protected areas (PA) are being stifled by human land uses, jeopardizing their integrity and ecosystem services. Therefore, 
we searched for human land use within 19 PAs of the Pantanal ecoregion. We assessed changes in land cover from pro-
tected areas’ creation year up to 2021. In addition, we established a 10 km buffer from each PA limit to compare trends in 
the landscape inside and outside PAs. Our results indicated the presence of pasture fields in eight PAs analyzed. We also 
detected a decrease in open water areas and a slight variation in native vegetation over the years. There was an increase 
in grassland and savanna areas, while forest, wetland, and pasture fields did not change over the years. Of all 19 buffer 
zones, 15 had human land uses. In addition to an increase in the human land use area, buffer zones showed an increase in 
grassland cover and a decrease in the open water cover. Terrestrial environments within most Pantanal PAs still stand to 
human interventions. Still, the human land use in reserves where it is not allowed indicates management issues and low 
law enforcement. Unfortunately, aquatic environments’ protection is more challenging, depending on actions at lowlands 
and surrounding plateaus that harbor the headwaters. There is a clear need to integrate warming and drying impacts in the 
protected areas management plans. Since we have no control over large-scale climate, we must focus more on mitigating 
regional climate from a land use perspective.
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al. 2022). Thus, there is a demand for coherent management 
of protected areas, including networks to safeguard biodi-
versity and ecosystem services.

In the last three decades, about 11% of natural vegetation 
in Brazil has been converted to human land use (Gonçalves-
Souza et al. 2021), and projections indicate a massive 
expansion of cultivated area (> 75%) until 2050 (Molotoks 
et al. 2018). The situation is dire for savanna-like environ-
ments (> 10% are protected, MMA 2022), as current land 
use policies promote grassland/savanna loss (Bonanomi et 
al. 2019). Meanwhile, protected areas occupy only 19% of 
Brazil’s continental territory (MMA 2022). The Brazilian 
National Protected Areas System Law (Portuguese acro-
nym: SNUC) divides protected areas (PAs) into two groups 
based on the restrictions on activities allowed: (1) integral 
protection PAs, defined as a territory where no alterations 
caused by human interference are allowed, and the natural 
attributes can be only indirectly explored; (2) sustainable 
use PAs, were the collection and use of natural resources 
(with or without commercial purposes) are allowed depend-
ing on the category (Brasil 2000). Such networks benefit 
natural environments and local populations (indigenous or 
non-indigenous) through tourism and other cultural ecosys-
tem services (Ferreira and Freire 2009; Gonçalves-Souza et 
al. 2021). Still, many integral protection PAs present activi-
ties incompatible with conservation purposes, and they also 
face common problems of mismanagement (e.g., fund-
ing, equipment, infrastructure, and inadequate oversight; 
ICMBio and WWF-Brasil 2011; Garcia et al. 2017; Ribeiro 
et al. 2021). These issues affect mainly the wetlands because 
policy directives often exclude them.

The Pantanal ecoregion―near the Brazil, Bolivia, and 
Paraguay border― is the broadest floodplain in the world. 
Most of the ecoregion is located on Brazilian territory 
around the Paraguay River (~ 150,000 km2) and is affected 
by seasonal floods from river overflow and rainfall in the 
region. This seasonality is responsible for a complex of 
brackish and freshwater ponds, extensive flooded grass-
lands, savannas, and dry forests. Such habitat mosaic plays 
a central role in the species’ natural history (e.g., population 
densities, home range, habitat preferences). Many threat-
ened animal species benefit from this mosaic, such as jag-
uar Panthera onca (Linneus, 1758), white-lipped peccary 
Tayassu pecari Link, 1795, black howler monkey Alouatta 
caraya (Humboldt, 1812), giant anteater Myrmecophaga tri-
dactyla Linneus, 1758, maned wolf Chrysocyon brachyurus 
(Illiger, 1815) (ICMBio 2018; MMA 2022; Rodrigues et 
al. 2002; Quigley and Crawshaw 1992; Tomas et al. 2022). 
The presence of these species in the Pantanal confirms the 
importance of these areas in safeguarding essential environ-
ments for the conservation of endangered species popula-
tions. Unfortunately, while private areas are under land use 

intensification, only 5% of the Brazilian Pantanal is within 
PAs (MMA 2022).

Between 1985 and 2021, the area under human land use 
almost tripled in the Brazilian Pantanal, reaching 2.2 mil-
lion hectares. Although temporary crops still respond to a 
tiny amount of such conversion, the area destined for agri-
culture increased six times in the same interval (Project 
MapBiomas 2022). Cattle grazing has shaped the Pantanal 
landscape for more than 200 years due to the region’s cli-
mate and soil that contribute to the production (Dick et al. 
2021). However, since 1980, the agro and productive sectors 
have led to the intensification of pastures (Girardi and Ros-
setto 2011), which today cover around 15% of the Pantanal. 
At the same time, native land cover showed different losses 
(forest 14%, savanna 18%, wetlands 72%; Project MapBio-
mas 2022). Variations in land cover involve multiple com-
binations of factors, but a federal environmental regulation 
centered on the habitat mosaics of the Pantanal could aid 
in regional conservation. Although federal legislation pro-
vides some direction for the protection of protected areas 
(SNUC, Brasil 2000), legislation at the state level continues 
to soften regulations on land use that include the Pantanal 
region (PL nº 561/2022, PL nº 45/2022, Mato Grosso 2022; 
DL nº 14,273, Mato Grosso do Sul 2015).

Changes in the landscape outside protected areas play a 
crucial role in maintaining the interior of these areas (Laur-
ance et al. 2012). In the Pantanal, the increasing advance-
ment of human use of land and the construction of river 
dams are also seen as a concern for the natural landscape. 
In addition to direct human modifications, the Pantanal suf-
fers from periods of more severe drought, favoring fires 
(Marengo et al. 2021). These changes to the natural land-
scape raise a warning about the health of the region’s pro-
tected areas and might have negative consequences for the 
Pantanal’s biodiversity. In this sense, land cover trajectories 
are valuable tools for evaluating the impacts of landscape 
changes and improving knowledge of the effectiveness of 
protected areas and management actions (Camana et al. 
2020).

Here, we used a 30-year series of land cover changes to 
assess the extent to which the Brazilian Pantanal PAs are 
effective in conserving samples of the natural environment 
of the Pantanal. We focused on PAs where human land use 
is not allowed within the reserve. So, we included all four 
categories under integral protection plus one category for 
sustainable use (Natural Heritage Private Reserve). Explic-
itly, we examined (a) whether human-land use occurs within 
legally defined PAs, (b) how land cover has changed since 
PAs creation, and (c) compared land cover changes within 
PAs with outside areas. We hypothesize that there is an 
increase in the conversion of natural areas to anthropogenic 
land use because of farming expansion. In addition, wet 
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environments would shrink because of the ongoing climate 
crisis and weaker environmental controls.

Materials and Methods

Data Compilation

We searched for polygon limits and management informa-
tion for all Pantanal PAs, available on the Brazilian Envi-
ronment Ministry website (MMA 2022; see Table S1). We 
restrained our search to the Brazilian portion of the Pantanal 
ecoregion because of the availability of land use trajecto-
ries. In addition, different legislations cover Bolivian and 
Paraguayan areas. Our focus was the PAs in which human 
land use is not allowed. However, there are distinct objec-
tives regarding the administrative categories to which the 

Pantanal PAs belong. The SNUC classified Brazilian PAs 
into two main groups: Integral Protection (IPPAs) and Sus-
tainable Use (SUPAs). The IPPA aims to maintain ecosys-
tems free from human interference. So, they are devoted to 
biodiversity protection, scientific research, and regulated 
visitation related to tourism or environmental education. 
By contrast, SUPA aims to explore natural resources, main-
taining biodiversity and ecological processes. In practice, 
land use change and human activities inside SUPAs are 
very diverse, depending on administrative categories (Bra-
sil 2000). Specifically, the Natural Heritage Private Reserve 
(Portuguese acronym: RPPN) allows only research, recre-
ational, and tourism activities. As we deal with land use and 
landscape modification, IPPAs and RPPNs were jointly con-
sidered, excluding one SUPA (Baía Negra Environmental 
Protection Area). Polygon limits were not readily available 
for some RPPNs, so our final data included 19 PAs (Fig. 1).

Fig. 1  Limits of the Pantanal ecorregion (light grey) and the location 
of the Brazilian Protected Areas (black). RPPN: Natural Heritage 
Private Reserve. 1- RPPN Jubran; 2- Taiamã Ecological Station; 3- 
RPPN Sesc Pantanal; 4- Guirá State Park; 5- Encontro das Águas State 
Park; 6- RPPN Poleiro Grande; 7- RPPN Rumo ao Oeste; 8- Pantanal 
Matogrossense National Park; 9- RPPN Pioneira da Rio Piquiri; 10- 

RPPN Engenheiro Eliezer Batista; 11- RPPN Fazenda Santa Cecília 
II; 12- RPPN Fazenda Nhumirim; 13- RPPN Alegria; 14- Piraputangas 
Municipal Park; 15- RPPN Paculândia; 16- Pantanal do Rio Negro 
State Park; 17- RPPN Fazenda Santa Sofia; 18- RPPN Fazenda Rio 
Negro; 19- RPPN Estância Caiman
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levels: creation, T1, T2, and T3) as a fixed effect. As the pro-
tected areas differed in size and management, we included 
the identity of PA as a random effect. So, our model effect 
included 16 levels of random effect (one for each PA with 
more than 15 years). We used the Anova function to assess 
the models’ statistical significance and conducted a posthoc 
test when applicable (Tukey’s test with Bonferroni correc-
tion). Although we focused on overall native vegetation 
cover change, we also investigated the temporal variation 
of each land cover separately (forest, savanna, grassland, 
and wetland). Analyses were performed in the environment 
R (R Core Team 2021) using nlme, multcomp, and ggplot2 
packages (Hothorn et al. 2008; Pinheiro et al. 2020; Wick-
ham 2016).

Results

Of all 19 analyzed PAs, six belong to the integral protection 
group and 13 to the sustainable use. Despite being the most 
frequent PAs in the Pantanal, RPPNs corresponded only to 
one-third of the total protected areas. Pantanal Matogros-
sense National Park was the widest PA (136,000 ha), and 
RPPN Pioneira do Rio Piquiri was the smallest (199 ha). We 
found only six PAs with management plans (Table S1). Most 
PAs had more than 80% of the legal area covered by native 
vegetation between the creation year and 2021 (Table  1). 
Sixteen PAs gained native vegetation over time, while only 
three had a decrease. Pantanal Matogrossense National Park 

We used land cover/use maps to evaluate landscape 
changes between PAs’ creation year and the present state. 
In addition, we established a 10  km buffer from each PA 
limit to compare trends in the landscape inside and outside 
PAs. For each PA polygon available and buffer zone, we 
extracted cover data four times since the creation of the PAs, 
using Qgis (ver. 3.24). We used five-year intervals for most 
PAs and ten years for two PAs created before 1990. We did 
this combination because there was considerable variation 
among the PAs’ creations (1981–2013). Still, three RPPNs 
(Pioneira do Rio Piquiri, Engenheiro Eliezer Batista, and 
Alegria) were not evaluated concerning landscape changes 
because they had less than 15 years. Landscape data were 
obtained from the MapBiomas Project, collection 7.0 (Proj-
ect MapBiomas 2022) and corresponded to seven classes 
(forest, savanna, grassland, wetland, pasture fields, crop/
pasture mosaic, and open water). Periodic floods influ-
enced the land cover in the region. So, MapBiomas classi-
fied annual mosaics for Pantanal using images in the driest 
period (May to August). We reclassified the original Map-
Biomas land cover and land use into three categories: native 
vegetation cover, human-land use, and open water (river, 
river channels, lakes, dams, and reservoirs).

Data Analysis

To test landscape changes over the last decades, we used 
linear mixed-effect models (LMM). We analyzed PAs and 
buffer zones separately. Models included time-lapse (four 

Table 1  Landscape composition recorded within the legal area of 19 Protected Areas in the Brazilian portion of the Pantanal ecoregion. RPPN: 
Natural Heritage Private Reserve
Protected Area Native vegetation (%) Land use

(%)
Open Water
(%)

Creation year 2021 Creation year 2021 Creation year 2021
Taiamã Ecological Station 81.81 94.88 18.17 5.09
Pantanal Matogrossense National Park 46.03 78.32 53.93 21.63
Pantanal do Rio Negro State Park 77.94 98.55 22.06 1.45
Guirá State Park 52.38 81.19 47.62 18.81
Piraputangas Municipal Park 99.37 99.58 0.63 0.42
Encontro das Águas State Park 98.21 98.27 0.38 0.31 1.41 1.42
RPPN Poleiro Grande 98.88 99.09 0.02 0.06 1.10 0.85
RPPN Rumo ao Oeste 99.98 99.92 0.02 0.08
RPPN Pioneira do Rio Piquiri 93.61 88.10 0.26 2.71 6.13 9.19
RPPN Engenheiro Eliezer Batista 79.98 84.77 20.02 15.23
RPPN Fazenda Santa Cecília II 85.55 92.67 0.03 14.45 7.30
RPPN Fazenda Nhumirim 87.67 98.20 12.33 1.80
RPPN Fazenda Santa Sofia 93.85 98.75 6.15 1.25
RPPN Fazenda Rio Negro 85.36 95.35 14.64 4.65
RPPN Estância Caiman 99.80 99.72 0.14 0.23 0.06 0.05
RPPN Alegria 99.94 100 0.06
RPPN Sesc Pantanal 97.98 98.31 0.29 0.06 1.73 1.58
RPPN Jubran 79.53 85.19 20.47 14.10
RPPN Paculândia 97.89 99.18 2.11 0.82
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Concerning landscape changes inside the PAs, we found 
temporal variations for native vegetation cover (F3,45= 
12.63; p < 0.001) and open water cover (F3,45 = 11.94; 
p < 0.001). Overall, human land use did not differ across 
time (F3,45 = 1.25; p = 0.302). We found significantly more 
native cover vegetation (T2 and T3; pairwise comparison: 
p < 0.001) than in the creation year (Fig. 2; see Table S2). 
Forest and wetland covers did not show temporal changes 
(Table  2; Fig.  3). Grassland cover increased in the recent 
period (Fig. 3), while savanna cover showed a modest varia-
tion in interval T2 (Table 2). Open water cover decreased 
in the intervals T2 and T3 compared to the creation year 
(Fig. 2; Table S2).

We found human land uses in the buffer zone of 15 PAs 
(Table S3). Concerning landscape changes outside PAs, we 
found significant variations for native vegetation (F3,45= 
6.87; p < 0.001), open water cover (F3,45 = 9.102; p < 0.001), 
and human-land use (F3,45 = 3.36; p = 0.03). Pair-wise differ-
ences indicated increases in the native vegetation cover and 
human-land use (Fig. 2, Table S4). Significant differences 
were detected only for grassland cover (Table  3; Fig.  3), 
while the other native covers did not change outside PAs. 
Open water cover also shrank outside PAs (Fig. 2), where 
eight areas showed a decrease higher than 50% (Table S4).

and Guirá State Park exhibited higher increases (33% and 
29%, respectively), while RPPN Pioneira do Rio Piquiri 
exhibited a higher loss (5%). Eight PAs showed human land 
uses in the legally defined area in 2021 (Table 1). Conver-
sion to pasture fields was the most common land use overall 
(Figure S1). Most exhibited small land use values (~ 0.5%, 
N = 8) that remained similar since the PA creation.

Three PAs had a decrease in the human land use area over 
time: Piraputangas Municipal Park, Encontro das Águas 
State Park, and RPPN SESC Pantanal. Still, reductions were 
tiny in all three (Table 1). On the other hand, pasture fields 
increased ten times in the RPPN Pioneira do Rio Piquiri 
(PA with the higher increase; Table 1). Fifteen PAs had a 
reduction in the open water cover between the creation year 
and 2021, with eight of them with values higher than 50%. 
Encontro das Águas State Park and RPPN Pioneira do Rio 
Piquiri had a tiny increase in open water cover (Table 1).

Table 2  Summary of analysis of variance for temporal changes within 
four land cover from 16 Protected Areas of the Pantanal. See data com-
pilation for details about time intervals
Native cover Degree of 

freedom
F-statistic P 

value
Significant Pair 
wise comparisons

Forest 3,45 2.710 0.060
Savanna 3,45 3.423 0.025 T2- Creation*
Grassland 3,45 5.936 0.002 T2-Creation* 

T3-Creation** 
T1-T2* T1-T3**

Wetland 3,45 1.458 0.239
* p < 0.05; ** p < 0.01; *** p < 0.001

Fig. 2  Temporal changes in land 
use and land cover in 16 Pro-
tected Areas of Brazilian Pantanal 
and their buffer zones (10 km) 
in the reserve creation year and 
three different intervals (see data 
compilation for details). Blue 
dots represent mean values
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Therefore, we should take drying conditions and the pres-
ence of livestock pastures as warning signs for current and 
future issues.

We now recognize that human pressures on PAs depend 
on the regional context, with PA size and land-use intensi-
fication in the non-protected landscape playing major roles 
(e.g., Maiorano et al. 2008; Nagendra 2008; Ribeiro et al. 
2021). Concerning Brazilian PAs, managers often over-
look objectives related to conservation in the Sustainable-
Use PAs (ICMBio and WWF-Brasil 2011). Here, we found 
degraded areas within Private and Public reserves that did 
not show cover changes in at least 20 years. One can argue 
that such areas might be pastures abandoned by landown-
ers for conservation purposes. Natural regeneration occurs 
in some areas, even though abandoned pasture fields might 
not return to an old-growth savanna state or native grass-
land (Cava et al. 2018). Either abandoned ones or currently 
in use, our result highlights a need for active restoration of 
these pasture fields that conflict with the main objectives of 
PAs. Indeed, a focus is needed on specific activities to man-
age and monitor each different protected area. Assessments 
of landscape restoration in PAs and the effects of protected 
area systems on ecosystem restoration are scarce and often 
focused on forest environments (Andam et al. 2013; De 
Matos et al. 2021). Grassy ecosystems, the dominant vege-
tation type in the Pantanal, have historically been neglected 
in conservation and restoration agendas (Török et al. 2021; 
Overbeck et al. 2022). Still, grassland cover showed the 
most pronounced increase (in the PAs polygons and buffer 

Discussion

In line with evidence for protected areas (Maiorano et 
al. 2008; Nagendra 2008; Bailey et al. 2016), our results 
showed that most Pantanal PAs are effective at safeguard-
ing natural environments from intensive land use. Although 
there was little human land use within the protected area, 
the land cover trajectories did not indicate trends similar to 
landscape conversion outside the PA. Still, the human land 
use in reserves where it is not allowed indicates manage-
ment issues and low law enforcement. We also detected a 
significant shrinking of the open-water cover within and 
around the legally protected areas. The SNUC law estab-
lishes that PAs must have a management plan within five 
years of their creation. However, our results show that less 
than half of PAs in the Pantanal have management plans. 

Table 3  Summary of analysis of variance for temporal changes within 
four land cover from buffer zones (10 km) of 16 Protected Areas of 
the Pantanal
Native cover Degree of 

freedom
F-statistic P 

value
Significant 
Pair wise 
comparisons

Forest 3,45 2.420 0.08
Savanna 3,45 0.774 0.51
Grassland 3,45 5.926 0.002 T3-Creation** 

T1-T3**
Wetland 3,45 1.525 0.220
* p < 0.05; ** p < 0.01; *** p < 0.001

Fig. 3  Temporal changes in native 
cover in 16 Protected Areas of 
Brazilian Pantanal and their buf-
fer zones (10 km) in the reserve 
creation year and three different 
intervals (see data compilation 
for details). Blue dots represent 
mean values
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land use, only two had a management plan, and data on 
another eight private PAs were unavailable. Terrestrial envi-
ronments within most Pantanal PAs still stand to human 
interventions. Unfortunately, aquatic environments’ protec-
tion is more challenging, depending on actions at lowlands 
and surrounding plateaus that harbor the headwaters. In the 
case of Pantanal, legislation at the state level still has limited 
reach in safeguarding entire river basins. In addition, the 
regulation of artificial drainage of wetlands is under discus-
sion in the Mato Grosso. After drainage liberation at the end 
of 2022, further debate on the controversial aspects led the 
State Public Ministry to request the bill annulment. Since 
then, the State Public Ministry has already expressed con-
cern about hydric security in the version presented by the 
State Environmental Council. Wetland drainage is discour-
aged on a technical and scientific basis (Nunes da Cunha 
et al. 2018). Brazil is one of the countries that committed 
to elaborating a Strategic Plan for Biodiversity and among 
the goals are: (i) to reduce deforestation in the Pantanal, 
(ii) increase the protected territory by PAs to 17%, and (iii) 
manage effectively 100% of the PAs (Aichi Targets; UICN 
2011). So, we strongly advocate a Pantanal federal legisla-
tion that focuses not only on regulating economic activities 
but also on safeguarding local and regional habitat mosa-
ics within and around PAs to connect the diverse elements 
of the waterscape and maintain their biodiversity. Ideally, 
these regulations should also avoid social impacts related to 
indigenous and traditional populations.

Several interests are at stake, so the first step should be 
planning the management of all current PAs. After that, 
unquestionably, Pantanal needs more PAs (both public and 
private). It would be instructive to focus on the freshwater 
environments of surrounding plateaus and unique mosaics 
in the lowlands. Because forecasts indicate an even dryer 
Pantanal, the creation and management of protected areas 
need to be well integrated– ideally in networks–in the 
regional planning of Midwestern Brazil.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s13157-
024-01800-z.
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zones) among the native cover investigated. Although we 
found small portions of pasture fields in PAs, our results 
may be conservative because native grassland areas also 
harbor extensive cattle farming in the Pantanal. So, the pres-
sure of cattle farming on Pantanal PAs might be the lower 
bound of the current reality.

Our study evidenced that forest, savanna, and wetland 
covers have remained relatively stable since the PA creation. 
Such a trend was not different from the land-cover change 
surrounding PAs. That is a positive aspect considering some 
ecosystem services related to habitat mosaics (e.g., climate 
regulation, carbon capture and storage, erosion control, 
nutrient cycling, and soil formation; Costanza et al. 2014). 
In addition, such wet-dry mosaics favor distinct elements of 
the Pantanal fauna, such as the lowland tapir, marsh deer, 
and yellow anaconda (Tomas et al. 2001; Trolle et al. 2008; 
Smaniotto et al. 2020). However, the mosaic balance would 
be compromised in the following decades with the shrink-
ing of rivers and other water bodies. There is a growing con-
sensus that a protection network must include management 
actions in the non-protected surroundings of the PAs (Maio-
rano et al. 2008; Acreman et al. 2020). Such an integrated 
network is of paramount importance, mainly for freshwater 
biodiversity, because pressures on aquatic habitats (water 
abstraction, river regulation, pollution, exploitation of spe-
cies) are symptoms of a vast dendritic network outside PA 
boundaries (Azevedo-Santos et al. 2019; Acreman et al. 
2020). Identifying weak points in the Pantanal network is 
tough because drought events result from regional climate 
changes and human land use in the Pantanal and surround-
ing plateaus (Marengo et al. 2021; Hofmann et al. 2021).

Recurrent events of drought and heatwaves have captured 
the public’s attention in central-eastern Europe (Drumond 
et al. 2017), central South America (Arias et al. 2024), and 
South Asia (Aadhar and Mishra 2023). Although these cli-
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