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Abstract: This study analyzed the fire regime in the highly diverse Paraguayan Chaco, focusing on
different aspects of fire patterns, including spatial (area burned) and temporal (frequency) aspects
and magnitude (severity). We focused on fire as it is a natural phenomenon that drives ecosystem
change and has significant economic, ecological and social impacts of particular concern in vulnerable
ecosystems. Using the K-means clustering technique, we identified four distinct fire regimes in the
study region: High (H), Moderately High (MH), Moderately Low (ML) and Low (L). On the one hand,
the Dry Chaco predominantly featured Low and Moderately High regimes, characterized by a low
fire frequency due to arid conditions. On the other hand, the Humid Chaco was particularly affected
by agricultural burning, driven by extensive livestock activity and higher biomass productivity.
Finally, in the Pantanal, the variations in fire intensity were influenced by flood pulses and rainfall
patterns. Our findings highlight the distinct fire regimes across the Paraguayan Chaco and detail the
differences in the regimes. The study’s findings are valuable for developing efficient management
strategies that account for fire behaviour during agricultural burning in this poorly studied region.

Keywords: fire regime; severity; frequency; area burned; land use change; climate change; fire
management

1. Introduction

Fire is a natural phenomenon in flammable landscapes, acting as a significant driver
of ecological change with economic, ecological and social impacts [1]. These impacts are
determined by the fire’s behaviour within a specific time and space, known as the fire
regime [2]. Fire regimes can generally be defined by spatial and temporal attributes and
their magnitude, which collectively describe the role of fire in different ecosystems [3].

Spatial attributes are represented by the size of the burnt area and also include in-
formation regarding fire location [4]. Temporal attributes are represented by the seasonal
distribution or fire frequency, i.e., the number of fires that occurred in a given period [5].
Variations in these attributes include the fire return interval, which is the time between fires
at a specific point, expressed as a mean, median, minimum or maximum [3]. Fire frequency
generally represents the temporal dimension in fire regime studies, but variations depend
on the study objectives. For instance, the fire return interval is more informative for study-
ing ecosystem degradation or resilience. Finally, fire magnitude is generally represented
by fire intensity or fire severity, which represent distinct aspects of fire, although they are
sometimes used interchangeably in non-specific studies. Fire severity is defined as the
impact of fire on the ecosystem [6]. It is generally defined by burn indices such as the
normalized burn ratio (NBR), differences in the NBR (dNBR) and relative differences in the
NBR (RdNBR), using datasets to capture a wide range of fire conditions and characterize
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landscape-to-regional-scale fire severity [7–9]. However, severity can also be assessed
in the field by using observational data such as species composition and structure [10],
seasonality [11] and the fire weather index [12].

Fire regime studies are common at global and continental scales [13]. For example,
European pyroregions have been defined on the basis of burnt area, fire frequency, climate
and fire seasonality [14]. In other cases, burnt area, number of fires and land cover types
have been used to describe fire patterns [15]. In the mountainous regions of the US, fire
regimes are characterized by severity and frequency [16], whereas in Australia, fire regimes
have been shaped based on frequency and intensity [17].

In South America, several recent studies have expanded the understanding of fire
regimes through diverse data sources and methodologies. For example, in Chile, the spatial
and temporal dynamics of fires have been described using the national wildfire database
provided by the Chilean Forest Service (CONAF) combined with monthly burned area
(MODIS) data [18]. In Brazil, fire frequency and return intervals were analyzed over a
12-year period in a protected area of the Cerrado [19]. The drivers and effects of fire were
assessed in the Argentinean Chaco, clearly highlighting differences between the Humid
and the Dry Chaco, as well as revealing significant variations in fire behaviour and the
impacts in different countries [20].

Despite the wealth of literature on fire regimes in fire-prone regions of South America,
significant knowledge gaps remain, particularly in areas such as the Gran Chaco Americano
in some of its regions, such as the Paraguayan Chaco, the most unexplored region within
the Gran Chaco in terms of fire behaviour [21]. During the period 1999–2015, Paraguay
had the fourth largest number of wildfires in South America, even surpassing Brazil in
terms of the average number of fire outbreaks, thus indicating the very high incidence of
fires in the country [22]. This issue highlights the urgent need for fire regime studies to
understand impacts, propose management actions and preserve land. This study aimed
to model the fire regime in the Paraguayan Chaco, considering spatial (area burnt) and
temporal (frequency) attributes and magnitude (severity).

2. Materials and Methods
2.1. Description of Study Area

The study area encompasses three ecoregions in the South American continent
(Figure 1a): the Dry Chaco, the Humid Chaco and the Pantanal, collectively known as the
Gran Chaco Americano, which spans an area of 1,141,000 km2 (Figure 1b). These ecoregions
are shared by four countries: Argentina (60%), Paraguay (27%), Bolivia (11%) and Brazil
(2%) [23].

Climatically, the Chaco region experiences a pronounced dry season (May to Septem-
ber) with average monthly temperatures reaching 29 ◦C. The rainfall gradient varies
between 1200 mm in the east to 450 mm in the centre, resulting in highly heterogeneous
vegetation. The eastern Chaco, the wettest part, comprises extensive wetlands and is mainly
dominated by wet savannas, comprising a mosaic of dense or open woodland patches
interspersed with grasslands [24].

The Paraguayan Chaco (Figure 1c) represents a large portion of the Gran Chaco,
covering an area of 230,000 km2 and including the departments of Boquerón, Alto Paraguay
and Presidente Hayes [25]. It is located to the west of the Paraguay river, which serves as a
natural border dividing the country into two distinct regions. The climate is semi-arid, with
an average rainfall of 400 mm. Rainfall distribution is uneven, with the north and northwest
receiving between 400 and 800 mm/year, mostly during spring and summer. By contrast,
the northeast, east and southeast, closer to the Paraguay River, receive 1300–1400 mm
of rainfall a year, with more regular distribution. Consequently, there is a pronounced
east–west gradient in precipitation and humidity, with increasing aridity towards the
west, culminating in the driest areas near the Andean foothills [26]. Winters are extremely
dry, with rainfall in July–August not exceeding 34 mm/year. Average temperatures range
between 13 and 34 ◦C, with summer peaks of 45–48 ◦C and winter lows of −3 to −7 ◦C [27].
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Figure 1. Map of the study area: (a) Gran Chaco and Pantanal ecoregions (green) and Paraguayan
Chaco (red) within South America. (b) Map representing the three ecoregions: Humid Chaco (green);
Dry Chaco (orange); and Pantanal (purple); the red line denotes the perimeter of the Paraguayan
Gran Chaco. (c) Political division of the Paraguayan Chaco region, with the Paraguayan River (blue)
dividing the country into two distinct regions: The Eastern Region and the Western Region (also
known as Chaco).

The vegetation distribution is influenced by climate, with denser woodlands occurring
in areas receiving precipitation of 800–1300 mm/year, and shrublands of varying densities
found in regions receiving less than 800 mm/year. The primary socioeconomic activities
are cattle ranching and soybean and dairy production. In the past decade, these industries
(especially cattle ranching) have expanded greatly and have become major drivers of
deforestation in the country [28]. Consequently, the forest ecosystems are highly fragmented
and degraded. Fire is an essential tool for agricultural practises, such as renewing pastures
for cattle and clearing fields for various activities. Furthermore, these ecoregions are prone
to fire, as indicated by other studies in the same areas [29–31].

2.2. Data Collection and Remote Sensing Products

The pyroregions were defined on the basis of the selection of the most important vari-
ables after an extensive literature review of fire regime attributes. Thus, fire frequency, burn
severity and burnt area were selected as fire variables. Two different satellite products, the
MODIS MCD64A1 (Version 6) Burned Area database and the MOSEV database were then
selected according to their time spans and temporal scale resolutions. MODIS MCD64A1
is a product that provides monthly per-pixel burned area and quality information on a
500 m global grid that uses 500 m MODIS Surface Reflectance imagery coupled with 1 km
MODIS active fire observations [32]. MCD64A1 was selected due to its temporal resolution
(1–2 days) to detect fire spots and because it has recently been used in South American
ecosystems for different purposes, e.g., post-fire restoration [33], examining fire impact
on biodiversity [34] and fire mapping in Brazilian savannas [35]. The MOSEV database
(derived from MODIS) includes the most commonly used indices of severity for the period
from 2000 to 2020. The product relies on the combination on Terra MOD09A1 and Aqua
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MYD09A1 surface reflectance products to obtain dense time series of the NBR spectral
index, and the MCD64A1 product was used to identify BA and the date of burning [36].
MOSEV also provides the dNBR and the RdNBR, both considered fire severity metrics that
are suitable for characterizing fire impacts.

MODIS MCD64A1 was obtained from the NASA Land Processes Distributed Active
Archive Center (https://lpdaac.usgs.gov, accessed on 11 November 2022) and the MO-
SEV database was obtained from https://zenodo.org/record/4265209#.Y3dbG3bMK3A
(accessed 10 November 2022).

2.3. Data Quality Control

To ensure the reliability of the satellite data, we implemented several quality control
measures. For the MODIS MCD64A1 dataset, the product’s internal quality assurance
(QA) flags were used to exclude low-quality observations, such as those affected by cloud
cover, atmospheric disturbances and sensor anomalies. These QA flags provide pixel-level
information on the reliability of the data, enabling the identification and exclusion of pixels
flagged as having low confidence in burned area detection. Only pixels that provided
reliable burned area detection were included in the analysis to minimize false positives or
missed detections.

For the MOSEV dataset, we validated the burn severity metrics (dNBR and RdNBR)
by cross-referencing them with active fire detections from the MODIS Fire and Thermal
Anomalies (MOD14A1) product, ensuring temporal alignment between the burned area
and fire severity data.

2.4. Fire Regime Characterization

The fire regimes in the Gran Chaco and Pantanal were characterized using K-means
clustering analysis (Figure 2), an unsupervised data mining method that groups data with
similar characteristics. This technique does not require training or testing data and does
not require a target output. K-means is effective in grouping fire regimes with distinct
fire characteristics and is flexible enough to handle the spatial–temporal dynamics of fire
patterns in the study area, where predefined classes of fire regimes do not exist. Use of this
unsupervised approach enabled us to explore hidden patterns and establish well-defined
fire regime clusters, enhancing our understanding of the fire dynamics in the region. Before
running the cluster, we used MODIS to determine the fire frequency and area burnt. The fire
frequency was calculated as the total number of times that the area represented by a pixel
was burnt within a year. Additional frequency variables were also computed, including the
time span between fires, minimum time span, maximum time span and 2 to 5 consecutive
time spans.

We selected the total fire frequency year−1 as the primary frequency variable, to
maintain consistency with the literature and to align with the data aggregation within each
cluster. The total burnt area was calculated using a circular window of 7 × 7 pixels with a
maximum of 49 pixels per window, also serving as a proxy for the burnt area. Severity was
calculated using a function of the terra package for spatial data manipulation (R program,
version 4.2.2). This enabled us to obtain the mean fire severity for the study period
(2001–2020). Data were retrieved from MOSEV tiles and cropped to the local scale. We
opted to use the dNBR index, which reflects the post-fire impacts on vegetation reflectance
relative to the pre-fire condition [9]. The twenty-year time series was summarized in a
raster file representing the severity index for the study area.

For the cluster analysis, we rescaled the variables into Z-scores with a zero mean and
unit variance, as recommended in most clustering approaches. The K-means clustering
approach consisted of an unsupervised learning method that iteratively partitions the
dataset into a predefined number of non-overlapping clusters or subgroups [37]. The
number of clusters was defined using the elbow method, which provided an estimate based
on the within-cluster sum of squares (WCSS) between data points and the centroids of
the assigned clusters. We chose k at the point where the WCSS curve starts to flatten and

https://lpdaac.usgs.gov
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forms an elbow (SM1). We ran the K-means clustering with the three selected variables (fire
frequency, fire severity and burnt area) ten times using different centroids as references
until the model converged. Additionally, we performed a sensitivity analysis by running
K-means clustering with different values of k = 2, 3, 5, and 10. We recalculated the WCSS for
k ranging from 1 to 10 to assess the efficiency of each clustering solution. Then, we created
box plots for each k to visualize the behaviour of the variables (SM2) and selected the
value of k that best aligned with the ecological conditions of the study area. The thresholds
for each variable within each cluster were visualized using the ggplot2 and patchwork
packages in R software.
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3. Results

The K-means results suggest that the appropriate number of clusters is between three
and four (SM1). Based on the box plot analysis (Figure 3) and the ecological background of
the study area, we identified four distinct clusters that can be attributed to four different
fire regimes in the Paraguayan Chaco: High (H), Moderate High (MH), Moderate Low
(ML) and Low (L) (Figure 3). The most prevalent regimes at the scale of the Paraguayan
Chaco were L (45.76%) and MH (28.96%) (Figure 4), while the least represented cluster was
H (5.98%). However, the dominance of each fire regime varied between the ecoregions (Dry
Chaco, Humid Chaco and Pantanal).

Clusters L and MH predominated within the Dry Chaco ecoregion (Figure 4). These
regimes indicate a higher frequency of fires and smaller burned areas. Fire severity, how-
ever, varied between the clusters, with MH being the most severe. This MH cluster is
concentrated in the north of the Paraguayan Chaco, particularly in the Alto Paraguay
department, and shows significant aggregations in the northeast of the Dry Chaco (37%).
The L cluster was also predominant in the northwest of the Chaco (52%) and was scattered
in the northern part of the Humid Chaco. Fires in the L cluster were characterized by
low severity, less extensive burned areas and, in contrast to MH, a low frequency of fires.
Regime L was the most prevalent (39.43%) in the Humid Chaco, followed by areas classified
as belonging to the ML regime (31.73%). The High regime (H) was mainly concentrated
close to the Paraguay river, and was characterized by high-frequency, high-severity fires
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and large burned areas. Finally, higher proportions of the ML (37.53%) and H regimes
(34.05%) were found in the Paraguayan Pantanal. The highest concentrations of the H
regime were observed in the northern area of the Pantanal, while the ML regime was
predominantly present in the southern zone.
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4. Discussion

Our cluster analysis categorized the fire regimes in the Paraguayan Chaco into four
clusters based on fire severity, fire frequency and burnt area. Interestingly, the cluster
analysis revealed distinct fire regimes that might not be apparent from simple observations
or the use of traditional methods. The cluster analysis reflected a spatial separation,
identifying four well defined groups of increasing fire regime, ranging from the relatively
small, less frequent and less severe fires included in the Low category (L) to the large areas,
high severity and relatively low frequency included in the High (H) cluster.

One of the key contributions of this research is the clear identification of how fire
regimes vary spatially across the ecological subregions. The L and MH regimes predomi-
nated in the Dry Chaco, with regime L predominating in the Humid Chaco, and regimes
ML and H in the Pantanal. In this regard, the Dry Chaco exhibited a Low fire regime in
the northwest and a Moderately High one in the north, sharing a low fire frequency as a
common feature characterizing this subregion. This may be associated with arid and semi-
arid regions, where dry conditions throughout the year limit the biomass growth necessary
for fire ignition or spread [38]. In the Humid Chaco, Low and Moderate Low regimes
prevailed, mainly due to agricultural burning driven by extensive livestock activity in this
subregion [39]. These fires also correspond to high vegetation productivity, influenced
by a pronounced precipitation gradient and abundant availability of fine fuel (biomass)
treated with fire for renewal [40]. Conversely, the Pantanal was characterized by High
and Moderate Low regimes, influenced by the flood pulses, rainfall patterns and biomass
produced during the flooding period, which becomes available as fuel for burning in the
subsequent dry season [41]. Additionally, cattle ranching, a primary economic activity in
the biome [42], is closely linked to fire. Much of the pasture is managed using fire, and
many of the wildfires may be a consequence of these practises [43].

A second major contribution lies in the application of these findings for fire man-
agement, particularly for highly diverse regions with limited information about their fire
regime, such as the Paraguayan Chaco. With this unsupervised classification, we gained
a clearer understanding of the spatial and temporal fire patterns [44], which helped us to
identify areas with higher fire risks and varying fire behaviours and thus facilitate targeted
fire management strategies and resource allocation related to fire prevention and control.
Although these findings are preliminary and must be validated in the field with supervised
techniques, this information is very valuable for the initial planning of experimental designs
or sampling strategies based on the best available information on fire characteristics. The
findings can also guide local authorities and stakeholders in developing more effective fire
prevention and mitigation strategies. For example, areas within the H or MH clusters can
be prioritized for increased surveillance, early warning systems or the implementation of
prescribed burns to reduce fuel loads. Conversely, areas within the L cluster may require
adaptive management such as promoting fire-adapted vegetation.

Fire regime characterization facilitates the development of predictive models to fore-
cast fire behaviour and dynamics, especially considering expected changes in temperature,
precipitation or land use, which are essential for long-term planning and adaptation strate-
gies. Cluster separation can also serve as the basis for interdisciplinary studies to explore
ecological, social and economic impacts of different fire regimes, e.g., how varying fire
regimes affect forest recovery or biodiversity conservation [45], soil health [46] or regional
greenhouse gas (GHG) emissions [47]. In socioeconomic terms, cluster categorization
can allow us to explore the relationships between fire regimes and changes in land use
practises, the financial costs associated with different fire regimes and the potential benefits
of mitigation strategies.

In summary, the findings of this research contribute to identifying different fire regimes
and also provide valuable insights into fire management and long-term fire risk planning.
These findings can be immediately applied to improve fire management practises in the
Paraguayan Chaco and similar fire-prone regions, providing a foundation for future re-
search and decision-making in fire prevention, mitigation and ecological recovery.



Fire 2024, 7, 347 8 of 10

5. Conclusions

Cluster analysis provides a robust framework for understanding and managing fire
regimes, particularly in regions where fire dynamics are not well documented, as in the
Paraguayan Chaco. Our study revealed the complex interaction between spatial, temporal
and magnitude attributes that shape fire patterns in this large, highly diverse region.

In regions where available information is scarce, such as the Paraguayan Chaco,
cluster analysis provided significant advantages to enhance our understanding of spatial
and temporal fire patterns. This classification aids in identifying high-risk areas and
facilitates targeted fire management strategies. These findings may guide local authorities
in developing effective prevention and mitigation measures, e.g., increased surveillance
and prescribed burns in high-risk areas and promotion of fire-adapted vegetation in lower-
risk areas.

Overall, the characterization of fire regimes provides a foundational basis for de-
veloping fire management strategies adapted to the specific geographical, climatic and
socioeconomic conditions in the Paraguayan Chaco, contributing to future mitigation of fire
impacts at different levels in this fire-prone region within the context of a changing climate.
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