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Abstract: Over the last decades, Chile has experienced a long-term drought with significant con-
sequences for water availability, forest productivity, and soil degradation, ultimately dramatically
increasing the surface of burned area. Here, we quantify the Palmer Drought Severity Index (PDSI)
to ascertain the extent of “moisture deficiency” across the central-southern region of Chile from 2000
to 2023 to assess the drought’s relationship with the frequency of wildfires focusing on the impact
of native forests. Our methodology quantifies the PDSI from the burned area data using MODIS
MCD64A1 satellite imagery, validated by in situ wildfire occurrence records. The findings indicate
that 85.2% of fires occurred under moderate to severe drought conditions. We identified 407,561 ha
showing varying degrees of degradation due to wildfires, highlighting the critical areas for targeted
conservation efforts. A significant increase in both the frequency of wildfires and the extent of the
affected area in native forests was observed with the intensification of drought conditions in the 21st
century within mesic to humid Mediterranean climatic zones where drought explains up to 41% of
the variability in the burned area (r*> = 0.41; p < 0.05). This study highlights the relationship between
drought conditions and wildfire frequency, showing the paramount need to adopt comprehensive
wildfire mitigation management in native forests.
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1. Introduction

Wildfires” severity and frequency have increased in different regions of the world,
strongly driven by changes in climatic conditions (including increased heat and extended
drought) and leading to losses and degradation of forest ecosystems [1-4]. Between 26%
and 29% of global forest losses from 2001 to 2019 were attributed to wildfires [5]. Recent
extreme wildfires that occurred in Brazil, Australia, California [6], and Chile [1] emphasize
the urgent need for a better understanding of the relationship between drought and forest
fires as the drought periods have increased in frequency and severity in the 21st century.

In South-Central Chile (32-41°), there are regions most affected by forest wildfires
with conditions varying from semiarid in the north to more mesic and humid conditions in
the south [1], so Mediterranean vegetation such as shrublands and sclerophyllous forests
and temperate deciduous forests (Nothofagus spp.) creates a landscape with one of the
highest levels of fire activity in South America due to the region’s abundant vegetative
biomass and pronounced seasonal aridity [1,7]. In addition, the expansion of the extensive
monoculture of exotic forest plantations in this area has further increased the accumulation
of a higher fuel load [8,9].

South-Central Chile has experienced an uninterrupted climate characterized by below-
normal precipitation since 2007, with mean rainfall deficits ranging between 20% and 31%
(118 and 235 mm per year). This multiannual drought known as “Mega-Drought” coincides
with the national warmest decade on record and an increase in the burned areas by forest
fires [10-12]. In the last decade, Chile has experienced four globally extreme and historically
anomalous fire disasters during the summers of 2015 and 2017, 2023, and recently 2024,
burning together over 1 million hectares (ha) [13,14]. According to the public wildfire
database reported by the National Forest Corporation (CONAF), in the 21st century, over
2 million ha have been disturbed by wildfires. Thus, the warmer and drier conditions in
landscapes dominated by flammable and fuel-rich forest plantations might further promote
catastrophic wildfires in South-Central Chile [7,14].

Over 90% of forest fires occur between 32° and 41° S latitude in the Mediterranean
climate region [13]. This area is fire-prone due to hot, dry summers and cool, wet winters
where forest wildfires have a positive significant relationship with the maximum tempera-
ture and winter precipitation in the year before the fire’s occurrence. So, both drought and
anomalously high moisture of the previous year control the fire regimes. However, the area
affected by forest fires also depends on the fuel accumulation (biomass) and the summer
drought that can dry out the biomass to become rapidly flammable [3,7,15].

The relationships between drought and forest fires are not an easy task, since direct and
indirect drivers are involved. For example, human activity (which accounts for over 95% of
the total ignitions) and vegetation type (land use change toward highly homogeneous exotic
plantations and invasive shrubs and trees) are important factors to be considered [1,3,7,14].

Even though drought conditions have been associated with the increase in large
wildfires” surface and a longer fire season [7], in Chile, studies targeting native forest
vulnerability to fire under drought conditions have not been conducted. Native forests
have a critical ecological role in providing essential ecosystem services such as water
regulation, erosion control, and biodiversity conservation, and forest fires are one of the
most devastating natural hazards; thus, the monitoring and prevention of forest fires are
essential [16].

Furthermore, there are no up-to-date studies to assess the relationship between
drought and fires considering the increase in the severity of the multiannual drought
in the last 5 years and the future predictions of more recurrent and extended drought in
South-Central Chile. Therefore, it is crucial to identify the regions more vulnerable to
forest loss and degradation due to fire under this multiannual drought condition, where
very large wildfires in forested ecosystems are predicted to increase as the effects of future
drought [1,4,17].

Remote sensing technologies have become essential tools for monitoring, mapping,
and assessing wildfires over large areas in a cost-effective manner [18,19]. Freely avail-
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able multispectral and thermal sensors enable the assessment of soil moisture conditions,
temperature, and vegetation health through the application of various vegetational in-
dices [20,21], and has also significantly contributed to identifying fire risk, active fires, fire
frequency, burn severity, and affected areas [22,23].

The Palmer Drought Severity Index (PDSI) is based on the difference between the
amount of precipitation required to maintain a normal water balance and the actual amount
of precipitation received [24] and is used to monitor drought conditions and as an important
meteorological predictor for long-range wildfires; Zhao et al. (2021) [25] estimated the
relationship between fire frequency and burned area using meteorological variables and
various drought indices, finding significant correlations between annual fires and the PDSI.
Donovan et al. (2020) [26] used the PDSI in the semi-arid regions of the western US to assess
the relative dryness of an area and found that dryness at wildfire initiation averaged from
Near Normal (a PDSI of —1.9 to 1.9) to Moderate Drought (a PDSI of —2.0 to —2.9); and
Yang et al. (2023) [27] developed a series of multiple linear regression (MLR) models that
linked the burned area with concurrent drought conditions, using the PDSI as a drought
indicator for forecasting wildfires.

We hypothesize that the use of this index correlating the drought conditions with wild-
fire incidence across diverse ecosystems is suitable for our conditions, and the objectives
of the present study were as follows: (i) to assess the relationship between drought and
wildfires integrating remote sensing technologies and in situ forest fire data, (ii) to quantify
the native forest affected by forest fires, and (iii) to identify the most vulnerable regions
due to forest fires under these multiannual drought conditions in the 21st century.

2. Materials and Methods

This section provides a detailed description of the study area, the applied methodology,
and the climatic, vegetation, and forest fire databases utilized, as well as the respective
statistical analyses conducted to investigate the relationship between the drought severity
and wildfire dynamics in the central-south macrozone of Chile.

2.1. Study Area

The research was conducted in the central-south macrozone of Chile, situated between
latitudes 32° and 41° S, and includes the administrative regions from Valparaiso to Los
Rios (Figure 1). This region represents bioclimatic Mediterranean shrublands and north
temperate forests, and the transition between Mediterranean and temperate oceanic cli-
mates [28]. This climatic variability has shaped the vegetation composition and structure,
characterized by Mediterranean shrubs and temperate evergreen forests. The study area
comprises approximately 2.9 million ha of exotic forest plantations, predominantly of Pinus
radiata Don and in minor proportion Eucalyptus spp. and 4.6 million ha of remanent native
forest [29]. Here, we focus on native forests only including both the Andes range and
Coastal range.

The dominant native vegetation includes sclerophyllous shrubs, with representative
species such as Quillaja saponaria, Lithraea caustica, and Peumus boldus [30]. Additionally, the
study area hosts deciduous forests, primarily of the Nothofagus spp., and steppe vegetation
at higher altitudes [31]. In regions with higher precipitation and humidity, extensive mixed
temperate deciduous—evergreen forests are found, with dominant species like Nothofa-
gus obliqua, Nothofagus nervosa, and Nothofagus dombeyi [32]. Above 1000 m above sea
level (masl), the presence of Araucaria araucana stands out, occasionally mixed with other
Nothofagus species such as Nothofagus. pumilio and N. dombeyi [33].

The administrative regions of Nuble, Biobio, and Araucania feature vast extensions
of forest plantations that provide an abundant and interconnected biomass, leading to an
increased recurrence and severity of fires, especially during prolonged drought periods [7].
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Figure 1. (A) Study area, (B) native forest and (C) Koppen climate classification (Peel et al., 2007) [28].

2.2. Methodology

The Google Earth Engine (GEE) cloud computing platform was utilized to process
the data for this study [34]. The methodology consisted of four main steps, as illustrated
in Figure 2. In the first step, satellite images from the MODIS Terra and Aqua combined
MCD64A1 Collection Version 6.1 (2000-2023) were processed to identify and monitor
the burned areas from forest fires (https:/ /lpdaac.usgs.gov/products/mcd64alv061/ ac-
cessed on 15 January 2024). This dataset provides comprehensive information on the
extent and location of fire-affected areas, resulting in the creation of a geospatial forest fire
database [35].

Step 1: Satellite image
processing

MODIS Terra and Aqua combined

MCD64A1 Version 6.1 (2000 — 2023)

\/

R1: Geospatial forest fire database

Step 2: National database

processing

National forest fire database
Land cover and land use map
Native forest map

\J

R2: Geospatial database

Google Earth Engine Cloud
Computing Platform

&

* Step 3: Burned area analysis

* Native forest burned

* Analysis of burned area
* Cross validation

* Accuracy rate

R3: Digital map of burned native forest

Step 4: Climate database
processing
¢ Climate Water Deficit (CWD)

* Palmer Drought Severity Index (PDSI)
* Drought parameters

\

R4: Climate characterization

Figure 2. Methodological flowchart.
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\

Digital Mapping of

Burned Native Forest
2000 - 2023


https://lpdaac.usgs.gov/products/mcd64a1v061/

Fire 2024, 7, 230

50f21

The second step involved processing national databases, including the national forest
fire database, and land cover and land use maps. These data were used to validate the
burned areas identified by the MODIS dataset and to provide comprehensive land cover
information, resulting in a consolidated geospatial database.

In the third step, we analyzed the extent of the burned native forest areas. This analysis
utilized the national forest wildfire database and the native forest map to quantify the
extent of burned native forests. Cross-validation techniques were employed to ensure the
accuracy of the burned area data, resulting in a digital map of burned native forest.

The fourth and final step involved processing the climate databases, including the
PDSI [36], along with other drought parameters. A series of statistical analyses were con-
ducted to determine the relationship between forest fires and long-term drought conditions.
The PDSI provided a comprehensive evaluation of the intensity and frequency of extended
periods of anomalously dry or wet conditions [37-39]. The PDSI data were used to explore
the potential intensity of forest fires, resulting in a detailed climate characterization [40].
As a result, we obtained a spatially explicit digital map of native forests burned over the
past 23 years in the south-central region of Chile. Table 1 provides a concise description of
the main data utilized in the study, and Figure 2 shows a flow chart of the methodology
employed. This structured approach allows for a detailed understanding of how increasing
drought severity influences wildfire. Each step of the methodology is subsequently detailed
in this section, providing a comprehensive overview of the processes and datasets involved
in the study.

Table 1. Description of the main data applied in the study area.

Dataset

Type Source Applied in the Study !

Palmer Drought Severity
Index (PDSI)

MODIS MCD64A1 version 6.1
National forest fire database

Land cover map

ee.ImageCollection
(“IDAHO_EPSCOR/TERRACLIMATE")
ee.ImageCollection
(“MODIS/061/MCD64A1”)
https:/ /simef.minagri.gob.cl/
(accessed on 15 January 2024)
https:/ /sit.conaf.cl/ (accessed on 15
January 2024)

Raster Collection Drought severity

Raster Collection Monitoring the burned area
Point In situ wildfire data

Polygon Native forest cover land

! Drought severity: evaluated in the study area by soil moisture availability. Monitoring the burned area: to identify
and monitor burned areas from fires (2000 to 2023), providing data on the extent and location of fire-affected
areas. In situ wildfire data: in situ wildfire data were used to validate the burned areas identified by the MODIS.
MCD64A1. Land cover map: used to map the native forest cover in the study area.

2.3. Geospatial Forest Fire Database

From January 2000 to April 2023, we used 273 satellite images from the MODIS instru-
ments onboard NASA’s Terra and Aqua combined MCD64A1 Version 6.1 [35] (https:
/ /lpdaac.usgs.gov/products/mcd64alv061/ accessed on 15 January 2024). This is a
monthly dataset with a spatial resolution of 500 m with per-pixel burned area and quality
information. For burned area identification, the algorithm uses a burn-sensitive vegetation
index (VI) to determine the dynamic thresholds within the data. This VI is derived from
the MODIS shortwave infrared atmospherically corrected surface reflectance, specifically
the implemented algorithm using spectral data derived from the red band (0.65 um) that
reflects chlorophyll absorption in healthy vegetation. The VI significantly decreases in
burned areas due to the loss of live foliage. This results in a lower reflection in the red spec-
trum for burned versus unburned vegetation and infrared (1.24 um and 2.13 pm) bands are
associated with the cell structure of vegetation. Healthy vegetation reflects more in these
infrared wavelengths due to the internal structure of leaves. When vegetation is burned,
this structure is destroyed, leading to a significant reduction in infrared reflectance [35].
Figure 3 shows the spatial distribution of the burned area for the last 23 years.


https://simef.minagri.gob.cl/
https://sit.conaf.cl/
https://lpdaac.usgs.gov/products/mcd64a1v061/
https://lpdaac.usgs.gov/products/mcd64a1v061/

Fire 2024, 7, 230

6 of 21

deBariloche.

X

o d . s 7 g .
San Carlos San Carlos { San C:
de'Bariloche deBariloche « déBari

Carlos

Figure 3. Spatial distribution of burned area in the 21st century from 2000 to 2023 from MODIS
instruments onboard NASA'’s Terra and Aqua combined MCD64A1 Version 6.1 in central-south Chile
(red color polygons indicate burned areas). (1 January start date and 31 December end date).

2.4. National Forest Wildfire Database

We employed the historical official database of forest fires from CONAF of the Chilean
Native Forest Ecosystem Monitoring System (SIMEF) platform (https:/ /simef.minagri.gob.cl/
accessed on 15 January 2024).

We used more than 9000 data points of native forest wildfires reported by CONAF
in the last 23 years (Figure Al, Appendix A). This dataset encompasses the fire’s date,
causative factors, and geographic coordinates of the fire’s location (points). These national
records were used for validating forest fires mapped by the MODIS Terra and Aqua com-
bined MCD64A1 Version 6.1 collection. We used these data due to the current unavailability
of any official historical geospatial database of forest fires that delineates the areas affected
by fires (polygons).

2.5. Climate Data

The dataset used contained 23 years of long monthly series of air temperature and
atmospheric precipitation (climate and water balance) from the TerraClimate collection,
and it was retrieved from the GEE platform. TerraClimate is a dataset of the high-spatial-
resolution (1/24°, ~4-km) monthly climate and climatic water balance for global terrestrial
surfaces from 1958 to the present.

In selecting the Palmer Drought Severity Index (PDSI) [24], we accurately considered
its established reliability and widespread application in drought research globally. The PDSI,
due to its comprehensive integration of moisture supply and demand factors—including
rainfall and evapotranspiration—coupled with its capacity to simulate soil water content
based on homogenized monthly temperature and precipitation data, presents a robust frame-
work for quantifying drought severity [41,42]. Despite its advantages, we acknowledge the
PDSI’s potential limitations, such as its sensitivity to climatic and environmental parameters
varying geographically and temporally [3,27].

Palmer (1965) [24] determined that drought severity could be effectively represented
by four distinct classes, namely mild, moderate, severe, and extreme by assigning values to
these classes based on 12 months of cumulative plots. The four classes of drought are sepa-
rated from the opposite classes of wetness by normal conditions. The US National Oceanic
and Atmospheric Administration classifies them into indices between 4 and —4 [39]. An
index value of —4 represents extreme drought conditions, whereas a value of +4 indicates
extremely wet conditions [43]; the PDSI ranges are shown in Figure 2 (methodological
flowchart). The PDSI index is based on the difference between the amount of precipitation
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required to maintain a normal water balance and the actual amount of precipitation re-
ceived and facilitates comparisons across different periods and geographic regions [44]. The
PDSI dataset used comes from ee.ImageCollection("IDAHO_EPSCOR/TERRACLIMATE”)
allocated in the GEE platform [34]. TerraClimate is a dataset of monthly climate and cli-
matic water balance for global terrestrial surfaces; more information about this dataset is
available in Abatzoglou et al. (2018) [37].

Therefore, from the literature review, we found alternative indices such as the Cli-
mate Water Deficit (CWD) [45], Standardized Precipitation Index (SPI) [46], Standardized
Precipitation Evapotranspiration Index (SPEI) [47], and Palmer Modified Drought Index
(PMDI) [48]. However, given the PDSI’s proven efficacy in historical drought analysis and
its specific applicability to our study region’s climatic conditions, it was selected as the
most suitable metric. Figure Al—Appendix A shows a map of the PDSI with the respective
forest wildfires identified in situ.

2.6. Land Cover Data

The native forest map used in this study was derived from the Inventory of Native
Vegetational Resources of Chile (in Spanish “Catastro Vegetacional”). This represents the
foremost, ongoing public national initiative aimed to provide information on land use, with
a specific focus on characterizing and locating the different native forests existing in the
country [49].

The Catastro Vegetacional encompasses a standardized database, which facilitates
efficient management and prompt information updates. It is publicly accessible and
available for download via CONAF’s Territorial Information System platform at https:
/ /sit.conaf.cl accessed on 15 January 2024.

2.7. Statistical Analysis

To assess the relationship between the PDSI and fire frequency and area burned, we
used three drought periods: 2000-2007, 20072019, and 2019-2023. The 2000-2007 period
served as a pre-drought baseline, while the 2007-2019 and 2019-2023 periods represent
escalating drought conditions ending in severe drought. For this study, we subdivided the
analysis into three distinct time periods to perform a structured temporal analysis. This
approach allowed us to identify the correlation more clearly between increasing drought
severity and the rise in both the frequency and magnitude of wildfires within the study area.
By employing this method, we addressed the critical gap in understanding the relationship
between drought severity, as measured by the PDSI, and the wildfire dynamics across
different temporal scales. This structured temporal analysis provides novel insights into
how escalating drought conditions relate to wildfire, which is essential for developing more
effective fire management and mitigation strategies.

Thus, we compared the annual number of fires and area (ha) burned for each period
using the Analysis of Variance (ANOVA) and Least Significant Difference (LSD) test.

The number of fires and burned area was assessed for different fire size classes:
(i) 1-50 ha, (ii) 50-100 ha, (iii) 100-1000 ha, and (iv) >1000 ha [1].

The PDSI was evaluated as the annual mean, spring mean, summer mean, annual
maximum, annual minimum, annual median, annual standard deviation, and the difference
between the summer and spring PDSI. Pearson correlation was conducted between all
these PDSI variations and area burned for fires from 1-1000 ha in size, as well as for each of
the fire size classes to establish the basic associations between drought and wildfires. For
all significant correlations, a regression analysis was performed to assess the strength and
direction of the relationship between drought and wildfires.

3. Results

This section presents the findings of our study, organized into three main subsections
to provide a comprehensive understanding of the data and analyses conducted. First, we
detail the results regarding native forests affected by fires; this is followed by an analysis of
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the drought conditions identified during the period from 2000 to 2023. Finally, we present
the long-term drought trends in central-south Chile and their relationship with wildfires in
native forests.

3.1. Drought and Native Forests Affected by Fires

For from 2000 to 2023, we used the PDSI as a relevant indicator to evaluate the drought
conditions in various regions of central-southern Chile. According to the findings, 85.2% of
fires occurred during periods of a moderate and severe PDSI index (Figure 4).

32

33
33
33

2

P

\

Rogion: Metopoltana de Sa¥dog

34

@ A
Region: Valparaiso s’ ~ - * 3 E Region: Valparaiso,s’ \
- T '3 TN A
" - v’
“"vf, v X o P
Yo jon: Metopoitana /
n: ins 2

35
35

36

% Rogion: eiogh

38

39

Annual - mean PDS! Index ,
H (2000 - 2023) $ '~
Low :-0.71

egion: Ds/li)i .‘ i .08 IOS’; .
3 ; e, )
Burned Areas N
- ) Bl 2000-2023 R Native Forest Burned
High: 652 ¢ (MODIS MCDE4AT) 5 2000 - 2023

Figure 4. (A) Annual mean Palmer Drought Severity Index (PDSI) for season 2000—2023, (B) burned
area from MODIS collection, and (C) native forest burned areas for season 2000—2023.

41

The maximum PDSI values were found in the Metropolitana Region with the most
severe maximum PDSI (—5.52 extreme drought) and a minimum of —0.71 (mid drought),
with an annual mean of —2.38, indicating significant variability. That for Valparaiso
Region equaled the maximum PDSI in Santiago. Additionally, Nuble presents the highest
minimum PDSI (—2.16) and one of the lowest annual averages (—2.61), suggesting a more
constant drought. The regions of Maule, La Araucania, Biobio, and Los Rios also showed a
severe PDSI, with annual averages ranging between —2.25 and —2.86, reflecting a general
situation of significant drought in these areas (Table 2).

Table 2. Annual mean Palmer Drought Severity Index (PDSI) metrics and Native Forest burned
between 2000 and 2023.

Native Forest Native Forest Native Forest

Region PDSI Max PDSI Min PDSI Mean PDSI Std (ha) Burned (ha) Burned (%)
Metropolitana —5.52 —0.71 —2.38 0.71 364,716 57,950 15.9%
O’Higgins —4.96 -1.75 —2.53 0.36 460,052 70,786 15.4%
Maule —3.37 —1.85 —2.25 0.17 582,214 72,733 12.5%
La Araucania —3.38 -1.23 —2.65 0.43 962,221 98,226 10.2%
Valparaiso —5.52 -1.23 —2.11 0.50 484,778 43,450 9.0%
Biobio —3.89 -1.75 —2.76 0.35 597,201 36,355 6.1%
Nuble -3.15 —2.16 —2.61 0.21 247,861 14,663 5.9%
Los Rios —3.55 -2.11 —2.86 0.43 907,327 13,398 1.5%

Total 4,606,369 407,561 8.8%
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We evaluated 4.6 million ha of native forest within the regions, and we identified
407,561 ha (8.8%) of the native forest as being affected by fires for the 2000-2023 period. The
administrative region with the highest percentage of native forest burned was Metropoli-
tana with 15.9%. The most extensive area of native forest affected by wildfires was La
Araucania, which encompassed 98,226 ha (Table 3; Figure 4).

Table 3. Large-scale fires (>200 ha) per fire season for the study area reported by CONAF.

Number of Burned Area (ha)

Fire Season

Large-Scale Fires Native Forest Total
2002-2003 3 1865 6802
2003-2004 8 2881 9393
2004-2005 8 3147 10,272
20052006 2 400 1070
2006-2007 2 753 3071
2007-2008 2 2161 7340
2008-2009 8 6638 11,301
2009-2010 14 5833 21,554
2010-2011 9 4431 12,765
2011-2012 7 4404 36,943
2013-2014 15 13,389 31,922
2014-2015 16 23,541 45,044
2015-2016 2 557 1300
2016-2017 49 82,206 474,268
2018-2019 11 3867 11,736
2019-2020 11 13,203 28,915
2020-2021 5 3594 7195
2021-2022 10 5912 37,674
2022-2023 50 57,761 304,244

The MODIS MCD64A1 data for wildfire seasons in central-southern Chile between
2000 and 2023 show a significant inter-annual variability of wildfires, with some years
exhibiting markedly high numbers. It is worth noticing that the 20162017 and 2022-2023
seasons stand out with 100,158 and 72,926 ha severely burned, respectively (Figure 5).

100,000~

80,000~

60,000~

40,000-

Burned Area (Hectares)

20,000-

& & f & N N2
S S A S S S M S
Wildfire Season

Figure 5. Annual burned area in native forest from MODIS MCD64A1 collection (2000-2023).

We found that these seasons are associated with extreme drought conditions, as
suggested by the PDSI (see next subsection). Conversely, the seasons before a drought such
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as 2002-2003 and 2005-2006, present the lowest areas affected, with less than 2500 ha each
(Figure 6). The data present an upward trend in the area affected by wildfires over the
two-decade span, with the latter half showing more frequent high-intensity events.
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Figure 6. (A) Annual—mean Palmer Drought Severity Index (PDSI): 2000—2023 and (B) Monthly—mean
PDSI 2000—2023.

We evaluated the accuracy of our reports using more than 9000 forest fire points
from in situ data. Our results achieved high levels of spatial and temporal accuracy; we
conducted cross-validation between areas identified as fires by the MCD64A1 Collection
Version 6.1 from January 2000 to April 2023 versus fire points collected in situ during the
same period; we found an 86.6% match, and the remaining 13.4% were false positives.
The differences between these two data sources can be attributed to various factors. For
instance, the resolution of the satellite data compared to on-site evaluations. Moreover,
the differences can also be attributed to the field fire location with a single geographic
coordinate, and an estimation of the affected surface was conducted by touring the affected
area. This method for a scale fire > 200 ha can generate significant differences between the
in situ estimated surface and that obtained through satellite data.

Large-scale fires are events characterized by complex interactions between extreme
climatic conditions and catastrophic fires, which have become an increasing concern glob-
ally [50,51]. In Chile, CONAF defines a large-scale fire based on its significant social,
economic, and environmental impacts, and by an affected area exceeding 200 hectares [13].

The data presented in Table 3 reveal a significant increase in both the frequency and
the impact of large-scale fires on native forests and total burned areas across various
seasons. Particularly, the fire seasons of 20162017 and 2022-2023 stand out for their
extraordinary number of large-scale fires and the extensive areas affected, with over 82,206
ha and 57,761 ha of native forest burned, respectively.

We analyzed the native forests affected by fires according to their growth state. La
Araucania Region showed the largest burned area (98,226 ha), with early and late succes-
sional forests being the most affected, accounting for 30,786 ha and 48,761 ha, respectively.
In contrast, the Maule Region demonstrated significant damage, predominantly concen-
trated in early successional forests (70,139 ha out of a total of 72,733 ha affected), which
could have critical implications in terms of forest regeneration and biodiversity reduction
(Table 4).
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Table 4. Growth status of the native forest affected by forest fires in the period 2000-2023 and
percentage (%) of native forest affected by administrative region of central-south Chile.

Region Sclerophyllous Late Successional Early/Late Early Successional Total
Scrubs Forests Forest Successional Forest Forest
ha % ha % ha % ha % ha %

Metropolitana 0 0% 0 0% 1005 6% 56,945 16% 57,950  15.9%
O’Higgins 289 27% 1518 22% 2025 12% 66,954 15% 70,786  15.4%
Maule 591 4% 633 5% 1370 7% 70,139 13% 72,733 12.5%
La Araucania 9241 11% 30,786 11% 9439 8% 48,761 10% 98,226  10.2%
Valparaiso 0 2% 0 0% 0 0% 43,450 9% 43,450 9.0%
Biobio 1331 3% 1701 2% 2050 4% 31,273 7% 36,355 6.1%
Nuble 357 1% 843 9% 207 2% 13,257 7% 14,663 5.9%
Los Rios 1595 4% 6002 1% 2168 2% 3633 1% 13,398 1.5%
Total 13,404 6% 41,483 5% 18,264 5% 334,410 10% 407,561  8.8%

3.2. Long-Term Drought in Central-South Chile

The assessment of the PDSI from the year 2000 to 2023 revealed notable fluctuations in
drought conditions, with a striking trend towards drier conditions in recent years observed
(a PDSI range of —4 to +4 where —4 indicates extreme drought and +4 extremely wet, but
more extreme values are possible (see Figure 2 for the PDSI class and parameters)).

In the period 2000 to 2006, the annual mean PDSI values oscillated between —0.285
and 1.710, generally indicating wetter conditions or less severe droughts. However, starting
in 2007, the situation worsened, with the PDSI displaying a pronounced negative trend,
indicating an increase in drought severity. Particularly extreme is the period 2019-2023,
where PDSI values reached indices with means up to the annual mean of —4.14 in 2021,
suggesting extreme drought conditions (Figure 6A). Figure A2—Appendix B shows the
PDSI values for each region for the years 2000 to 2023.

3.3. Relationship between the PDSI and Native Forest Fire

We conducted a temporal analysis of wildfire dynamics within the study area, revealing
the significant changes in the extent of wildfires affecting native forests across different
periods. During the pre-drought period of 2000 to 2007, we found that the annual average
area impacted by wildfires was 12,845 hectares. In contrast, the subsequent long-term
drought period from 2007 to 2023, where the annual average area burned, rose to 30,780 ha
(refer to Figures 5 and Al—Appendix A for detailed insights into the affected area and
its location).

The relationship between the increase in fire frequency and burned area with a long-term
drought was analyzed for the three periods with increasing PDSI severity: (i) 2002-2007
(no drought) with a mean annual PDSI of 1.25 £ 1.39 and a summer PDSI of 1.49 + 0.18,
(ii) 2007-2019 (mild drought) with a mean annual PDSI of —1.64 + 1.20 and summer PDSI of
—1.80 £ 0.33, and (iii) 2019-2023 (severe drought) with a mean annual PDSI of —3.57 & 0.67
and summer PDSI of —3.92 + 0.39.

Overall, according to the LSD test, there was a significant increase in the burned area
and the frequency of fires as the PDSI became more severe for fires of 1-50 ha size, whereas
for fires between 50 and 1000 ha, the increase was only significant between the period
2002-2007 (no drought) and the most severe drought period (2019-2023) (Figure 7). Only
four regions showed significant differences among the periods analyzed for burned area
and fire frequency: La Araucania, Biobio (including the Nuble Region that before 2017 was
a province of Biobio), and Maule.
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Figure 7. Annual mean burned area (ha) and number of fires according to the fire size classes. Blue
bars represent mean annual values for the period 2002—2007 (no drought), yellow bars represent
mean annual values for the period 2007—-2019 (mild drought), and orange bars represent the mean
annual value for the period 20192023 (severe drought). (A) Burned area of 1—50 ha fires per region;
(B) Number of fires of 1-50 ha per region; (C) Burned area of 50—100 ha fires per region; (D) Number
of fires of 50-100 ha per region; (E) Burned area of 100—1000 ha fires per region; and (F) Number of
fires of 100-1000 ha per region. Different letters above the bars represent statistically significant differences
between study periods according to LSD test (p < 0.05).

Although La Araucania and Biobio showed greater PDSI severity periods, these values
were only significant for the 20192023 period for fires from 1 to 1000 ha. Contrastingly,
for the Maule Region, the significant increase in the fire burned area and frequency was
observed in the period 2007-2019 with no differences between the last two periods (Figure 7).
Particularly, the Maule Region, after seven years of continuous drought (2008-2015) that
limited the fine fuel growth, there were nine months of incipient to moderate wetness the
year before the native forest fires (2016) that promoted rapid growing and drying fuels
in forest understories and grassland, followed by a severe spring drought (—3.15) and
moderate summer drought (—2.97) (2016-2017), was the most affected region with the
worst native forest fires on record that took place in January 2017. Thus, the summer
of 2016-2017 with a moderate drought in Maule (—2.97), Biobio (—2.25), and O’Higgins
Region (—2.37) exhibited a burned area of 67,367 ha of native forest affecting about 80% of
the native forest burned during that fire season. Thus, this season represents the worst fire
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event of the 21st century. Despite the nine months of wetness, Maule, along with Biobio
and Nuble were the only regions where the mean maximum monthly PDSI for the period
(2007-2019) was negative with a mean summer PDSI of —2.13 and —2.26, respectively
(moderate drought).

Regarding the last four years (2019-2023), the summers in Maule and La Araucania
experienced severe drought (a mean PDSI of —3.95 and —3.30, respectively). The change
from moderate drought (2007-2019) to severe drought (2019-2023) increased the number of
fires and burned area of 1-50 ha size fires in Maule with no difference in fires larger than
50 ha. For La Araucania, this same change increased the area and number of fires from
1-1000 ha. This different response might be related to the precipitation in Maule being
about half of La Araucania thereby limiting the fuel production and preventing native
forest fires with more severe drought (Figure 7).

Forest fires (1-1000 ha size) correlated better with the summer PDSI in Maule (r = —0.27;
p = 0.025) and Biobio and Nuble (r = —0.23; p = 0.054), whereas in La Araucania, the maximum
PDSI exhibited the best correlation (r = —0.38; p < 0.001). For these four regions, there was a
negative correlation where a lower PDSI (more severe drought) was associated with a greater
burned area. Contrarily, for the Los Rios Region, the annual maximum PDSI (less severe
drought) was positively associated with the annual burned area (r = 0.34; p = 0.009) (Table 5).

Table 5. Pearson correlation between the annual burned area from 1-1000 ha size fires and PDSI
variables.

Pearson Correlation

. Mean Annual
Region Burned Area PDSI r p-Value

Los Rios 1-1000 ha fires Maximum 0.34 0.009
Araucania 1-1000 ha fires Annual —0.36 0.0028
Araucania 1-1000 ha fires Spring —0.29 0.017
Araucania 1-1000 ha fires Summer —0.34 0.003
Araucania 1-1000 ha fires Maximum —0.38 0.001
Araucania 1-1000 ha fires Minimum —0.29 0.015
Araucania 1-1000 ha fires Median —0.30 0.011
Biobio + Nuble 1-1000 ha fires Annual —-0.22 0.073
Biobio + Nuble 1-1000 ha fires Summer —0.23 0.054
Biobio + Nuble 1-1000 ha fires Maximum —-0.21 0.080
Biobio + Nuble 1-1000 ha fires Minimum —-0.22 0.074
Maule 1-1000 ha fires Spring —0.23 0.057
Maule 1-1000 ha fires Summer —0.27 0.025

Overall, there was no significant correlation between the annual burned area and PDSI
variables (the annual, spring, summer, maximum, minimum, median, standard deviation,
and difference between the spring and summer PDSIs) for O'Higgins, Metropolitana, and
Valparaiso Regions. Also, there was no association between the difference of spring and
summer PDSI and area burned in any of the regions.

Although forest fires are complex processes driven by several variables, for La Arau-
cania and Maule, we found significant relationships between the area burned and maximum
and summer PDSIs according to the regression analysis. Thus, the maximum PDSI was
significantly related with the area burned in La Araucania for 50~100 ha fires (1> = 0.41;
p < 0.05) whereas the summer PDSI was associated better with fires smaller than 50 ha
(r2;0.29; p < 0.05) and fires greater than 100 ha (r2 =0.21; p < 0.05). For the Maule Region,
18% (for fires greater than 100 ha) and 29% (for fires smaller than 50 ha) of the variability
of the burned area could be explained by the summer PDSI (Figure 8). Regardless of the
regression model (linear or non-linear), drought and wildfires are negatively related to a
lower PDSI (more severe drought) and associated with a greater burned area (Figure 8). In
addition to La Araucania and Maule, similar patterns were observed for Biobio and Nuble
Regions, although they were non-significant.
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Figure 8. Regression analysis between annual mean burned area (ha) and maximum or summer
Palmer Drought Severity Index (PDSI) for: (A) La Araucania Region for 1—50 ha size fires, (B) La
Araucania Region for 50—100 ha size fires, (C) La Araucania Region for 100—1000 ha size fires, (D) El
Maule Region for 1—50 ha size fires, (E) El Maule Region for 50—1000 ha size fires, and (F) El Maule
Region for 100—1000 ha size fires.

4. Discussion

The climate change predictions for central-southern Chile indicate that heat waves and
droughts will be more frequent, intense, and of longer duration resulting in an increased
risk of wildfires [52]. In this context, it is critical to understand and mitigate the effects of
prolonged droughts [53]. This is particularly important considering the potential climate
scenarios that may exacerbate such events and therefore, influence the wildfire dynamics
in the forest ecosystems at a regional scale.

In this study, we showed a relationship between the long-term drought affecting
the south-central region of Chile and the recurrence of native forest fires, which almost
tripled the average annual area of native forest affected by fire before the drought period
(2000-2006) and during the drought period (2007-2023). Understanding this relationship
is critical for enhancing the wildfire prediction and management, prioritizing preventive
measures, and allocating resources in vulnerable regions, thereby improving the resilience
against climate-induced wildfire risks. This knowledge is essential for informing both local
and global wildfire mitigation strategies.

4.1. Relationship between the PDSI and Forest Fire

Here, our hypothesis that the PDSI correlates with drought conditions and wildfire
events across diverse ecosystems was successfully evaluated; a significant increase in fire
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frequency and burned area with more severe drought was observed in Maule, Nuble,
Biobio, and La Araucania. An increase in the burned area with increased drought had
been previously reported for the Maule Region, while for La Araucania, Nuble, and Biobio,
these increases had been non-significant until the year 2015 [1]. This is in line with our
results, where a significant increase in the burned area in La Araucania, Nuble, and Biobio
(Mediterranean climate with wet winters and dry summers) were exhibited only in the last
period of severe drought (2019-2023).

In the regions more northern than Maule, the increase in drought severity did not
increase the fire frequency and area burned according to the LSD test. Although a Mediter-
ranean climate is found from Valparaiso to La Araucania, this varies from semi-arid con-
ditions in the north to more mesic and humid conditions in the south. Thus, the annual
accumulated precipitation ranges from 150 to 200 mm in Valparaiso to 1000-2500 mm in La
Araucania [1,54].

The precipitation during the preceding one to two growing seasons influences the
biomass production and fire activity [27]. Furthermore, the growing season precipitation
has been identified as one of the most important predictors of fire likelihood in Chile [7],
explaining why the long-term drought increased the fire frequency and area burned only
in regions with mesic and humid conditions where precipitation seasonality promoted
the growth of shrubs and grasses during the winter and spring that dried up during the
summer (summer—dry climate) [14,15].

For a more arid Mediterranean climate (Valparaiso, Metropolitana, and O’Higgins
Regions), a multi-year drought with a precipitation deficit of up to 50% since 2007 (16 con-
secutive years) limited rapidly growing fuel (grasses, herbs, and fast-growing shrubs) and
reduced the risk of wildfires [55,56], presenting fewer fires and area burned, thus being less
responsive to drought. Furthermore, the O’Higgins and Metropolitana Regions showed a
weak, non-significant positive association between the PDSI and forest fire, suggesting that
drought might even reduce the fire risk [55].

Conversely, the Los Rios Region is characterized by a predominant marine west-coast
climate with an annual precipitation exceeding 2000 mm [54]. In this region, there was no
significant increase in burned area or fire frequency associated with the drought severity but
there was a significant positive association between the maximum PDSI and area burned,
similarly to the more arid Mediterranean climate regions. The maximum PDSI (less severe
drought) does not reflect the conditions during the summer when most fires take place
but might represent the pre-summer conditions (late winter and spring) that promote the
growth of fine fuels and thus increase the wildfire risk in this region. Although the native
forest affected by fires in the Los Rios Region is less than 2% of the area affected in the
mesic Mediterranean climate regions [13], it is essential to further study the association
between drought and forest fire in this type of climate.

The summer and maximum PDSIs explain between 18 to 41% or the variability in
the burned area in La Araucania and Maule with no significant relationship for the other
regions. These results suggest that while there is a positive association between drought
and burned area (a greater drought is associated with a greater burned area) in the four
regions, drought alone does not strongly predict the burned area in forest ecosystems
of mesic Mediterranean climate regions. This highlights the differences within Mediter-
ranean climate regions, suggesting that only regions with more mesic conditions might be
vulnerable to higher fire risk under drought conditions.

Although drought is a contributing factor to fire frequency and burned area, drought
acts in conjunction with a complex set of other variables including climatic, land cover,
topographic, and human factors [3,7] that are specific to each site. Thus, other factors also
influencing the burned area and fire frequency should be considered.

4.2. Native Forest Degradation

Forest degradation is the loss of biological or economic productivity or of a desired
level of maintenance over time of floristic diversity, biotic integrity, and ecological pro-
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cesses [57]. In Chile, 46,200 ha year~! of degraded native forest during the period 2001-2010,
including 8590 ha year~! due to forest fires, have been reported [57].

It is estimated that COyeq emissions from the degradation of native forests represent
2.6 times more than the emissions caused by deforestation (loss of native forests to grass-
lands, shrublands, urban areas, and other uses [57]. In our study, we found that before the
drought (2000-2006), an average of 8775 ha year ! of native forest was degraded by fires,
and during the drought (2007-2023), there was an average of 21,634 ha year~!; the early
successional forest was the most affected by fires in recent years with 334,410 ha equivalent
to 82% of the total native forest affected by forest fires (2000-2023); these findings confirm
that forest degradation is the largest cause of CO, emissions compared to emissions caused
by deforestation or forest replacement [58—60].

The methodology applied in this study integrates satellite imagery with ground data,
enhancing the precision in identifying areas of forests degraded by wildfires. Other models
use satellite images (e.g., MODIS) and apply indirect estimates of forest degradation
through time series using various vegetation indices, such as Near Infrared Reflectance of
Vegetation (NIRv) [61], the Normalized Difference Vegetation Index (NDVI) [62], Enhanced
Vegetation Index (EVI) [63], and Normalized Difference Fraction Index (NDFI) [64]). Due
to their spatial and temporal resolution, Sentinel-2 images are increasingly used to monitor
wildfires and forest degradation. Indices such as the differenced Normalized Burn Ratio
(dNBR) have become standard tools for assessing the burn or fire severity across larger
areas [65,66]. Additionally, to monitor the long-term vegetation dynamics, images from the
Landsat satellite program are utilized [67]. For example, in the south-central region of Chile,
Miranda et al. (2020) conducted a mapping of 8153 fire scars for the period 1985-2018 [68].

Although this study primarily focuses on the central-south macrozone of Chile, the
findings have broader implications for similar bioclimatic regions worldwide (e.g., Mediter-
ranean climate zones), where the increasing drought severity and wildfire frequency pose
significant threats to forest ecosystems. Future research could extend this study by exploring
the applicability of these methods in different climatic and ecological contexts, examining
the long-term impacts of forest degradation and CO, emissions caused by wildfires.

5. Conclusions

(i) The frequency of fires and the extent of area burned within native forests have
escalated with the intensification of drought conditions throughout the beginning of the
21st century. However, the response to drought appears to be modulated by the dominant
macroclimatic conditions. For example, the relationship between drought intensity and
wildfire incidence was observed in the mesic to humid Mediterranean climatic regions of
Maule, Biobio, Nuble, and La Araucania, where seasonal precipitation patterns, particularly
during the winter and spring, foster the proliferation of shrubs and grasses, and these
fine fuels substantially elevate the risk of fire ignition and propagation. (ii) Integrating
satellite-derived datasets, particularly from the MODIS instrument, significantly enhances
wildfire research by providing scalable observations of fire events and post-burn vegetation
recovery. This approach facilitates an understanding of the spatial and temporal dynamics
of wildfires. (iii) The advanced information technologies applied in this study have yielded
high precision in correlating in situ data with satellite-based wildfire observations, under-
scoring the reliability of remote sensing as a tool for ecological monitoring and assessment.
(iv) This study introduces a novel approach by combining long-term drought indices with
satellite imagery to assess the impact of climate variability on the wildfire dynamics in
native forests. The integration of remote sensing data with ground-based observations
provides a robust framework for monitoring and understanding the wildfire behavior
in response to the changing climatic conditions. (v) Further research should explore the
application of these methods in different climatic and ecological contexts to further validate
their efficacy. Additionally, examining the long-term impacts of forest degradation and
carbon emissions due to wildfires will provide deeper insights into the ecological conse-
quences of climate change. (vi) The findings of this study have significant implications
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for the policy formulation aimed at mitigating the risks of forest fires, drought, and land
degradation. It is essential to develop and implement comprehensive land management
strategies that integrate advanced remote sensing technologies. These technologies can be
used to design effective prevention strategies at various territorial scales, enhancing the
ability to anticipate and respond to environmental challenges.
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