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ABSTRACT. In recent years, there has been increasing evidence of changes in fire frequency, with varying
intensities and magnitudes across ecosystems worldwide. La Pampa, located in central Argentina, is affected by
significant annual wildfire activity. This study aimed to analyse variations in climatic and spectral indices over a
29-year period (1995-2023) to identify patterns that might enhance our understanding of the fire regime in
xerophytic shrublands. Additionally, it evaluated trends in climatic variables within the context of global climate
change. Meteorological data and records of burned area were analysed; the Standardised Precipitation and
Evapotranspiration Index (SPEI) was calculated at four timescales; and monthly Normalised Difference
Vegetation Index (NDVI) data for shrubs and grasslands were obtained. The Theil-Sen estimator and the non-
parametric Mann-Kendall test were used to detect any trends or correlations between variables, and a SARIMA
model was used to explore lagged correlations between selected variables. The SPEI values typically ranged
between -2 and 2, with SPEI-12 showing the highest correlation with large, severe fire events. The NDVI for
shrubland and grassland exhibited positive correlations with SPEI-24 and SPEI-6/SPEI-12, respectively. SPEI-12
and burned area displayed a significant negative correlation. Monitoring climatic and spectral indices over time
helps identify periods of phytomass accumulation and ignition thresholds. In the context of climate change, the
observed increasing trends in precipitation, mean temperature, and maximum temperature suggest a future with
heightened fire frequency in xerophytic shrublands. This study underscores the importance of integrating climatic
and vegetation indices to improve our understanding and management of fire regimes in fire-prone ecosystems.

Incendios forestales en matorrales xerdfitos del Parque Nacional Lihué Calel, La Pampa,
Argentina: andlisis temporal basado en indices climdticos y espectrales

RESUMEN. En los ultimos afios, existe una creciente evidencia de cambios en la frecuencia de incendios, con
intensidades y magnitudes variables en ecosistemas de todo el mundo. La Pampa, ubicada en el centro de
Argentina, experimenta anualmente una significativa actividad de incendios forestales. Este estudio tuvo como
objetivo analizar las variaciones en indices climaticos y espectrales durante un periodo de 29 afios (1995-2023)
para identificar patrones que permitan mejorar la comprension del régimen de incendios en los matorrales
xer6fitos. Ademas, se evaluaron las tendencias en las variables climaticas en un contexto de cambio climatico
global. Se analizaron datos meteorolégicos y areas afectadas por incendios. Se calculé el Indice Estandarizado de
Precipitacion y Evapotranspiracion (SPEI) a cuatro escalas temporales, y se obtuvieron datos mensuales del Indice
de Vegetacion de Diferencia Normalizada (NDVI) para matorrales y pastizales. El andlisis de tendencias, las
pruebas de significancia y las correlaciones entre variables se realizaron utilizando el estimador de Theil-Sen y la
prueba no paramétrica de Mann-Kendall. Se utilizé6 un modelo SARIMA para explorar correlaciones entre las
variables seleccionadas. Los valores de SPEI oscilaron entre -2 y 2, siendo el SPEI-12 el que mostr6 la mayor
correlacion con eventos de incendios grandes y severos. El NDVI para matorrales y pastizales presento
correlaciones positivas con SPEI-24 y SPEI-6/SPEI-12, respectivamente. SPEI-12 y el area quemada mostraron
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una correlacién negativa significativa. El seguimiento de indices climaticos y espectrales a lo largo del tiempo
permite identificar periodos de acumulacion de fitomasa y umbrales de ignicion. En el contexto del cambio
climatico, las tendencias crecientes observadas en la precipitacion, la temperatura media y la temperatura maxima
sugieren un futuro con mayor frecuencia de incendios en los matorrales xerofiticos. Este estudio destaca la
importancia de integrar indices climaticos y de vegetacion para mejorar la comprension y gestion del régimen de
incendios en ecosistemas propensos a estos eventos.
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1. Introduction

Since ancient times, humans have been fascinated by fire, seeking to understand and control it.
Naturally, it is an element that forms part of many ecosystems, playing a key role in shaping their
structure and functioning (Luo et al., 2020; Rogers et al., 2020). In ecosystems more vulnerable to
environmental stressors -such as drought, high temperatures, or soil degradation typical of semiarid
regions- wildfires can severely affect their functioning and biodiversity (Harrison et al., 2021; Vidal-
Riveros et al., 2023). Wildfires are also considered a threat to urban-rural interface systems, where the
overlap between natural and human environments often leads to severe socioeconomic and health
consequences (Vega and Fernandez, 2020; Xu ef al., 2020; Kala, 2023).

In recent years, we have seen growing evidence of changes in fire frequency, with varying
intensities and magnitudes across ecosystems worldwide (Zamora-Fernandez et al., 2022; Armenteras
and Gonzalez, 2024). This situation is being exacerbated by the increasing frequency of extreme weather
events driven by climate change, such as intense droughts and high temperatures (Shao et al., 2023).
From a fire-risk perspective, drought events reduce the moisture content of fine aerial biomass, making
it more flammable and thus increasing its availability as fuel. Under these conditions, and the presence
of ignition sources, the probability of ignition and spread rises significantly (Chen et al., 2024).

At the regional level, fire triggers are multi-causal and related to aspects of ecosystem structure,
current management and land-use legacies, fire use or suppression and variations in weather over time
(Santacruz-Garcia et al., 2019; Giorgis et al., 2021; Kirkland et al., 2024). On a broader scale, these
elements are embedded within the larger drivers of global climate change (Obando Cabrera ef al., 2022).

With the above in mind, studies of weather patterns have become increasingly important for
understanding various natural phenomena, as they can provide valuable insight for risk management and
the development of mitigation and adaptation strategies in response to uncertain climate scenarios
(Ferrelli et al., 2020; Ertugrul et al., 2021; Pausas and Keeley, 2021). In this context, and particularly in
terms of wildfires, other studies have shown that climatic variables -such as precipitation and mean
temperature- directly influence both fire ignition and spread, which makes them an interesting tool for
fire management (Reyes Bueno and Balcazar Gallegos, 2021; Chen ef al., 2024).

Although most studies analysing climatic variables in the central semiarid region of Argentina
have focused on agricultural and livestock production systems (Ferrelli et al., 2020; Méndez et al., 2018;
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Oruezabal et al., 2022), wildfires can also cause significant disturbance in natural ecosystems. This
highlights the importance of studying climatic variability in relation to fire dynamics in these
environments. Nationwide, between 2001 and 2016, 18 million hectares were burned, with
approximately 60% of this area being attributed to wildfires in the La Pampa province, mainly in natural
ecosystems (SAyDS, 2018; Estelrich et al., 2022). Of the total affected area, 30% corresponded to
shrubland physiognomies in the Monte Ecoregion (de Titto and Savino, 2021; Mosiejchuk and Mazzola,
2025). In this context, the La Pampa province was the worst affected, with a total of 7.1 million hectares
burned, accounting for 39.6% of the total area affected during that period (including natural woodlands
and shrublands). These events represent significant losses for community structures and functioning,
wildlife and domestic livestock (Cangiano et al., 2021), infrastructure and human lives. They also have
implications for the loss of carbon stocks (Ricard et al., 2022; Aryal et al., 2022; Utello, 2024).

Drought and humidity events are important factors in any study of regional fire ecology.
However, the dynamic nature of these spatio-temporal phenomena makes them challenging to quantify
in terms of their duration, frequency, periodicity, and intensity (Ferrelli ez al., 2020). As a result, indices
that include, combine, and weight different weather variables have been designed to help scientists
estimate the duration of and characterise droughts and moist spells, as well as to monitor their behaviour
over time (Masanta and Srinivas, 2022; Gebrechorkos et al., 2023). In turn, incorporating vegetation
spectral indices into comprehensive analyses improves our understanding of vegetation dynamics and
recovery rates after drought or humidity events (Gebrechorkos et al., 2023; Arroyo-Ramirez, 2024).

This study aimed to analyse variations in climatic (SPEI) and vegetation spectral indices
(NDVI) across a multi-year time series in order to identify patterns that could enhance our understanding
of the fire regime in the xerophytic shrublands of Argentina’s La Pampa province. Additionally, given
the context of global climate change, it analysed trends in the variables included in the study. It is hoped
that implementing this methodology to monitor vegetation responses and fire events in relation to
climatic dynamics in xerophytic systems will make a significant contribution to efforts to prevent natural
disasters and develop effective management strategies. At the ecosystem level, it will help reinterpret
their potential successional trajectories within the context of the climate crisis.

2. Study area

The study was conducted in Lihué Calel National Park (LCNP), situated in the central-eastern
region of the La Pampa province in Argentina, within the Monte Ecoregion (Cabrera, 1976). The Park
encompasses 32,514 hectares and serves as an exclusive habitat for several of the ecoregion's
characteristic plant communities, underscoring its significant conservation value.

The region has a temperate semiarid to arid climate with average temperatures ranging from
15°C to 20°C and a pronounced seasonal temperature range (Villagra ef al., 2021). The humidity regime
is aridic, with average annual rainfall of between 200 and 400 mm, highly variable throughout the year,
and predominantly occurring during the summer-autumn season (Villagra et al., 2021). The vegetation
is relatively uniform at both physiognomic and floristic levels. Its varied relief, primarily flat with
interspersed low sierras and hills in La Pampa, forms a mosaic of diverse plant communities. High
shrublands are dominated by species of the genus Larrea, while the grasslands feature scattered shrubs
characterised by grasses of the genus Nassella (Oyarzabal et al., 2018). The vegetation exhibits
morphological and physiological traits typical of xerophilous communities, including small, resinous
leaves, leaves with high lignin content, photosynthetic and aphyllous stems, and the presence of thorns,
among other features (Gardon, 2014). These adaptations enable plants to withstand extreme local
environmental conditions by reducing exposure to solar radiation and minimising evapotranspiration
loss (Gibson, 2012).

Furthermore, the region is continuously exposed to severe wildfires. Since 1983, the LCNP has
maintained daily records of both meteorological variables and wildfire events, including dates, number

Cuadernos de Investigacion Geogradfica, 51 (2), 2025, pp. 155-171 157



Rossini and Suarez

of fires ignited, and burned area. During this period, 25 wildfires have been recorded, occurring within
a context that underscores the significance of these natural phenomena at both a regional and national
scale. The xerophytic vegetation of this region, combined with its historical management practices, has
created optimal environmental conditions for fires to ignite and spread, often with devastating
consequences. Consequently, the plant communities are frequently subjected to fire events of varying
characteristics and recurrence. Of the wildfires on record, four particularly significant events stand out
for their intensity and extent of area affected within the LCNP. These occurred in November—December
2003 (8,226 ha), April 2005 (800 ha), January 2018 (16,873 ha), and December 2023 (4,570 ha) (Fig.
1). The fires in 2003 and 2018 had anthropogenic origins, while those in 2005 and 2023 were caused by
natural events (dry thunderstorms).
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Figure 1. Location of the study area: Lihué Calel National Park, La Pampa, Argentina, the Monte Ecoregion
and the spatial extent of major wildfire events recorded in the park over the past 29 years.
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3. Methods and materials
3.1. General description of data sources

The climatic and wildfire dataset includes monthly averages for precipitation (pp), minimum
temperature (Tmin), maximum temperature (Tmax), mean temperature (Tmed), and burned area size
(APN, 2021). Climate data were sourced from the LCNP Automated Meteorological Station for a 29-
year period (1995-2023), while fire information was retrieved from the LCNP Fire Management Plan
(APN, 2021). Additionally, annual averages of the climatic variables were computed for subsequent
analyses. Furthermore, monthly NDVI data were utilised, derived from the database available at
SATVeg (https://www.satveg.cnptia.embrapa.br), covering a 23-year time series starting in 2000, the
earliest record available.

3.2. Standardised Precipitation Evapotranspiration Index (SPEI)

The SPEI is a climate index that measures monthly water balance, calculated as D = P — PET,
where P is precipitation, and PET is potential evapotranspiration. The resulting D values are fitted to a
probability distribution and standardised to obtain the SPEI values. This process enabled the assessment

of the climatic water balance, which can be calculated over various timescales (Vicente-Serrano et al.,
2010).

The SPEI is a multiscale index that can be calculated over different timescales depending on the
objective of the study. For this project, the estimated monthly indexes were obtained for multiple scales:
3, 6, 12 and 24 months, being defined as SPEI-3; SPEI-6; SPEI-12 and SPEI-24, respectively. The
monthly mean precipitation and temperature data described in section 3.1 were used. Table 1 outlines
the index’s value ranges along with their corresponding categories. Extended periods with values below
-0.5 were classified as "drought events", indicating dry conditions. Conversely, "humidity events" were
identified as prolonged periods with values exceeding 0.5. Both event types were further characterised
by their duration, intensity, and severity.

Table 1. Categories assigned to each value range obtained using the Standardised Precipitation and
Evapotranspiration Index (SPEI). Source: Drought Information System for Southern South America (SISSA)
https://sissa.crc-sas.org.

Category Value range
Extremely wet =15
Severely wet 1.5;1.0
Moderately wet 1.0;0.5
Near normal 0.5;-0.5
Moderately dry -0.5;-1.0
Severely dry -1;-1.5
Extremely dry <-15

3.3. Normalised Difference Vegetation Index (NDVI)

The NDVT s calculated using two bands of the electromagnetic spectrum, expressed as NDVI =
(NIR —Red) / (NIR + Red), where NIR is the near-infrared band and Red is the visible red band. Healthy
or photosynthetically active vegetation strongly reflects NIR light due to cell structure while absorbing
most red light for photosynthesis (Lacouture et al., 2020). In this study, NDVI was used to assess the
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photosynthetic activity of various shrubland and grassland physiognomies following drought periods.
NDVI values range from -1 to 1, with higher values indicating a greater density of live vegetation.

The study area displayed a gradient of structural and floristic complexity, ranging from
grasslands with sparse shrubs to dense, tall shrublands. This complexity necessitated a differentiated
analysis due to distinct spectral signatures. Consequently, separate NDVI datasets were created for
shrublands and grasslands, referred to as NDVIs and NDVIg, respectively.

NDVIs and NDVIg values were derived from the SATVeg database, developed by Embrapa
Digital Agriculture (https://www.satveg.cnptia.embrapa.br), spanning a 23-year time series starting in
2000, the oldest available record. The satellite imagery utilised in SATVeg was acquired from the
MODIS sensor aboard NASA's Terra mission, with a temporal resolution of 16 days and a spatial
resolution of 250 metres. Within the SATVeg platform, missing data and atmospheric corrections were
applied before data extraction. Monthly NDVI values were calculated as averages from 10 geographic
points dominated exclusively by tall shrublands (NDVIs) and 10 geographic points representing
grassland physiognomies (NDVIg). The number of sampling points was considered representative due
to the physiognomic homogeneity of the area. These points were selected based on field surveys, during
which each location was georeferenced and classified according to its physiognomy to ensure an
accurate representation of shrubland or grassland vegetation. This approach ensured a precise
representation of the study area's vegetation dynamics.

3.4. Data analysis
3.4.1. Trends and linear inflexion points

The Theil-Sen estimator was used to estimate the trends in pp, Tmed, Tmax, Tmin, and SPEI
(Sen, 1968; Fernandes and Leblanc, 2005). The significance of these trends was evaluated using the
non-parametric Mann-Kendall test (Kamruzzaman et al., 2018), with a significance level of p=0.05. The
null hypothesis assumed no linear trend in the series, while the alternative hypothesis indicated the
presence of a linear trend. This analysis was performed using the Trend statistical package in RStudio
(RStudio Team, 2020).

Additionally, to detect fluctuations in the mean and variance of the climatic variables, linear
inflexion points were identified through segmented regression. This method allows the time series to be
divided into segments with distinct linear trends and identifies breakpoints at which the statistical
properties change. Previously, the number of inflexion points was predefined to ensure that their
confidence intervals did not overlap (Ferrelli et al., 2020). The strucchange statistical package in
RStudio was employed to perform the segmented regression and detect structural changes (RStudio
Team, 2020).

3.4.2. Pearson’s Correlation Coefficient

Pearson's correlation coefficient was estimated to quantify the strength and direction of the
linear relationship between SPEI and NDVI. The significance levels for each correlation were also
obtained. This process identified the SPEI calculation timescale that best explained the NDVI behaviour
of the shrublands and grasslands. Prior to conducting the correlation analysis, the data normality
assumptions were verified using the Shapiro-Wilk test at a significance level of p=0.05. A coefficient
value close to 1 was interpreted as a strong positive correlation. The cor.test function in the RStudio
statistical software was used (RStudio Team, 2020).
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3.4.3. Seasonal Modelling and Cross-Correlation Insights

Indices showing a strong linear correlation, as determined by Pearson’s correlation coefficient,
were fitted to SARIMA models, followed by a cross-correlation analysis. In this context, burned area
size was considered as the response variable with climatic (SPEI) and spectral vegetation (NDVI)
indices as predictors. All computations were performed using the RStudio software (RStudio Team,
2020).

Initially, the data series were transformed into time series objects with a monthly frequency
using the #s() function. The Augmented Dickey-Fuller (ADF) test was then applied to assess stationarity,
evaluating the associated p-value and t-statistic. The SPEI-24 and NDVIs series showed insufficient
evidence of stationarity, necessitating differentiation via the diff() function to meet this requirement
before proceeding with modelling. The auto.arima() function was employed to automatically determine
the optimal model order for each series (Hyndman and Khandakar, 2008). A SARIMA model (p, d, q)
(P, D, Q) s consists of seven parameters; it is an extension of the ARIMA model with additional terms
to handle the seasonality of the data series. Once the model order was established, the models were
fitted, and the residuals were examined using the checkresiduals() function and the Ljung-Box test. A
p-value > 0.05 in the Ljung-Box test indicated no significant autocorrelation in the residuals, confirming
an adequate model fit.

Subsequently, an exploratory cross-correlation analysis was performed on the residuals to
eliminate variable-specific trends and mitigate autocorrelation issues. This analysis was conducted using
the ccf() function, which calculates the linear relationship between two time series across various
positive and negative lags. The objective was to identify patterns, trends, and significant relationships
between the analysed variables within the context of the time series.

In this approach, SARIMA residuals were interpreted as the stochastic or 'random' component
of each time series, after accounting for trend and seasonality. Cross-correlation between residuals thus
focuses on short-term deviations -often associated with anomalous or extreme events- that are not
explained by regular temporal patterns. This strategy facilitates the identification of inter-variable
associations that may otherwise remain hidden due to autocorrelation in the raw series.

4. Results
4.1. Trends and inflexion points of climatic variables

The trends for pp, Tmed, and Tmax were positive and significant (pp z=2.3072, p=0.02104;
Tmed z=3.692, p=0.00022; Tmax z=1.9941, p=0.04614) (Fig. 2a and b). All variables showed increases
within the period analysed: pp= 217.5 mm (Theil-Sen estimator=7.51), Tmed= 1.24°C (Theil-Sen
estimator=0.04285) and Tmax= 1.4°C (Theil-Sen estimator=0.048). For Tmin, the trend was positive
but not significant (z=1.184; p=0.2364), with an increase of 0.97°C for the entire period (Theil-Sen
estimator=0.033) (Fig. 2b). Mean precipitation over the study period was 433 mm (Fig. 2a). The
estimated inflexion points for the variables with a significant trend occurred in 2013, 2007 and 2008 for
pp, Tmed and Tmax, respectively.
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Figure 2. a. Trend and average value of precipitation (pp) and b. Trend of mean temperature (Tmed),
maximum temperature (Tmax) and minimum temperature (Tmin) for the period 1995-2023.

4.2. Characteristics of drought and humidity events

The different SPEI timescales (SPEI-3, SPEI-6, SPEI-12 and SPEI-24) exhibited comparable
general patterns over time. However, each timescale allowed for a distinct characterisation of attributes
related to drought and humidity events, such as intensity, duration, and severity. On the one hand, SPEI-
3 and SPEI-6 showed monthly and annual oscillations that correlated with the intensity of the events.
These indices reached values outside the range of 2 to -2 (Fig. 3a and b). The SPEI-12 and SPEI-24
indices, on the other hand, provided information on the duration and severity of the events, while
masking the seasonal oscillations characteristic of these systems (Fig. 3¢ and d).
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Figure 3. Standardised Precipitation and Evapotranspiration Index (SPEI), and fire events for the 1995-2023
time series, calculated for 3, 6, 12 and 24 months (a-SPEI-3, b-SPEI-6, c-SPEI-12 and d-SPEI-24,
respectively).
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SPEI-12 experienced the longest drought period (values below -0.5) from December 2011 to
August 2013, in addition to a total of 21 months that fell into the "moderate drought" category. For
SPEI-24, the longest dry period was recorded from January 2009 to March 2014, spanning a total of 63
months. For both SPEI, extreme drought events were identified with values close to -2. Conversely, the
longest wet period for SPEI-12 was recorded from April 2014 to February 2018, comprising a total of
47 months of positive water balance with values between 1.5 and 2. For SPEI-24, the longest humid
period lasted 49 months, from September 2014 to September 2018.

A positive and significant linear trend was observed for SPEI-6, SPEI-12, and SPEI-24,
indicating a shift toward higher values. However, SPEI-3 did not display a significant linear trend (Table
2). Over the analysed period, SPEI-3 increased by 0.0299, SPEI-6 by 0.0574, SPEI-12 by 0.0638, and
SPEI-24 by 0.0920 (Table 2).

Table 2. Values of z (trend indicator), p-value and the Theil-Sen estimator for each timescale of the Standardised
Precipitation and Evapotranspiration Index (SPEI) index. The p-values>(0.05 do not infer significant differences.

z p Theil-Sen estimator
SPEI-3 1.835 0.0665 0.00103
SPEI-6 3.395 0.0007 0.00198
SPEI-12 4.140 0.00003 0.00225
SPEI-24 4.864 0.000001 0.00317

4.3. Spectral index insights from climatic dynamics

Both NDVIs and NDVIg showed a significant positive correlation with the 4 SPEI timescales
(p-value<0.001 for all correlations) (Table 3). The strongest correlations were found between NDVIs
with SPEI-24 (0.68) and between NDVIg with SPEI-6 and SPEI-12 (0.81 for both) (Table 3 and Fig. 4).

Table 3. Pearson's correlation coefficient between the Standardised Precipitation and Evapotranspiration Index
(SPEI) and the Normalised Difference Vegetation Index (NDVI) at multiple timescales and physiognomies.
References: SPEI 3, 6, 12 and 24; NDVIs - shrubland and NDVIg - grassland. The strongest linear correlations
appear in bold.

SPEL-3 SPEL-6 SPEL-12 SPEI-24
NDVI shrubland  0.61 (p=0.001)  0.63 (p=0.001) 0.65 (p=0.001) 0.68 (p=0.0002)
NDVI grassland ~ 0.74 (p=0.00004)  0.81 (p=0.000001)  0.81 (p=0.000001)  0.64 (p=0.001)

The climate index and the spectral index exhibited a similar dynamic throughout the time series,
with the most extreme SPEI values followed, with delay, by the NDVI. The highest NDVIs value was
0.4654 in 2019, which corresponded to a continuum of four previous SPEI-24 years with annual
averages above 0.5 (moderate/severely wet years). In the case of NDVIg, the highest value was 0.539
in 2004, related to three previous SPEI-6 and SPEI-12 years with values close to or greater than 1 (Fig.
4). At the other end of the scale, the lowest for NDVIs and NDVIg values (0.2542 and 0.2508,
respectively) were recorded in 2009. For the first index, this value corresponded to four previous SPEI-
24 years with negative values. In the case of the second index, the lowest NDVIg value corresponds to
almost seven previous SPEI-6 and SPEI-12 years with negative values reaching close to -2 (Fig. 4).
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Figure 4. Dynamics of the grassland Normalised Difference Vegetation Index (NDVIg) and the Standardised

Precipitation and Evapotranspiration Index (SPEI) timescales with the highest correlation (SPEI-6 and SPEI-

12) (upper panel) and dynamics of shrubland Normalised Difference Vegetation Index (NDVlIs) and the SPEI
timescale with the highest correlation (SPEI-24) throughout the 2000-2023 time series (lower panel).

4.4. Cross-Correlation: climatic indices, vegetation, and fires

The cross-correlation analysis revealed synchronous relationships at lag 0 between SPEI and
NDVI indices. Specifically, SPEI-12 and NDVIg showed the strongest association (r= 0.30; p< 0.001),
while SPEI-24 and NDVIs also exhibited a significant but weaker correlation (r= 0.20; p= 0.0003)
(Table 4). Although cross-correlation does not imply causality, it is worth noting that both SPEI-12 and
SPEI-24 summarise the climatic water balance accumulated over the 12 and 24 months prior to each
observation, respectively.

Finally, a weak but statistically significant negative correlation was found at lag 0 between
SPEI-12 and the annual burned area (r-0.10; p= 0.0374). No significant correlations were detected at
other lags for any of the variable pairs analysed.
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Table 4. Summary of cross-correlation results between the residuals of SARIMA models for Standardised
Precipitation and Evapotranspiration Index (SPEI), Normalised Difference Vegetation Index (NDVI) and burned
area. The table includes the correlation coefficient (r), the associated Z-value, the p-value and an interpretation
of the observed relationships.

Variable Lag Correlation (r)  Z-value p-value Interpretation
Positive, gradual grassland
SPEI12 NDVIg 0 0.30 5.0218 <0.001 response to cumulative 12-month

moisture signal.

Positive, long-term shrubland
SPEI 24-NDVIs 0 0.20 3.5918 0.0003 response to 24-month cumulative

climate.

Inverse association: prolonged
drought conditions associated
with increased extent of burned
area.

SPEI12-burned area 0 —-0.10 -2.0818 0.0374

5. Discussion

The stochastic nature of wildfires, along with the numerous environmental and anthropogenic
variables involved in their processes and development, makes it difficult to predict when such events
will begin (Alvarado et al., 2020; Reyes Bueno and Balcazar Gallegos, 2021; Conciani et al., 2021).
Therefore, the approach used in this study (a temporal analysis of climatic and spectral indices) could
serve as a valuable methodological framework for gaining an in-depth understanding of the pre-ignition
context (Ertugrul et al., 2021). In this regard, the results obtained in this study enhance our understanding
of how climate variables are interrelated and their potential to be considered as effective predictors of
future fires (Reyes Bueno and Balcazar Gallegos, 2021; Chen ef al., 2024).

During the analysed period, major fire events were preceded by years in which precipitation
exceeded the historical average for that period (433 mm). In contrast, the years in which these events
occurred, recorded below-average precipitation. All significant wildfires during the study period (2003,
2005, 2018, 2023) took place at the beginning of or immediately following the summer season. A similar
pattern was observed in the caldén forest areas of the central semiarid region of Argentina, with the most
devastating events being preceded by years of above-average rainfall during the studied period (Estelrich
et al., 2022). In this context, additional findings from the region indicate that summer wildfires are
positively associated with the average aridity index calculated over the two years preceding the events,
reinforcing the role of multi-year climatic dynamics in shaping fire occurrence (Rodriguez, 2024).

In this context, the SPEI showed a sequence of dry-wet cycles generally interrupted by a fire event
associated with the onset of the next dry cycle. The smaller-scale SPEIs facilitated the characterisation of
event intensity (drought and humidity peaks) based on monthly and annual oscillations (Musei et al.,
2021), reflecting the extreme weather changes typical of these systems without providing relevant
information at the ecosystem scale. By contrast, the SPEIs at longer timescales smooth the dynamics of
drought-moisture cycles, allowing us to analyse their characteristics in terms of event duration and severity
(Tirivarombo et al., 2018; Musei et al., 2021; Mousavi et al., 2023).

Consequently, SPEI-12 (and partially SPEI-24) was the timescale that most clearly indicated
values above the index’s normal range (reaching close to 2) during the years preceding a fire, whereas
in the year of the fire, the values turned negative. The highest index values were associated with the
2003 and 2018 fire events, which corresponded to a prolonged period of severe humidity. However,
during all the wildfire years, the SPEI dropped below the normal range, reaching values as low as -1.5.
Similarly, a recent study in the Central Monte region reported that the occurrence of large wildfires was
strongly favoured by the combination of a spring-summer season with abundant precipitation followed
by a year with low precipitation during the same period. Furthermore, precipitation and burned area
showed a marked 6-7-year cycle, suggesting a dominant climatic control over wildfire occurrence
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(Villagra et al., 2024). This finding reinforces the potential applicability of an early warning system
based on the identification of multi-year moisture and drought patterns.

In arid or semiarid environments, the ability of vegetation to respond to humidity and drought
events is closely linked to its adaptive strategies (Gibson, 2012). In this regard, functional groups of
herbaceous plants and grasses respond more quickly to short pulses of soil moisture from incident
precipitation than shrubs, as they are more closely tied to groundwater dynamics (phreatophytes)
(Giordano et al., 2011). This relationship is reflected in the strong correlation between NDVIg and the
smaller-scale SPEIs and between NDVIs and the larger-scale SPEISs, the latter exhibiting a spectral index
response that follows the climatic index with delay.

Related to the dynamics previously described for grasses and herbaceous plants, the increase in
available soil water during wet periods creates the necessary conditions for the accumulation of fine aerial
phytomass (Del Valle Ledesma, 2020). Subsequently, pronounced droughts accelerate moisture loss from
the accumulated fine phytomass, transforming it into plant biomass that becomes highly fire-prone during
storms or high summer temperatures (Shao et al., 2023; Chen et al., 2024; Mosiejchuk and Mazzola, 2025).
The integration of the NDVI and SPEI in this study revealed synchronised patterns between vegetation
activity and cumulative moisture conditions, particularly at the 12- and 24-month timescales. These results
underscore the value of combining multiscale climate indices with spectral vegetation indices to better
characterise the timing and intensity of drought-humidity cycles and their influence on vegetation
dynamics (Vicente-Serrano et al., 2010; Conciani et al., 2021; Arroyo-Ramirez, 2024; Cisneros-Vaca et
al.,2024).

The observed upward trends in both average temperature and total annual precipitation in the
study area align with regional and national patterns reported for the Patagonian and central regions of
Argentina (Oruezabal et al., 2022). These trends are consistent with the broader impacts of climate
change, which have already altered weather patterns globally and regionally (Pausas and Keeley, 2021;
IPCC, 2023). Such changes influence key fire-related drivers, including drought frequency, temperature
extremes, and vegetation flammability (Shi et al., 2021; Singh, 2022), potentially leading to increased
fire occurrence and intensity, as projected in multiple future scenarios (Pausas and Keeley, 2021; Naval-
Fernandez et al., 2023).

Understanding fire dynamics through indices that provide insights into the environmental and
climatic contexts in which they occur is a crucial contribution to management efforts. This knowledge
supports the development of effective fire management and prevention strategies aimed at preserving
these systems in the face of climate change. The application of these indices in fire-prone natural systems
is particularly valuable, as it allows for the identification of scenarios with a high probability of ignition
events.

6. Conclusions

Precipitation alternated between years with values above and below the average for the time
series analysed in this study. Wet periods were followed by fire events occurring during drier periods.
In this context, the SPEI indicated a sequence of dry-wet cycles, generally interrupted by wildfires
coinciding with the onset of the next dry cycle. SPEI values calculated at shorter timescales were useful
in characterising event intensity, while those at longer timescales provided insight into event duration
and severity.

The NDVI for both grasslands and shrublands exhibited similar dynamics and a positive
correlation with SPEI-12 and SPEI-24, respectively. Although some correlations, such as those
involving fire occurrence, were relatively weak, the combined use of SPEI and NDVI remains a useful
approach for detecting fuel accumulation periods and identifying climatic patterns potentially associated
with fire events.
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In the context of climate change, the observed upward trends in precipitation, mean, and
maximum temperature suggest possible futures with increased fire frequency. Therefore, the continued
monitoring of climatic and vegetation indices, even when associations are moderate, represents a
valuable contribution to fire risk assessment. Promoting the integration of these tools into disaster risk
management frameworks could benefit both productive systems and biodiversity conservation,
especially when approached from an interdisciplinary perspective that includes climate science, plant
community dynamics and fire ecology.

From an applied perspective, the patterns identified between climatic indices (SPEI), vegetation
response (NDVI), and fire occurrence can support the development and strengthening of early warning
systems. The detection of prolonged drought conditions, such as those identified in SPEI-12 and SPEI-
24, combined with reductions in vegetation greenness, enables the anticipation of periods of increased
fire susceptibility. Incorporating these signals into operational monitoring frameworks may support
timely preventive actions, including prescribed burning, fuel load management, and the activation of
local alerts. Therefore, the findings of this study provide potential tools that may serve to connect
ecological research with land management strategies and public policies for wildfire prevention in
semiarid regions.

Acknowledgments

The authors acknowledge the support given by the technicians of the National Parks
Administration of LCNP and the Faculty of Agronomy, National University of La Pampa.

References

Administracion de Parques Nacionales (APN). 2021. Plan de manejo del fuego del Parque Nacional Lihué Calel
(2022-2027). 1F-2021-77413184-APN-PNLCA#APNAC) [PDF]. Sistema de Informacion de
Biodiversidad (SIB). https://sib.gob.ar/archivos/PG_PN Lihue Calel.pdf

Alvarado, S.T., Andela, N., Silva, T.S.F., Archibald S. 2020. Thresholds of fire response to moisture and fuel load
differ between tropical savannas and grasslands across continents. Global Ecology and Biogeography 29,
331-344. https://doi.org/10.1111/geb.13034

Armenteras, D., Gonzalez, T.M. 2024. Repensando la gestion de incendios forestales en Suramérica: un enfoque
integrado en la era del cambio climatico. Revista de la Academia Colombiana de Ciencias Exactas,
Fisicas y Naturales 48(186), 210-215. https://doi.org/10.18257/raccefyn.260

Arroyo-Ramirez, A.B. 2024. Validacion de pardmetros climdticos asociados a la generacion de incendios
forestales. [Bachelor’s thesis]. Facultad de Ciencias, UNALM. https://hdl.handle.net/20.500.12996/6575

Aryal, D.R., Morales-Ruiz, D.E., Lopez-Cruz, S., Tondopo-Marroquin, C.N., Lara-Nucamendi, A., Jiménez-
Trujillo, J.A., Pérez-Sanchez, E., Betanzos-Simon, J.E., Casasola-Coto, F.C., Martinez-Salinas, A.,
Sepulveda-Lopez, C.J., Ramirez-Diaz, R., Arias, M.A., Guevara-Hernandez, F., Pinto-Ruiz, R., Ibrahim,
M. 2022. Silvopastoral systems and remnant forests enhance carbon storage in livestock-dominated
landscapes in Mexico. Scientific Reports 12, 16769. https://doi.org/10.1038/s41598-022-21089-4

Cabrera, A.L. 1976. Regiones fitogeograficas argentinas. In W. F. Kugler (eds), Enciclopedia argentina de
agricultura y jardineria. Tomo II. Acme, Buenos Aires, Argentina, 85 pp.

Cangiano, M.L., Cendoya, M.A., Alvarez Redondo, M., Ernst, R.D., Gémez, M.M., Larroulet, M.S., Lopez, G.E.,
Estelrich, H.D., Morici, E.F.A., Suarez, C.E., Sawczuk, N., Reyes, M., Risio Allione, L., Bogino, S.M.
2021. Ecosystem Services of the Prosopis caldenia. Woodlands in the Argentinean Pampas. In R. Batista
(eds), Prosopis Properties, Uses and Biodiversity. Plant Science Research and Practices. New York,
Nova Science Publishers.

Chen, F., Jia, H., Du, E., Chen, Y., Wang, L. 2024. Modeling of the cascading impacts of drought and forest fire
based on a Bayesian network. International Journal of Disaster Risk Reduction 111, 104716.
https://doi.org/10.1016/].ijdrr.2024.104716

168 Cuadernos de Investigacion Geogradfica, 51 (2), 2025, pp. 155-171


https://sib.gob.ar/archivos/PG_PN_Lihue_Calel.pdf
https://doi.org/10.1111/geb.13034
https://doi.org/10.18257/raccefyn.260
https://hdl.handle.net/20.500.12996/6575
https://doi.org/10.1038/s41598-022-21089-4
https://doi.org/10.1016/j.ijdrr.2024.104716

Wildfires in xerophytic shrublands of Lihué Calel National Park

Cisneros-Vaca, C., Calahorrano, J., Manzano, M. 2024. Analisis espacial y temporal de incendios forestales en el
Ecuador utilizando datos de sensores remotos. Colombia Forestal 27(1), 1-18. https://doi.org/10.14483/
2256201X.20111

Conciani, D.E., Pereira dos Santos, L., Freire Silva, T.S., Durigan, G., Alvarado, S.T. 2021. Human-climate
interactions shape fire regimes in the Cerrado of Sao Paulo state, Brazil. Journal for Nature Conservation
61, 126006. https://doi.org/10.1016/j.jnc.2021.126006

de Titto, E., Savino, A. 2021. Sobre la importancia de los incendios forestales. Revista ISALUD 79, 52-62.
Available in: https://www.academia.edu/61488733/Sobre_la_importancia_de los incendios_forestales

Del Valle Ledesma, R.R. 2020. Mecanismos de coexistencia pastos-arbustos en sitios ecologicos del Chaco
semidrido. [Doctoral thesis]. Facultad de Agronomia, UBA. http://hdl.handle.net/20.500.12123/11464

Ertugrul, M., Varol, T., Ozel, H.B., Cetin, M., Sevik, H. 2021. Influence of climatic factor of changes in forest fire
danger and fire season length in Turkey. Environmental Monitoring and Assessment 193(28).
https://doi.org/10.1007/s10661-020-08800-6

Estelrich, H.D., Suarez, C.E., Morici, E.F.A. 2022. El fuego en areas de bosque con pajonal y fachinales. In H. D.
Estelrich, C. E. Suarez (eds), El bosque de caldén: un abordaje multidisciplinario para su manejo y
conservacion. Santa Rosa, EQUNLPam.

Fernandes, R., Leblanc, S.G. 2005. Parametric (modified least squares) and non-parametric (Theil-Sen) linear
regressions for predicting biophysical parameters in the presence of measurement errors. Remote Sensing
of Environment 95(3), 303-316. https://doi.org/10.1016/j.rse.2005.01.005

Ferrelli, F., Brendel, A.S., Piccolo, M.C., Perillo Gerardo M.E. 2020. Evaluacion de eventos secos y humedos en
el contexto del cambio climatico: el caso del sur de la region pampeana (Argentina). Papeles de Geografia
66, 27-46. http://doi.org/10.6018/geografia.431671

Gardon, R. 2014. Distribucion espacial de especies de la flora del Monte Occidental de la provincia de La Pampa
y su relacion con factores abioticos. [Bachelor’s thesis]. FCEyN, Universidad Nacional de La Pampa.
https://repo.unlpam.edu.ar/handle/unlpam/2097

Gebrechorkos, S.H., Peng, J., Dyer, E., Miralles, D.G., Vicente-Serrano, S.M., Funk, C., Beck, H. E., Asfaw, D.T.,
Singer, M.B., Dadson, S.J. 2023. Global high-resolution drought indices for 1981-2022. Earth System
Science Data 15, 5449-5466. https://doi.org/10.5194/essd-15-5449-2023

Gibson, A.C. 2012. Structure-function relations of warm desert plants. Springer. 222 pp.

Giordano, C.V., Aranzazi Guevara, H.E., Boccalandro, C.S., Villagra. P.E. 2011. Water status, drought responses,
and growth of Prosopis flexuosa trees with different access to the water table in a warm South American
desert. Plant Ecology 212, 1123-1134. https://doi.org/10.1007/s11258-010-9892-9

Giorgis, M.A., Zeballos, S.R., Carbone, L., Zimmermann, H., von Wehrden, H., Aguilar, R., Ferreras, A.E., Tecco,
P.A., Kowaljow, E., Barri, F., Gurvich, D.E., Villagra, P., Jaureguiberry, P. 2021. A review of fire effects
across South American ecosystems: the role of climate and time since fire. Fire Ecology 17(11), 1-20.
https://doi.org/10.1186/542408-021-00100-9

Harrison, S.P., Prentice, 1.C., Bloomfield, K.J., Dong, N., Forkel, M., Forrest, M., Ningthoujam, R.K., Pellegrini,
A., Shen, Y., Baudena, M., Cardoso, A.W., Huss, J.C., Joshi, J., Oliveras, 1., Pausas, J.G., Simpson, K.J.
2021. Understanding and modelling wildfire regimes: an ecological perspective. Environmental Research
Letters 16, 125008. https://doi.org/10.1088/1748-9326/ac39be

Hyndman, R.J., Khandakar, Y. 2008. Automatic time series forecasting: the forecast package for R. Journal of
statistical sofiware 27, 1-22. https://doi.org/10.18637/jss.v027.103

IPCC. 2023. ARG Synthesis Report: Climate Change. 2023. Available in: https://www.ipcc.ch/report/sixth-
assessment-report-cycle/

Kala, C.P. 2023. Environmental and socioeconomic impacts of forest fires: A call for multilateral cooperation and
management interventions. Natural Hazards Research 3,286-294. https://doi.org/10.1016/j.nhres.2023.04.003

Kamruzzaman, M., Rahman, A.T., Ahmed, M.S., Ahmed, S., Kabir, E.E., Mazumder Q.H., Rahman, M.S., Jahan,
C.S. 2018. Spatio-temporal analysis of climatic variables in the western part of Bangladesh. Environment
Development and Sustainability journal 20, 89-108. https://doi.org/10.1007/s10668-016-9872-x

Cuadernos de Investigacion Geogradfica, 51 (2), 2025, pp. 155-171 169


https://doi.org/10.14483/2256201X.20111
https://doi.org/10.14483/2256201X.20111
https://doi.org/10.1016/j.jnc.2021.126006
https://www.academia.edu/61488733/Sobre_la_importancia_de_los_incendios_forestales
http://hdl.handle.net/20.500.12123/11464
https://doi.org/10.1007/s10661-020-08800-6
https://doi.org/10.1016/j.rse.2005.01.005
http://doi.org/10.6018/geografia.431671
https://repo.unlpam.edu.ar/handle/unlpam/2097
https://doi.org/10.5194/essd-15-5449-2023
https://doi.org/10.1007/s11258-010-9892-9
https://doi.org/10.1186/s42408-021-00100-9
https://doi.org/10.1088/1748-9326/ac39be
https://doi.org/10.18637/jss.v027.i03
https://www.ipcc.ch/report/sixth-assessment-report-cycle/
https://www.ipcc.ch/report/sixth-assessment-report-cycle/
https://doi.org/10.1016/j.nhres.2023.04.003
https://doi.org/10.1007/s10668-016-9872-x

Rossini and Suarez

Kirkland, M. Atkinson, P.W., Aliacar, S., Saavedra, D., De Jong, M.C., Dowling, T.P.F., Ashton-Butt, A. 2024.
Potected areas, drought, and grazing regimes influence fire occurrence in a fire-prone Mediterranean
region. Fire Ecology 20, article 88. https://doi.org/10.1186/s42408-024-00320-9

Lacouture, D.L., Broadbent, E.N., Crandall, R.M. 2020. Detecting vegetation recovery after fire in a fire-
frenquented habitat using normalized difference vegetation index (NDVI). Forests 11(7), 749.
http://doi.org/10.3390/f11070749

Luo, N., Mao, D., Wen, B., Liu, X. 2020. Climate Change Affected Vegetation Dynamics in the Northern Xinjiang
of China: Evaluation by SPEI and NDVI. Land 9(3), 90. https://doi.org/10.3390/1and9030090

Masanta, S.K., Srinivas, V.V. 2022. Proposal and evaluation of nonstationary versions of SPEI and SDDI based
on climate covariates for regional drought analysis. Journal of Hidrology 610, 127808.
https://doi.org/10.1016/j.jhydrol.2022.127808

Méndez, M.J., Bongianino, S., Casagrande, G., Vergara, G. 2018. Impacto de El Nifio oscilacion del Sur (ENSO)
y la fecha de siembra en la evolucion del agua almacenada en el suelo durante el cultivo del maiz.
Semiarida 28(1), 11-22. http://doi.org/10.19137/semiarida.2018(01).11-22

Mousavi, R., Johnson, D. Kroebel, R., Byrne, J. 2023. Analysis of historical drought conditions based on SPI and
SPEI at various timescales in the South Saskatchewan River Watershed, Alberta, Canada. Theoretical
and Applied Climatology 153, 873-887. https://doi.org/10.1007/s00704-023-04495-0

Mosiejchuk, M.A., Mazzola, M.B. 2025. Ocurrencia de incendios forestales en la Provincia de La Pampa,
Argentina (2005-2017). Semiarida 35(1), 5-20. http://doi.org/10.19137/semiarida.2025(1).5-20

Musei, S.K., Nyaga, J.M., Dubow, A.Z. 2021. SPEI-based spatial and temporal evaluation of drought in Somalia.
Journal of Arid Environments 184, 104296. https://doi.org/10.1016/j.jaridenv.2020.104296

Naval Fernandez, M.C., Albornoz, J., Bellis, L.M., Baldini, C., Arcamone, J., Silvetti, L., Alvarez, M.P.,
Argafiazar, J.P. 2023. Megaincendios 2020 en Cordoba: Incidencia del fuego en areas de valor ecologico
y socioeconomico. Ecologia Austral 33, 136-151. https://doi.org/10.25260/EA.23.33.1.0.2120

Obando Cabrera, L., Hantson, S., Barragan Barrera, D.C. 2022. Chispas, cambio climatico y actividades humanas.
El tridangulo de fuego que estd quemando nuestros ecosistemas. Revista de Divulgacion Cientifica
6(2022). https://doi.org/10.12804/dven_10336.37296 num6

Oruezabal, V.A., Martin, P.B., Castafieda, M.E. 2022. Los cambios observados en el régimen de precipitacion en
la Patagonia Argentina. Revista de la Facultad de Agromomia, UNLP 121(2). Available in:
http://portal.amelica.org/ameli/journal/23/233665010/

Oyarzabal, M., Clavijo, J., Oakley, L., Biganzoli, F., Tognetti, P., Barberis, 1., Maturo, H. M., Aragdén, R.,
Campanello, P. 1., Prado, D., Oesterheld, M., Leo, R. J. C. 2018. Unidades de vegetacion de la Argentina.
Ecologia Austral 28, 40-63. https://doi.org/10.25260/EA.18.28.1.0.399

Pausas, J.G., Keeley, J.E. 2021. Wildfires and global change. Frontiers in Ecology and the Environment 19(7),
387-395. https://doi.org/10.1002/fee.2359

Reyes Bueno, F., Balcazar Gallegos, C. 2021. Factores que inciden en la probabilidad de ocurrencia de incendios
forestales en Ecuador. FIGEMPA, Investigacion y Desarrollo 11(1), 50-60. https://doi.org/10.29166/
revfig.vl1i1.2634

Ricard, M.F., Mayer, M.A., Viglizzo, E.F. 2022. El impacto de la demanda de proteina de carne vacuna y soja en
las emisiones de carbono en Argentina durante las dos primeras décadas del siglo XXI. Environment
Science and Pollution Research 29,20939-20946. https://doi.org/10.1007/s11356-021-16744-8

Rodriguez, L.B. 2024. Variacion de la vegetacion lefiosa con relacion al clima y disturbios antropicos y naturales
en el ecotono sur Espinal-Monte. [Doctoral thesis]. Facultad de Ciencias Agrarias y Forestales,
Universidad Nacional de La Plata. https://doi.org/10.35537/10915/171501

Rogers, B.M., Balch, J.K., Goets, S.J., Lehmann, C.E.R., Turetsky, M. 2020. Focus on changing fire regimes:
interactions with climate, ecosystems and society. Enviromment Research Letters 15, 030201.
https://doi.org/10.1088/1748-9326/ab6d3a

RStudio Team. 2020. RStudio: Integrated Development for R. RStudio, PBC, Boston, MA.
http://www.rstudio.com/

170 Cuadernos de Investigacion Geogradfica, 51 (2), 2025, pp. 155-171


https://doi.org/10.1186/s42408-024-00320-9
http://doi.org/10.3390/f11070749
https://doi.org/10.3390/land9030090
https://doi.org/10.1016/j.jhydrol.2022.127808
http://doi.org/10.19137/semiarida.2018(01).11%C2%AD22
https://doi.org/10.1007/s00704-023-04495-0
http://doi.org/10.19137/semiarida.2025(1).5-20
https://doi.org/10.1016/j.jaridenv.2020.104296
https://doi.org/10.25260/EA.23.33.1.0.2120
https://doi.org/10.12804/dvcn_10336.37296_num6
http://portal.amelica.org/ameli/journal/23/233665010/
https://doi.org/10.25260/EA.18.28.1.0.399
https://doi.org/10.1002/fee.2359
https://doi.org/10.29166/revfig.v11i1.2634
https://doi.org/10.29166/revfig.v11i1.2634
https://doi.org/10.1007/s11356-021-16744-8
https://doi.org/10.35537/10915/171501
https://doi.org/10.1088/1748-9326/ab6d3a
http://www.rstudio.com/

Wildfires in xerophytic shrublands of Lihué Calel National Park

Santacruz-Garcia, A.C., Bravo, S., del Corro, F., Ojeda, F. 2019. A comparative assessment of plant flammability
through a functional approach: The case of woody species from Argentine Chaco region. Austral Ecology
44, 1416-1429. https://doi.org/doi:10.1111/aec.12815

Secretaria de Ambiente y Desarrollo Sustentable de la Nacion (SAyDS). 2018. Estadistica de incendios forestales
(ISSN 1850-7239).

Sen, P.K. 1968. Estimates of the regression coefficient based on Kendall’s Tau. Journal of the American Statistical
Association 63(24), 1379-1389. https://www.jstor.org/stable/2285891

Shao, Y., Fan, G., Feng, Z., Sun, L., Yang, X., Ma, T., Li, X.S., Fu, H., Wang, A. 2023. Prediction of forest fire
occurrence in China under climate change scenarios. Journal of Forestry Research 34, 1217-1228.
https://doi.org/10.1007/s11676-023-01605-6

Shi, G., Yan, H., Zhang, W., Dodsona, J., Heijnis, H., Burrows, M. 2021. Rapid warming has resulted in more
wildfires in northeastern Australia. Science of the Total Environment 771, 144888.
https://doi.org/10.1016/j.scitotenv.2020.144888

Singh, S. 2022. Forest fire emissions: A contribution to global climate change. Frontiers in Forest and Global
Change 5, 925480. https://doi.org/10.3389/ffgc.2022.925480

Tirivarombo, S., Osupile, D., Eliasson, P. 2018. Drought monitoring and analysis: Standardised Precipitation
Evapotranspiration Index (SPEI) and Standardized Precipitation Index (SPI). Physics and Chemistry of
the Earth 106, 1-10. https://doi.org/10.1016/j.pce.2018.07.001

Utello, M.J. 2024. Carbon balance in the silvopastoral systems of Caldén forest: sources or sinks of greenhouse
gasses? Agroforest System 98(5). https://doi.org/10.1007/s10457-024-00984-x

Vega, J.A., Fernandez, C. 2020. La interfaz urbano-forestal-agricola en Galicia y el riesgo de incendio. In
Fernandez, C., Vega J.A. (eds), Retos en el manejo de combustibles en masas forestales y en la
interfaz urbano-forestal, pp. 103-128. Santiago de Compostela, Andavira. Available in:
https://lourizan.xunta.gal/sites/default/files/manejocombustiblesenmasasforestales.pdf

Vicente-Serrano, S.M., Begueria, S., Lopez-Moreno, J.I. 2010. A multiscalar drought index sensitive to global
warming: The standardized precipitation evapotranspiration index. Journal of Climate 23(7), 1696-1718.
https://doi.org/10.1175/2009JCLI2909.1

Vidal-Riveros, C., Souza-Alonso, P., Bravo, S., Laino, R., Bieng, M.A.N. 2023. A review of wildfires effects
across the Gran Chaco region. Forest Ecology and Management 549, 121432,
https://doi.org/10.1016/j.foreco.2023.121432

Villagra, P.E., Alvarez, J.A., Karlin, M., Meglioli, P.A., Vega Riveros, C.C, Zapata, R., Abraham, E.M., Alvarez,
L., Aschero, V., Cesca, E.M., Coirini, R.O., Cony, M.A., Gatica, M.G., Karlin, U.O.T., Melian, E., Mora,
S., Morales, M.S., Prieto, M.R., Pucheta, E.R., Ribas Fernandez, Y.A., Roig, S.A., Rojas, J.F., Rolhauser,
A.G., Rubio, M.C., Rubio, M.C., Sartor, C.E., Tonolli, A.J. 2021. Bosques de la region del Monte. In Uso
sostenible del bosque: Aportes desde la Silvicultura Argentina, pp. 443-541. Presidencia de la Nacion.
Ministerio de Ambiente y Desarrollo Sostenible. http://hdl.handle.net/11336/170260

Villagra, P.E., Cesca, E., Alvarez, L.M., Delgado, S., Villalba, R. 2024. Spatial and temporal patterns of forest
fires in the Central Monte: relationships with regional climate. Ecological Processes 13(5).
https://doi.org/10.1186/s13717-023-00481-6

Xu, R., Yu, P., Abramson, M.J., Johnston, F.H., Samet, J.M., Bell, M.L., Haines, A., Ebi, K.L., Li, S., Guo, Y.
2020. Wildfires, Global Climate Change, and Human Health. The New England Journal of Medicine
383(22),2173-2181. https://doi.org/10.1056/NEJMsr2028985

Zamora Fernandez, M. A., Azanza, R.J., Bezanilla Morlot, A. 2022. Impacto del cambio climatico en la generacion
de incendios forestales en Las Tunas. Revista Cubana de Ciencias Forestales 10(2), 150-168.
http://ref.scielo.org/z22tgx

Cuadernos de Investigacion Geogradfica, 51 (2), 2025, pp. 155-171 171


https://doi.org/doi:10.1111/aec.12815
https://www.jstor.org/stable/2285891
https://doi.org/10.1007/s11676-023-01605-6
https://doi.org/10.1016/j.scitotenv.2020.144888
https://doi.org/10.3389/ffgc.2022.925480
https://doi.org/10.1016/j.pce.2018.07.001
https://doi.org/10.1007/s10457-024-00984-x
https://lourizan.xunta.gal/sites/default/files/manejocombustiblesenmasasforestales.pdf
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1016/j.foreco.2023.121432
http://hdl.handle.net/11336/170260
https://doi.org/10.1186/s13717-023-00481-6
https://doi.org/10.1056/NEJMsr2028985
http://ref.scielo.org/z22tgx

