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Potential conditions for fire occurrence in vegetation in the
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Abstract. Fire activity in the Peruvian Andes has increased significantly in recent decades, but climatic parameters
associated with drought, which may indirectly contribute to the occurrence of severe forest fires, have not yet been
investigated. Because fire prevention tools are scarce, strategies for deterring burning are necessary in order to reduce
impacts in regions where forest fires usually result from human activity. This study explores the conditions conducive to
forest fire in the Andes of Peru. Daily precipitation and temperature observed data from the PISCO gridded dataset for the
2002-2016 period were used. In addition, MODIS satellite images (MOD09A1 product) were collected to characterise
Andean vegetation using spectral indices. Analysis of daily temperature and rainfall indicates that climatic parameters
such as cumulative precipitation, dry-day frequency and hot-day frequency are statistically associated with conditions that
could contribute to increased forest fire occurrence. Our findings suggest that a decrease in the water content of vegetation,
estimated by the Global Vegetation Moisture Index during the dry period and wet period onset, can be used to identify
potential conditions for forest fire occurrence. This study suggests that forest managers should consider implementing
prevention strategies that include continuous monitoring of climate and vegetation parameters.
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Introduction

Fire in the Andes is commonly driven by human ignitions and is
mainly associated with forest fuel build-up during the dry season
(Roman-Cuesta et al. 2011, 2014; Zubieta et al. 2019). Forests
or other vegetation are highly flammable during the dry season,
because of the high moisture deficit in these ecosystems (e.g. puna,
paramo, grassland, shrubland or woods) and forest fuel avail-
ability. Forest fire is an ongoing threat and a constant challenge for
forest management worldwide, and Amazonian and Andean
ecosystems are no exception. The frequency of forest fire varies
seasonally, and fire has a severe impact on Amazonian and
Andean ecosystems during the dry season. Although local forest
fire dynamics can be influenced by human activity, responses also
appear to be influenced by climate oscillations (All et al. 2017).
Rainfall increase in the Peruvian eastern Andes is usually
consistent with an intensification of the north-east trade winds
and with the increase in water vapour transport from the tropical
North Atlantic during the wet season (Espinoza et al. 2009).
Nonetheless, droughts in 2005 and 2010 were characterised with the
weakening of trade winds, which reduced seasonal water vapour
transport towards the Peruvian Andes (Espinoza et al. 2011). This in
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turn led to anomalously low river levels (Marengo and Espinoza
2016) and an increased risk of fire in the region (Garreaud et al.
2017). Indeed, increases in forest fire frequency are naturally
associated with extreme drought events in the Amazon Basin
(Marengo and Espinoza 2016; Silva et al. 2018; Silva et al. 2020;
Pontes-Lopes et al. 2021) and the Andes (Oliveras et al. 2014a,
2018; Roman-Cuesta et al. 2014; Zubieta et al. 2019). These
drought events are predicted to become more frequent owing to
climate change (Silva et al. 2018; dos Reis et al. 2021).

A decrease in rainfall in the Andes is also associated with El
Nifo in the central Pacific (Lagos et al. 2008; Silva et al. 2008;
Lavado-Casimiro and Espinoza 2014; Sulca et al. 2018, 2021).
Although El Nifo does not show a significant direct relationship
with fire activity in the tropical Andes (Roman-Cuesta et al.
2014), some regional impacts of the 2016 dry episode have
been explained by El Nifio events and the South Atlantic
Convergence Zone (SACZ) (Jimenez et al. 2021), which created
conditions conducive to forest fires. A recent study indicates that
the transition process between El Nifio and La Nifia in the central
Pacific is concordant with a sharp increase in the frequency
of forest fires in the Andean regions (Zubieta et al. 2019).
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Therefore, weather plays an important role in the occurrence of
forest fires, because it determines ease of ignition, propagation
rates and severity (Benson et al. 2008).

Forest fire is also influenced by biophysical factors, such as
the development of vegetation cover during the dry season and
the presence of ignition agents. Between 2013 and 2017, forest
fire severely burned almost 200 000 ha in the Andes and Amazon
regions of Peru (SERFOR 2018). The greatest emissions from
biomass burning (60-70%) came from burned montane cloud
forests (Oliveras et al. 2014b). Frosts are a major hazard to
agriculture in the tropical Andes of Peru (Saavedra and Takahashi
2017), and one physical mechanism that could contribute to
vegetation degradation is night frost, which desiccates Andean
pastures, increasing the likelihood that they could burn in the
future (Roman-Cuesta et al. 2014). These regions contain large
carbon stocks, and their loss through fire and burning is not
currently accounted for (Roman-Cuesta ef al. 2011). Research
on forest structure and species composition after fire in tropical
montane forest suggests that they take between 9 and 15 years to
regenerate, as species diversity increases. (Oliveras et al. 2014a,
2018). Both Andean and Amazonian forests present high rates of
deforestation due to human activities (FAO 2007; SERFOR
2018). This degradation was widespread throughout South
America in 2019 (BBC 2019). All these vegetation changes
and their drivers are indirect influences on fire temporal regimes
in the Andes region.

Nevertheless, the fire regime has long been a transformative
agent governed by climatic variation in the Andes, where
vegetation dynamics are linked to a common climatic driver
(Williams et al. 2011). Global climate models suggest enhanced
warming of the tropical mid and upper troposphere in the Andes
(Vuille and Bradley et al. 2000; Vuille et al. 2008; Zubieta et al.
2021). Possible changes in fire activity are among the significant
ecological consequences of rising temperatures in Andean
ecosystems (Roman-Cuesta et al. 2014).

Because fire suppression is unlikely to be an effective policy
(Keating 2007), decision-makers, emergency management
agencies, land managers, scientists and the public need the best
scientific information possible for fire management. Climate,
burn activity, deforestation, land-use change, regulation of
biomass burning and interactions among those factors are all
relevant for improving forest management (Di Bella ez al. 2006).
In addition, a balanced preventive approach could mitigate the
consequences and contribute to better long-term management of
fire damage (Collins ef al. 2013).

To predict fires and regulate their impacts, new knowledge is
needed about fire activity and the spatial and temporal distribution
of factors affecting its occurrence. This is extremely important
for agroforestry management and to reduce environmental
degradation (Di Bella et al. 2006). The climatic and vegetation
conditions conducive to forest fire in the Andes, however, have
not been fully studied. To characterise the spatial and temporal
distribution of factors that contribute to forest fire occurrence,
drought conditions must be thoroughly analysed. Satellites are an
alternative source of climate, vegetation and soil datasets that can
be assessed based on observed changes in vegetation health and
land cover (Asner and Alencar 2010; AghaKouchak et al. 2015;
Silva et al. 2018). Because the photosynthetic capacity of
plants changes when they are subjected to water stress or drought
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(Asrar et al. 1984; Asner et al. 2004), these conditions can be
detected by satellite sensors as combinations of visible (VIS) and
infrared (IR) light (Wardlow et al. 2012).

Satellites can also detect biomass burning (Bradley and
Millington 2006). Satellite data about vegetation condition and
its biophysical development can be integrated with climate-
based drought indices (Wardlow et al. 2012). For example, a
significant relationship has been found between the Normalized
Difference Vegetation Index (NDVI) and precipitation (Ding
et al. 2007; Chamaillé-Jammes and Fritz 2009). NDVI (or its
derivatives) has been widely used for drought assessment and
monitoring of vegetation development (Karlsen er al. 2008;
Chen et al. 2011). Recent studies in the Amazon Basin have
found a strong relationship between NDVI and dry-day fre-
quency (DDF), leading to a better understanding of the impact of
atmospheric conditions on vegetation (Espinoza et al. 2016;
Gutierrez 2018). In this paper, we concentrate on characterising
potential climatic and vegetation conditions using satellite- and
ground-based datasets that describe conditions before increased
forest fire occurrence in the Peruvian Andes (PA). Forest fires in
the PA generally result from human activity and are linked to
the expansion of crop areas and pasture and the burning of
undergrowth (SERFOR 2018). Drought can cause farmers and
ranchers to decide to conduct frequent burns during wet season
onset, when water stress is higher in the PA. Extreme droughts
are consistent with an increase of as much as 400% in forest fire
occurrence in the PA (Zubieta ef al. 2019). Thus, forest fires must
be studied to implement strategies for reducing and adapting to
fire danger in the PA (Manta et al. 2018).

Study area

The Andes mountains are the world’s longest continental
mountain range, with a maximum elevation of more than 6000 m
above sea level (asl). The tropical and subtropical sections of the
castern Andes contain the most dynamic and ecologically
diverse ecosystems in South America (Molina and Little 1981;
Swenson et al. 2012). The tropical Andes region is also a widely
recognised priority for conservation efforts, because its diversity
of rare endemic plant and vertebrate species is subject to high
rates of anthropogenic disturbance (Myers et al. 2000; Brooks
etal. 2006; Bax et al. 2019). The PA (80.1-68.9°W, 4.4—18.2°S)
are located along the western Amazon Basin (Fig. 1a, b).

The Andean highlands make up ~30% of Peru’s surface
area, and their dry valleys, highland mountain valleys and
grassland plateaus are home to a great diversity of plant
communities (Leon and Young 1996). The puna grassland
ecoregion is the main ecosystem associated with fire risk in
the high Andes. Fuel accumulation contributes to fire activity in
the highly flammable puna ecosystems during dry season and wet
season onset (Bush et al. 2005; Di Pasquale et al. 2008). The
grassland ecosystem, which has evolved under the influence of
humans and their domesticated animals in the PA, has received
fairly little scientific attention (Luteyn 1999; Madrinan et al. 2013).

In this paper, the Andes region is considered to be the area
above 1500 m asl (Zulkafli ef al. 2014), while the Amazon
region is considered to be below 1500 m asl on the eastern slope of
the Andes (Fig. 1b). Most forest fire (80%) occurs in the Andean
zones between 1500 and 4000 m asl. (Zubieta ez al. 2019), and this
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Fig. 1. (a) Location of Peru and the Amazon Basin in South America. (b) Peruvian Andes.

region is considered our study area (Fig. 1b). Average annual
precipitation along the PA is between 350 and 1300 mm year™
(Espinoza et al. 2009; Zubieta et al. 2017). The highest annual
precipitation (greater than 1000 mm year™ ') occurs mainly over
the eastern part of the PA, while the lowest annual precipitation
(less than 1000 mm year ') is found in the highest regions
(Espinoza et al. 2009). The southern region of the PA displays a
clear southern tropical regime, with a dry season from May to
September, an annual rainfall cycle beginning in August and a
rainy period from December to March (Espinoza et al. 2009;
Zubieta et al. 2021). In the central region of the PA, the amplitude
of the annual rainfall cycle shows maximum values between
January and March and minima between June and July (Silva
et al. 2008). In the northern region, an intermediate regime
between the southern tropics and the equator features a very rainy
period from January to April (Espinoza et al. 2009). In the present
study, dry season and wet season onset are considered to be
May—August and September—November respectively.

For comparison, three regions located in the southern, central
and northern PA were proposed as study areas for analysing the
predominant vegetation type associated with forest fire (Fig. 2).
These regions are consistent with the vegetation most threatened
by forest fire (Andean grassland and Andean shrubland, among
others) (Roman-Cuesta et al. 2014; Manta et al. 2018; Saavedra
et al. 2020) and with the regionalisation of rainfall documented
for the northern, central and southern sections of the western
Peruvian Andes, as proposed by Rau ez al. (2017).

Datasets used

To evaluate the physical conditions of vegetation in the PA, we
used the Moderate Resolution Imaging Spectroradiometer

(MODIS) MODO09A1 product (collection 006) at a spatial
resolution of 500 m. MODO09A1 data cover the 2000-2018
period. The MODIS sensors operate aboard the Terra satellite;
their datasets are freely available and provide an estimate of
surface spectral reflectance (Bands 1 through 7). These datasets
are atmospherically corrected to reduce the effects of energy
dispersion caused by concentration of gases and aerosols and
Rayleigh scattering (https://modis.gsfc.nasa.gov/) (Wolfe et al.
1998; Vermote et al. 2015). A quality band (sur_refl_state)
provided by the MODO09A 1 product is used to filter a composite
every 8 days.

To improve understanding of the spatial-temporal distribu-
tion of forest fire and monitor impacts on ecosystems and
biodiversity in Peru, the Peruvian Ministry of the Environment
has developed a historical record of forest fire, which is updated
daily (http://geoservidor.minam.gob.pe/monitoreo-y-evaluacion/
registros-historicos-cfoi/). Forest fire occurrence in the PA is
identified using reports provided by the National Information
System for Response and Rehabilitation (SINPAD), which is
managed by Peru’s National Civil Defence Institute (INDECI).

Reports are freely available and provide an estimate
of population, dates, places, and crops and people affected
(https://www.indeci.gob.pe/informe/resumen-incendios-forestales/).
The location of forest fires is only approximate; the location is
subsequently verified using news reports and analysis of
decreases in vegetation based on indices derived from satellite
data (MINAM 2018a). Datasets are analysed by geographical
information systems (GIS). This was used to study the relation-
ship between forest fire occurrence and El Nifio in the PA for
the 2000-2018 period (Zubieta et al. 2019). The spatial
distribution of total forest fires between 2002 and 2018 is plotted
in Fig. 2.
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Fig. 2. Forest fire occurrence in different vegetation types (Andean
shrubland, Andean grassland (Andean puna) and natural forest (dry forest
in inter-Andean valleys, dry montane forest, tropical montane cloud forest))
in the (@) southern (R1); (b) centre (R2); and (c¢) northern (R3) regions of the
Peruvian Andes.

To analyse the biophysical impact of climatic factors on
vegetation, we used a new gridded rainfall dataset available
for Peru, called PISCOp (Peruvian Interpolated data of
SENAMHTI’s (Servicio Nacional de Meteorologia e Hidrologia)
Climatological and Hydrological Observations). PISCOp con-
tains data for the 1981-2016 period, at 0.1° spatial resolution
(Aybar et al. 2020). The algorithm was based on geostatistical
and deterministic interpolation methods using three different
rainfall sources: (i) ground-based precipitation datasets;
(ii) radar-gauge merged precipitation climatologies; and (iii) the
Climate Hazards Group Infrared Precipitation (CHIRP) estimates.
The precipitation estimates are validated with the highest
performance for the Pacific coastal region and the western slope
of the Andes (Aybar et al. 2020) and the western part of the
cordillera of the Peruvian Andes (Sulca ef al. 2021). A rigorous
quality-control and gap-infilling procedure was performed to
reduce the formation of inhomogeneities (non-climatic breaks).
The dataset is currently available at https://piscoprec.github.io/
and is intended to support water management practices. A new
gridded temperature dataset called temperature PISCO for Peru
was also collected (Huerta et al. 2018).

To analyse vegetation type and forest fire occurrence along
the PA, we used the forest map available from the Peruvian
Ministry of the Environment at the following link: https://sinia.
minam.gob.pe/mapas/mapa-nacional-ecosistemas-peru. To char-
acterise PA topography, a digital elevation model was collected
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from the Shuttle Radar Topography Mission (SRTM) (Farr and
Kobrick 2000).

Methodology

Climatic parameters associated with droughts, which gradually
contribute to a severe impact on vegetation, were analysed
(Espinoza et al. 2016; Gutierrez 2018). The frequency of dry
days and hot days during dry season and rainy season onset
(May—November) for the 20002016 period was considered.
DDF is the accumulated frequency of days with rainfall lower
than 1 mm (Espinoza et al. 2016). Hot-day frequency (HDF) was
also considered. This is defined as the accumulated frequency
of days with a temperature higher than 20°C. Cumulative pre-
cipitation (CP) during dry-season and rainy-season onset was
also evaluated for comparison. DDF, HDF and CP time series
were estimated at 8-day intervals using the average of pixel
values consistent with forest fire location based on precipitation
and temperature PISCO datasets for the R1, R2 and R3 regions

(Fig. 2).

Data pre-processing

The preliminary data processing strategy for the MODO09A1
product included a data filtering process using a 500-m
Reflectance Band Quality (BQ) to avoid erroneous values.
The MODO09A1 product allows better selection of information
per pixel using BQ. This is done to reduce contamination of
spectral indices related to clouds, aerosols and snow (Wolfe
et al. 1998; Vermote et al. 2015). MODIS data tiles fully cover
the PA to generate time series between 2000 and 2018 at 8-day
intervals. A total of 5474 data tiles were downloaded and pro-
cessed, covering the entire PA for the MODO9A1 product. We
used a land and water mask to achieve greater accuracy in
the interpreted measurements (land surface, oceans, aerosol
retrievals, cloud detection, etc.).

Spectral indices

Spectral indices estimated from reflectance signatures result
from the presence, absence, position and shape of specific sur-
face absorption features. (i) The NDVT is the most popular index
for estimating the amount, quality and growth of vegetation
(Rouse et al. 1974). However, other spectral indices are available:
(i1) the normalised difference water index (NDWI), which is
sensitive to changes in liquid water content of vegetation canopies
(Gao 1996); (iii) the Enhanced Vegetation Index (EVI), which is
considered a modified NDVI with improved sensitivity for high-
biomass regions and capability for vegetation monitoring (Huete
et al. 2002); (iv) the soil-adjusted vegetation index (SAVI), which
was developed to reduce soil influence on canopy spectra by
incorporating a soil adjustment factor into the denominator of the
NDVI equation (Huete 1988); (v) the Normalized Difference
Infrared Index (NDII), which is widely used to monitor the
equivalent water thickness of leaves and canopy (Hunt and Rock
1989); (vi) the Global Environment Monitoring Index (GEMI),
which is designed to enhance the contrast between vegetation and
other surface types (Pinty and Verstraete 1992); (vii) the Global
Vegetation Moisture Index (GVMI), which optimises the retrieval
of vegetation water content and minimises perturbing geophysical
and atmospheric effects (Ceccato ef al. 2002).
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Spectral indices analysed in this study, where p, are MODIS surface reflectance bands and L is an adjustment factor

Satellite index

Mathematical formula

Reference

Normalized Difference Vegetation Index NDVI = Zf%g: Rouse et al. (1974)
Soil Adjusted Vegetation Index SAVI = % (I+L) Huete (1988)
Normalized Difference Infrared Index NDDI = 2% Hunt and Rock (1989)

Global Environment Monitoring Index

eta=2

Normalized Difference Water Index
Visible Atmospheric Resistant Index
Enhanced Vegetation Index

Global Vegetation Moisture Index

GIEMI = eta(1 — 025.eta) 212

EVI=25 e

GVMI = (py=0.1)—(ps—0.02)

P2tPs

T Pinty and Verstraete (1992)

(p2=p1)+1.5p,40.5p,

prtp1+0.5
_ Pps
NDWI = ﬂ;—ps Gao (1996)
_ PP .
VARI = o +4prlp3 Gitelson et al. (2002)

e e Huete et al. (2002)

(9> —0.1)T(ps—0.02) Ceccato et al. (2002)

Finally, (viii) the Visible Atmospheric Resistant Index
(VARI) is a tool for amending atmospheric effects on indices.
Each filtered image of surface reflectivity using BQ was used to
estimate the indices NDVI, NDWI, EVI, SAVI, NDII, GEMI,
GVMI and VARI for the 2000-2018 period (Table 1). To
investigate the relationship between climatic variables such as
precipitation (P), temperature (T), climatic parameters (CP,
DDF and HDF), and spectral indices in relation to accumulated
frequency of forest fire (FFO) along the PA, time series for P, T,
CP, DDF, HDF and spectral indices (EVI, GEMI, GVMI, NDII,
NDVI, NDWI, SAVI, VARI) between May and November were
computed at 8-day intervals for the 2002-2016 period. Then,
Pearson’s correlation coefficient was applied to analyse the
relationship between spectral indices and climatic parameters. If
this probability is lower than the conventional 5% (P < 0.05),
the correlation coefficient can be called statistically significant.
The P value is the probability of obtaining results at least as
extreme as the observed results of a statistical hypothesis test,
assuming that the null hypothesis is true.

Results
Forest fire analysis

Forest fire occurrence (points) and vegetation type provided by
the ecosystem map (MINAM 2018b) were analysed using GIS
to identify ecosystems that are usually affected by forest fire
(Fig. 2). The ecosystems most affected are: (1) grasslands in the
Andean puna and paramo; (2) natural forests (dry forest in inter-
Andean valleys, dry montane forest and tropical montane cloud
forest); and (3) Andean shrubland, among others (Manta et al.
2018; MINAM 2018b). In the R1 region, the greatest fire danger
and highest forest fire occurrence are associated with Andean
grassland, followed by Andean shrubland (Manta ef al. 2018).
Forest fire in the R2 region shows a pattern similar to that of R1,
but the number of forest fires is lower in R2 than in R1. Forest
fire in Andean shrubland is predominant in the R3 region
(Fig. 2). This is consistent with the forest fire danger map pro-
posed by Manta et al. (2018).

A box plot was graphed for elevation ranges in the PA using
the temporal distribution of forest fire occurrence (Fig. 3). It
shows that few forest fires occur at an altitude lower than 1500 m
asl between January and June (3%). Fig. 3 also shows that most

forest fires occur between the dry period and wet period onset
(97%). These results mean that forest fires along the entire PA
occur at an altitude above 1500 m asl between July and
December. A similar temporal pattern of forest fires between
July and November is found when the R1 and R2 regions with an
altitude between 3500 and 4500 m asl are analysed for Andean
grasslands and shrublands (Fig. 3a, b). Forest fire in the R3
region mainly occurs between 2000 and 3000 m asl in Andean
shrublands, with the maximum peak in November (Fig. 3¢). This
suggests that interacting factors, such as population, vegetation,
altitude and climate, could contribute to forest fire (Manta et al.
2018; SERFOR 2018; Zubieta ef al. 2019).

Climatic parameters

The time series of the number of episodes of forest fire between
2002 and 2016 shows an increase of between 100% and 400%
during 2005, 2010 and 2016 (Zubieta et al. 2019). This is con-
sistent with a decrease in average precipitation (below 20 mm)
during the dry period (May—September) identified in 2005, 2010
and 2016 (Fig. 4a). In contrast, the average maximum temper-
ature does not show significant change during these drought
events between May and September (~20°C) for the 2002-2016
period (Fig. 4b). This suggests that climatic parameters associated
with precipitation could represent an opportunity to monitor
conditions conducive to forest fire occurrence. Parameters such as
CP and DDF were therefore analysed (Fig. 4). HDF was also
included in the analysis as a temperature parameter. These
parameters were selected because they increase gradually during
the dry season and rainy season onset. Forest fires along the PA
during the May—November period were prioritised (Fig. 5).

To analyse climatic parameters that can be associated with
increased forest fire occurrence, CP, DDF and HDF were
evaluated for the three regions proposed (Fig. 2 and Fig. 5a—i).
On average, the CP increases gradually from May to September,
reaching up to ~100 mm. The wet period then begins in the PA,
becoming more intense and reaching values between 200 and
300 mm by November or December for the R1, R2 and R3
regions (Fig. 5a, d, g). Similarly, DDF shows an increase
between May and September up to ~80-100 days. The wet
period in the PA begins in September, when DDF is approxi-
mately stabilised for the R1, R2 and R3 regions (Fig. 5b, e, h).
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Fig.3. Box-plot of altitude of monthly forest fire occurrence in predominant vegetation for the 2002—
2018 period in the (a) southern (R1); (b) centre (R2); and (¢) northern (R3) regions. R1, R2 and R3 are

graphed in Fig. 2.

As expected, HDF tends to increase from May to November
(Fig. 5c, f, i) forthe R1,R2 and R3 regions. The years 2005,2010
and 2016 can be considered as showing extreme conditions for

CP (the lowest values), DDF (the highest values) and HDF (the
highest values) (Fig. 5) for the prioritised R1 and R2 regions
(Figs 2 and 5). However, only HDF and DDF parameters for the
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R3 region for 2005, 2010 and 2016 show increasing and
differentiated behaviour for 2002 and 2016 (Fig. 5i). This
suggests that CP is not appropriate for analysing extreme
droughts in the R3 region in the northern PA (Fig. 5g, &, Fig. 2).

The highest forest fire occurrence in 2005, 2010 and 2016
and the drought events that occurred are consistent in the Andes
and Amazon regions (Marengo and Espinoza 2016; Jimenez
et al. 2021). This suggests that CP, DDF and HDF can be
considered climatic parameters with potential for monitoring
conditions conducive to forest fire.

Analysis of spectral indices

T and P do not significantly correlate with spectral indices or
climatic parameters (» ~0.2). This indicates that climatic vari-
ables are not directly appropiate for monitoring conditions
conducive to forest fire (Figs 6-8). However, FFO is highly
correlated with HDF (0.71, P < 0.05), followed by DDF (0.57,
P < 0.05) and CP (0.48, P < 0.05) (Fig. 6) for the R1 region.
Similar correlation coefficients are found for the R2 and R3
regions, indicating that climatic parameters can be more useful
for estimating possible indirect impacts on forest fire frequency
(Figs 7 and 8).

As expected, DDF, CP and HDF negatively affect every
spectral index analysed (Figs 6-8). The relationship between
DDF and GVMI is highly negative for the R1 (—0.88, P < 0.05),
R2 (-0.65, P < 0.05) and R3 (-0.61, P < 0.05) regions; this
indicates that the estimations associated with vegetation water
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NDII, NDVI, NDWI, SAVI, VARI) and forest fire occurrence, FFO for the May—November period between 2002 and 2016 for

the R1 region. R1 is graphed in Fig. 2.

content tend to decrease sharply when DDF is higher. This is also
consistent with the negative correlation found between GVMI
and HDF for the R1 (-0.62, P < 0.05), R2 (-0.54, P < 0.05) and
R3 (-0.74, P < 0.05) regions. A negative relationship between
GVMI and FFO for the R1 (-0.46, P < 0.05), R2 (-0.46,
P < 0.05) and R3 (-0.41, P < 0.05) regions is also observed.
This indicates that monitoring of spectral indices associated
with vegetation during the dry period and wet period onset could
detect drought conditions that contribute to conditions more
conducive to forest fire occurrence.

The spectral indices analysed in this study are highly corre-
lated among themselves (r ~0.9; P < 0.05) for the May—
November period. It is worth noting that of the spectral indices,
GVMI is more closely associated with climatic parameters such
as CP, DDF, HDF and FFO than others indices (EVI, GEMI,
NDII, NDVI, NDWI, SAVI, VARI) (Figs 6-8). For comparative
reasons, GVMI and FFO were plotted for an average year and

average dry year (2005, 2010 and 2016) for R1, R2 and R3
(Fig. 9a—). GVMI presents increasing values between October
and April, which decrease from May to September for every
region (R1, R2 and R3) (Fig. 9a—c); this is similar to the
temporal distribution of precipitation in the PA (Silva et al.
2008; Espinoza et al. 2009). Below-average GVMI values
during 2005, 2010 and 2016 are associated with drought events
that had indirect impacts on forest fire frequency (Fig. 9).
FFO shows a sharp increase mainly from August to
November when a drought year occurs in R1 and R2 in the PA
(Fig. 9a, b). However, this sharp increase in forest fire mainly
begins in November for R3 (Fig. 9¢). This is probably due to
differences in the effects of vegetation and climate on forest fire
in the PA.

It is important to note that the low values of the GVMI
between January and June could help with the monitoring and
prediction of conditions that could contribute to increased
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Fig.7. Correlation coefficients (at 95% significance level) between time series of climatic parameters (accumulated precipitation, CP; temperature, T;
dry-day frequency, DDF; hot-day frequency, HDF), spectral indices (EVI, GEMI, GVMI, NDIL, NDVI, NDWI, SAVI, VARI) and forest fire occurrence
(FFO) for the May—November period between 2002 and 2016 for the R2 region. R2 is graphed in Fig. 2.

forest fire frequency between August and November (Fig. 9).
The high correlation among the indices (» > 0.8; P < 0.05)
suggests that EVI, GEMI, GVMI, NDII, NDVI, NDWI, SAVI
and VARI could be also useful for monitoring vegetation
status during the dry period and rainy season onset in the
Andes (Figs 6-8).

Threshold indices for CP, DDF, HDF, EVI, GEMI, GVMI,
NDII, NDVI, NDWI and SAVI that characterise average and
drought conditions at the beginning of the fire season (July) are
proposed in Table 2. Monitoring these values can help prevent
the inter-annual increase in forest fire frequency during the end
ofthe dry period in the PA, when strategies for deterring burning
should be a priority for forest management.

Discussion

The results of this study show the possible relationship between
forest fire occurrence and climate parameters (CP, DDF and HDF)
for the southern and central regions during the 2000-2016 period
in the PA. This is consistent with studies in the Amazon Basin,
where a strong negative relationship between vegetation condi-
tions and DDF was found (Espinoza et al. 2016; Gutierrez 2018).

CP is not appropriate for analysing forest fire occurrence in
the northern region of the PA. This is probably because of the
different seasonal role that rainfall plays in forest fire occurrence
between August and November in the northern and southern
regions of the PA. In fact, a particularly strong contrast between
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Fig.8. Correlation coefficients (at 95% significance level) between time series of climatic parameters (accumulated precipitation, CP; temperature, T;
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(FFO) for the May—November period between 2002 and 2016 for the R3 region. R3 is graphed in Fig. 2.

the northern and southern tropics associated with the alternating
warming of each hemisphere and the presence of the South
American monsoon system is observed (Espinoza et al. 2009).
This is also seen in equatorial regions in upper intra-Andean
basins, where there is a marked bimodal rainfall regime, with a
main peak in April and a second one in October and two minima
during the austral winter (June—August) and in December
(Laraque et al. 2007; Espinoza et al. 2009).

In the last two decades, research has documented changes in
precipitation and impacts on streamflows in the Amazonian and
Andean basins (Espinoza et al. 2009; Espinoza et al. 2011;
Espinoza et al. 2016; Marengo and Espinoza 2016). In the
present study, the impact of drought on vegetation is documented.

This impact is characterised by a decrease in every spectral index
estimated from remote sensing during the dry season and wet
season onset (NDVI, NDWI, EVI, SAVI, NDII, GEMI, GVMI,
VARI). This was clearest during the May—November period for
2005, 2010 and 2016 (drought years) (Espinoza et al. 2011;
Jimenez et al. 2021).

Of the various spectral indices, the GVMI is indirectly more
closely associated with DDF, followed by HDF and CP. This
suggests that the decrease in vegetation water content estimated
by GVMI during the dry season and rainy season onset con-
tributes to increasing forest fire occurrence between June and
November. Indeed, droughts in 2005, 2010 and 2016 (Espinoza
et al. 2011; Marengo and Espinoza 2016; Gutierrez 2018;
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Jimenez et al. 2021) contributed to an increase of ~400% in
forest fire occurrence (Zubieta et al. 2019). These droughts in
the PA were also associated with El Nifo in the central Pacific
(Lavado-Casimiro and Espinoza 2014; Lagos et al. 2008; Silva
et al. 2008; Jimenez et al. 2021).

The significant rise in HDF and DDF could be associated
with the impact of drought between May and September (dry
season and rainy season onset). An increase in conditions
conducive to forest fires during this season is worrying, as demand
for water and presence of forest fuel in mountain ecosystems peak

GVMI average year| - 500
FFO average year | - 450
————— GVMI dry year
-+—-=FFO dry year

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

ole i e 0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 9. Average annual series of Global Vegetation Moisture Index
(GVMI) and cumulative frequency of forest fire occurrence (FFO) for the
average and dry years (2005, 2010 and 2016) for the (@) southern (R1);
(b) centre (R2); and (c) northern (R3) regions. R1, R2 and R3 are graphed in
Fig. 2.
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at this time (Roman-Cuesta et al. 2011; Oliveras et al. 2014b;
Roman-Cuesta et al. 2014; SERFOR 2018).

Drought can lead farmers and ranchers to decide to carry out
frequent burns that can ignite intense forest fires. Factors
particularly conducive to forest fire occurrence are also
increased rainfall before the fire season, followed by drought
spells and unusually low temperatures (Roman-Cuesta et al.
2014). This suggests that forest fuel should be managed by
decision-makers and policy-makers between the end of the dry
season and onset of the wet season in the PA, because forest fires
are generally caused by humans (SERFOR 2018). The present
paper therefore proposes alternative tools for monitoring con-
ditions that could increase forest fire occurrence using several
climatic variables, climatic parameters and spectral indices from
satellite datasets that characterise the vegetation in the PA.

Monitoring of these climatic parameters can be used as a tool
for prevention and deterrence with regard to burning in the
Andes during the dry period. The extreme variability of rainfall
in the Andes (Espinoza et al. 2009) suggests the need for
regional monitoring. Reliable quantification of the spatial and
temporal distribution of precipitation is crucial for analysing
drought events in quasi-real time. Satellites can provide an
alternative source of climate datasets for monitoring cumulative
precipitation and DDF. The GPM (Global Precipitation
Measurement) satellite datasets should be tested and compared
with ground-based precipitation data for the PA. The GPM
provides next-generation global observation of rainfall from an
international network of satellites (Schwaller and Morris 2011).

Conclusions

For forest fire prevention, decision-makers, emergency man-
agement institutes, land managers, farmers and ranchers require
the best possible scientific information in real or quasi-real time.
Because response mechanisms are expensive, fire suppression is
unlikely to be the most effective management policy (Keating
2007).

At an inter-annual scale, an increase in forest fire has been
observed along the PA. This study proposes monitoring potential
conditions that increase forest fire occurrence by using several
climatic variables and spectral indices from remote sensing
during dry season and wet season onset. Climatic variables such
as precipitation or temperature are not directly linked with forest
fire. However, climatic parameters such as HDF followed by CP
and DDF are statistically associated with conditions that could
contribute to increased forest fire occurrence.

Table 2. Thresholds identified for increase of forest fire occurrence for average year and dry year for R1, R2 and R3 regions (R1, R2 and R3 are
graphed in Fig. 2)

Location Region Period Cp DDF HDF EVI GEMI GVMI NDII NDVI NDWI SAVI VARI
Southern R1 Average 79 52 13 0.170 0.460 0.041 —-0.136 0.349 —0.172 0.225 —0.171
Drought 71 56 35 0.161 0.451 0.031 -0.150 0.333 -0.179 0.214 —-0.179
Centre R2 Average 50 60 4 0.198 0.477 0.056 —0.122 0.421 —0.178 0.263 —0.145
Drought 37 66 14 0.185 0.467 0.035 —0.148 0.392 —-0.191 0.246 —0.164
Northern R3 Average 82 54 66 0.258 0.514 0.141 —-0.026 0.549 —0.132 0.336 —0.054
Drought 67 59 75 0.250 0.505 0.140 -0.030 0.545 —-0.138 0.329 —0.062
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Compared with other spectral indices, the GVMI, which
estimates vegetation water content using MODIS datasets from
the TERRA satellite, appears to be the most appropriate for use
as a seasonal prevention tool for identifying conditions that
contribute to forest fire occurrence during the dry season.

Thresholds for the northern, central and southern regions of
the PA, identified during the dry season, are proposed. Severe
forest fires that occur in Andean vegetation, such as grassland
and shrubland, are also associated with drought in the Andes
regions. Our findings can be used by emergency management
agencies to enhance forest management decision making through
monitoring of climate parameters and GVMI monitoring.
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