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Abstract: The forest fires of 2019 were among the most devastating ever recorded in Bolivia. In this
study we analyze the relationship between forest fragmentation and meteorological drought with the
spatial distribution of forest fires during that year in the Department of Santa Cruz, Bolivia. We carried
out a classification of the natural vegetation using Landsat 8 satellite imagery. Forest fragmentation
was defined according to the distribution of forest patch sizes and classified using seven categories;
furthermore, distance to anthropogenically used areas and forest edges was quantified. Spatial
patterns of meteorological drought severity were quantified using long-term series of precipitation
and reference evapotranspiration. Areas burned during 2019 (July-December) were characterized by
means of spectral indices (normalized burn ratio (NBR) and normalized delta burn ratio (ANBR)) and
unsupervised classification methods (interactive self-organizing data analysis algorithm (ISODATA)).
The results show that 61.9% of the total area burned occurred in large (>2,000,000 ha), relatively
unfragmented patches. However, the highest proportion of fires (17.1%) occurred in relatively small
patches (<20 ha). In addition, anthropogenically used zones and forest edges were most impacted by
forest fires. Finally, the spatial patterns of drought severity also influenced the severity of forest fires.

Keywords: forest degradation; edge dynamics; public policy

1. Introduction

Fragmentation of natural forest cover generates significant biodiversity loss and negatively affects
ecosystem functioning [1]. Forest fires, in addition to their fragmentation, are one of the main factors
driving the degradation of tropical forests, especially in dry years when these regions become a net
source of carbon [2]. In South America, a significant increase in forest fires and burning activity has
been detected during the period 2001-2018, and in 2019 a severe fire crisis was recorded, strongly
linked to deforestation and forest degradation [3]. It should also be noted that in some regions the
severity of fires has been linked to severe drought events [4-6].
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Prior investigations conducted in Brazil [7-13] have shown that forest edges resulting from
human-induced landscape fragmentation are highly vulnerable to forest fires as a consequence of
stronger water limitations and the accumulation of higher fuel mass compared to the areas located in
the interior of natural forest. In addition, forest edges are close to potential ignition sources in regions
managed for agricultural and livestock uses [5,14].

In recent decades, anthropogenic disturbances have increased in the forested areas of Eastern
Bolivia, especially in the Department of Santa Cruz. This is related to the expansion of agriculture and
livestock [15-17], which has caused an increase in landscape fragmentation [18-21]. Using measures
based on a landscape hypsometric curve, Maillard et al. (2020b) [22] determined that the fragmentation
of forest areas in the period from 1986 to 2016 increased by 1.4%, while the structural connectivity of
the forest core area decreased by 11.8%, due to human activities.

In 2019, due to Bolivian agricultural and economic policies implemented in recent years [23] and
in connection to the occurrence of a very severe meteorological drought, it was a high frequency of
forest fires. As a result, the extent of the burned area was three times greater than that in 2018, and 51%
higher than the average for the period 2001-2018 [3]. In the Department of Santa Cruz, the most
impacted areas were located in the Chiquitania region. Forest fires mostly impacted ecosystems of the
Chiquitano Dry Forest, Cerrado, Chaco and vegetation associated with the Pantanal wetlands [24],
with different levels of fire intensity [25].

So far, no studies explored the relation between the effect of forest cover loss and the incidence of
forest fires at a landscape scale in Bolivia, particularly at the frontiers of active deforestation, where
interactions between deforestation, forest fragmentation and fires are more evident. This becomes more
relevant in tropical dry forests due to their climatic seasonality, accumulation of dry biomass during
the dry season and interactions with human activities; all these characteristics generate favorable
conditions for the occurrence of forest fires [26].

In this study we relate the metrics of spatial configuration of forest cover and the severity of
meteorological drought with the incidence of forest fires in 2019. The main objective of the study is
to identify the relationships between forest fragmentation and the incidence of forest fires during a
particularly dry year in the Department of Santa Cruz, Bolivia.

2. Materials and Methods

2.1. Study Area

The study area includes the Department of Santa Cruz where the largest forest fires occurred in
Bolivia during 2019, and includes an administrative region composed of 56 municipalities (Figure 1).
This Department has an area of 369,006 km? and is located between latitude 13°40’-20°20" S and
longitude 57°30"-64°40" W, bordering the Department of Beni to the north, the Department of
Cochabamba to the west, the Department of Chuquisaca and the Paraguay to the south and Brazil to
the east. The region is characterized by low elevation and few mountain ranges scattered in the central
and eastern sector, which do not exceed 1250 m. To the west, in the Andean region, the elevations
reach almost 3100 m.

In the Department of Santa Cruz, there are several forest formations, such as the Amazon,
Bolivian-Tucuman, Chaquefio, Chiquitano (and its transition areas Amazon and Chaquefio) and the
Yunguetio [27]. The Chiquitano forest, the best-conserved dry forest in the continent (Figure 2) and one
of the most endangered ecosystems globally [28], was the most impacted by forest fires in 2019 [24].
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Figure 2. Forest fires in the year 2019, spreading for kilometers in the Chiquitano Forest, area of the

municipality of Concepcion. Photo: Daniel Coimbra.

2.2. Sources of Information and Methods

Fire and vegetation maps used in this study were generated from satellite images from the
Landsat 8 OLIsensor, with a spatial resolution of 30 m, and processed on the Google Earth Engine
cloud computing platform (GEE) [29]. Atmospherically corrected images were used (Tier 1 surface
reflectance), with cloud coverage below 20%. The cloud cover was masked by a filter using the
quality assessment (QA) band. In the case of burn scar detection, scenes were downloaded from the
EarthExplorer portal (https://earthexplorer.usgs.gov/).

To characterize meteorological drought severity, total monthly precipitation (mm) as well
as minimum and maximum temperature (°C) data from eight meteorological stations in the
Department of Santa Cruz (Ascension de Guarayos, Camiri, Puerto Sudrez, Roboré, San Ignacio
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de Velasco, San Javier, San José de Chiquitos, Vallegrande) were available. The data was provided
by the National Meteorological and Hydrological Service (SENHAMI, http://senamhi.gob.bo) for
the period 1980-2019. A quality control and homogeneity of the series was based on Climatol 3.1.1
(http://www.climatol.eu) [30].

2.2.1. Obtaining the Vegetation Cover

To characterize vegetation types, we performed a supervised classification of 122 Landsat 8 images
(July to November 2018) using the random forest (RF) algorithm [31]. This is a non-parametric automatic
learning method based on decision tree classification [31], executed on the code editor of the GEE
platform. Since most of the forests present phenological changes in the period between the end of the
dry season and the beginning of the wet season, mainly in Chaco and Chiquitano forests, we calculated
the median value for each band, after cloud masking for the satellite images using the GEE platform.
We trained the RF classifier with the dispersion of training sites for the forest, non-forest (grasslands,
shrublands and rocky outcrops), anthropogenic (urban, road, crops and areas converted for livestock
grazing) and water body (rivers and lagoons) categories. Confusion between certain anthropogenic
and non-forest areas in the classification obtained with the RF algorithm was rectified by reclassifying
with ArcMap 10.6 (Figure 3). To evaluate the level of uncertainty of the resulting classification, 940 field
verification points were obtained between 2017 and 2020. Of these points, 295 were obtained with GPS,
369 sites were taken with the KoBo Collect mobile application (https://www.kobotoolbox.org/) and
another 276 with ultra-high resolution images acquired with DJI Mavic Pro model UAVs. Additionally,
60 centroids were obtained for lagoons larger than 4 km?. The total of 1000 verification points were
grouped in four categories (forest, non-forest, human and water) and combined with the land cover
classification for the year 2019. This approach allowed obtaining a confusion matrix [32] and three
types of accuracy estimates: overall accuracy, user’s accuracy and producer’s accuracy, including their
95% confidence intervals [32]. The confidence level obtained from the coverage classification was 85%
(Table 1).

- Anthropogenic
- Forest

ﬂ Non-forest
- Water

Figure 3. Anthropogenic land use and vegetation cover of the Department of Santa Cruz.
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Table 1. Confusion matrix and accuracy statistics.

Class Anthropogenic  Forest  Non-Forest Water Total (Wi?)
Anthropogenic 16.2404 0.3483 1.1320 0 0.1685
Forest 2.1506 60.7536 21.7745 0 0.7070
Non-forest 0.2567 1.2405 7.4001 0.0428 0.1198
Water 0 0 0 0.4662 0.0047
Total 18.6477 62.3424 30.3066 0.5090 1
User’s accuracy 96% 86% 62% 99%
Producer’s accuracy 87% 97% 24% 92%
Overall accuracy 85%

3 Wi represents class proportion with respect to the total land area (369,006 km?).

2.2.2. Forest Fragmentation

Fragmentation is defined as the breaking up of a habitat or type of natural cover into smaller,
disconnected areas [33]. We analyze fragmentation by assessing the relative distribution of forest
patches according to their size. To determine forest fragmentation, we used the Accounting tool from
the GuidosToolbox 2.8 program (https://forest.jrc.ec.europa.eu/en/activities/Ipa/gtb) [34], which has
shown good results at the global scale [35]. In GuidosToolbox, the pixel resolution (here 30 m) of the
forest cover map is combined with the user-selected thresholds to automatically derive respective area
size classes in hectares. Seven size class ranges of the forest extend were defined for this study: <20 ha,
20-200 ha, 200-2000 ha, 2000-20,000 ha, 20,000-200,000 ha, 200,000-2,000,000 ha and >2,000,000 ha

(Figure 4A).
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Figure 4. Variables used in the analysis to determine the relationship between fragmentation and burns
in the year 2019, in the Department of Santa Cruz. (A) Categories of forest patch sizes, (B) Euclidean
distance to anthropogenic areas, (C) Euclidean distance to forest areas and (D) average of the July to
October 12-month standardized precipitation-evapotranspiration index (SPEI).


https://forest.jrc.ec.europa.eu/en/activities/lpa/gtb

Forests 2020, 11, 910 6 of 16

2.2.3. Distance from Anthropogenic and Forest Areas

We quantified the forest areas according to the proximity to the anthropogenic areas (roads,
agriculture, livestock and urban centers) resulting from the classification of the cover and the distance
to the forest edge (Figure 4B,C). This analysis was provided through the tool Euclidean distance of the
program GuidosToolbox.

2.2.4. Meteorological Drought

The severity of the meteorological drought was characterized by the standardized precipitation-
evapotranspiration index (SPEI) [36]. The SPEL is calculated as a function of the difference between
precipitation and atmospheric evaporative demand (AED), which was estimated using the method of
Hargreaves and Samani (1985) [37], using maximum and minimum air temperature data. The SPEI
allows a spatial and temporal comparison of drought severity conditions regardless of the different
seasonality and magnitude of average climatic conditions. For this study we used a 12-month time
scale, which summarizes the drought conditions on an annual basis.

We also analyzed trends of droughts indices in the region for the period 1980-2019. The non-parametric
Mann-Kendall test (Z) was used for this purpose. To determine the magnitude of the trend in the time
series we used the Sen (Q) slope estimator. SPEI values for the year 2019 were interpolated using the
inverse distance weighted (IDW) method, with a spatial resolution of 30 m, in order to identify possible
spatial differences in the drought severity. Subsequently the mean SPEI was calculated between
July and October 2019, the months in which the highest concentration of forest fires was recorded
(Figure 4D).

2.2.5. Identification of Burn Scars

We carried out an identification of burned areas for the year 2019 (Figure 1) using 54 Landsat
8 OLI scenes. We identified the burned areas in the scenes of the months of the July-December
period through an unsupervised classification with the ISODATA (interactive self-organizing data
analysis algorithm) [38]. The classification was carried out with 100 iterations and a convergence
threshold equal to 1. This resulted in a thematic classification of 25 spectral classes. A combination
of image-specific RGB bands was also used for a visual review of the burned area detection and
classification procedure. Additionally, the NBR (normalized burn ratio) and dNBR (normalized delta
burn ratio) indices proposed by Key and Benson (2006) [39], in the GEE platform, were obtained from
the Landsat images. To determine the NBR, the near infrared (NIR) and short-wave infrared (SWIR)
bands of the scenes were used for the pre-flame (2018) and post-flame (2019) periods. The dNBR was
determined from the results of the pre- and post-burn periods. The results of both analyses (ISODATA
and dNBR) were vectorized in ArcMap. The validation of the burn scars was performed with 192 field
points, which were randomly distributed. In total, 39 sampling plots were obtained through the
composite burn index [39], 11 sampling points with KoboCollect application and 142 points with high
resolution images taken with UAV. The confidence level obtained was 97%.

2.2.6. Statistical Analysis

We analyzed the incidence (%) of burned area in each forest patch size class with respect to the
proximity to anthropogenic areas (roads, agriculture, livestock and urban centers). The analysis is
conducted on, and with identical spatial resolution of the forest mask data by applying the Euclidean
distance function to anthropogenic data areas. The result shows the shortest distance, or proximity,
between any forest edge and the nearest anthropogenic data area. To determine the relationship
between the occurrence of forest fires and the distance from the anthropogenic areas as well as the
distance from the forest edge, the severity of the drought and the relative correlation with burned
forest patches, 100,000 random points were distributed for each of the size categories of the forest
area. Subsequently, the Lilliefors normality test [40] was performed using the R Nortest package [41].
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Since none of the variables fit a normal distribution (p < 0.05), the Spearman (Rho) non-parametric
correlation test was applied to analyze the relationship between them.

3. Results

3.1. Forest Fragmentation

With a total forest coverage of 70.7% in 2019, the Department of Santa Cruz is of high significance
in terms of forest areas in the region. We have found that non-fragmented (homogenous) stands
represented the majority of the forest area studied. Homogeneous forests of more than >2,000,000 ha
represent the largest proportion with 57.9%, followed by the class between 200,000 and 2,000,000 ha with
22.5% (Table 2). On the contrary, the most fragmented forest areas only represent a small percentage of
the total area.

Table 2. Forest patches in the Department of Santa Cruz categorized into seven size ranges.

Size Scales of Forest Patch (ha) Area (ha) Area (%)

<20 481,286 1.8
20-200 514,487 2.0
200-2000 1,092,855 42
2000-20,000 1,639,171 6.2
20,000-200,000 1,425,452 54
200,000-2,000,000 5,919,073 225
>2,000,000 15,233,947 57.9

3.2. Burn Scars

The burned areas in the Department of Santa Cruz in 2019 comprised of 3,717,450 ha, of which
60.1% were affected forest areas, 31.8% were impacted natural, non-forest vegetation (Cerrado, Abayoy)
and 7.9% were impacted areas of anthropogenic use. There were 8094 independently burned areas with
an average area of 459 ha (range 0-822,474 ha, +SD 13,856), mainly affecting to the east of the region.

3.3. Evolution of Meteorological Droughts

In general, the analyzed data from the different weather stations showed that recorded in 2019 was
characterized by strong severity (Figure 5). In the period between 1980 and 2019, there is a negative
trend suggesting an increase in the frequency (Z = —2.50, p < 0.05) and intensity (Q = —0.022, p < 0.05)
of droughts throughout the Department of Santa Cruz. During this period all meteorological stations,
which obtained significant values (p < 0.05), present negative tendencies in the SPEI (Table 3), mainly
in Ascencion de Guarayos (Z = —-3.20, Q = —0.04), Puerto Suarez, (Z = -3.16, Q = —0.04), San Ignacio
de Velasco (Z = —2.46, Q = —0.03) and San José de Chiquitos (Z = —2.09, Q = —0.03).

Table 3. Spatial analyses of drought trends SPEI-12 (1980-2019) for weather stations in the Department
of Santa Cruz, in relation to the Mann-Kendall test (Z) and Sen’s estimator (Q).

Station (Name) V4 Q
Ascencion de Guarayos -3.20*% —-0.04*
Camiri -1.22 -0.02
Puerto Suarez -3.16 * -0.04 *
Roboré -1.43 -0.02
San Ignacio de Velasco —246* -0.03 *
San Javier -1.69 -0.02
San José de Chiquitos —2.09 * —0.03 *
Vallegrande -1.32 -0.02

Values with an asterisk (*) indicate significance at the confidence level (p < 0.05).
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Figure 5. SPEI-12 time series (1980-2019) in eight weather stations in the Department of Santa Cruz.

3.4. Relationship between Forest Patch Characteristics and Fire Incidence

The fires mainly impacted large homogeneous forest areas, i.e., 61.9% of the burned area in 2019
was recorded in patches >2,000,000 ha (Table 4). However, when looking at the relative proportions,
the areas characterized by a high fragmentation were the most impacted by fires. Although small
forest patches represent a low percentage in relation to the total forest area, they were highly impacted
by fires in patches of less than 20 ha of forest, 17.1% were burned, and in those between 20 and 200 ha,
10.1% were burned (Table 4). In terms of the number of patches, forest areas <20 ha were the most
impacted. About 118,058 forest patches (3.8% of the burned forests) presented some degree of impact

by these fires (Table 4).
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Table 4. Burned areas in the seven size classes of forest patches for the year 2019, in the Department of

Santa Cruz.
Forest Patch Size Number of Burnt Burnt % Forest Size
Classes (ha) Degraded Patch Area (ha) Area (%) Class Burned
<20 118,058 82,266 3.8 17.1
20-200 1485 51,812 24 10.1
200-2000 318 80,040 3.7 7.3
2000-20,000 73 123,207 5.7 7.5
20,000-200,000 6 47,930 22 3.4
200,000-2,000,000 5 441,486 20.3 7.5
>2,000,000 3 1,343,513 61.9 8.8

3.5. Influence of Distance to Forest Edges and Human Settlements

Forest fires impacted the forest cover at a maximum distance of 40.3 km from anthropogenic areas.
Within a range of 5 km, fires mainly impacted the first 500 m of distance from anthropogenic areas,
which corresponded to the 25.2% of the total burned area. This aspect is emphasized by the analysis
of the first kilometer, considering intervals of every 100 m, where 10-12% of the burned areas were
detected up to the first 500 m (Figure 6).
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Figure 6. Proportion of forest cover impacted by fires, in relation to the distance from the forest edge
and anthropogenic areas, in intervals of (A) 500 m for the first five kilometers and (B) 100 m for the
first kilometer.

From the forest edge, fires impacted up to a maximum distance of 5.4 km. In a range of 5 km from
the forest edge, 71.1% occurred in the first 500 m (Figure 6). In the range of the first kilometer from the
forest edge, 33.9% of the burned area was in the range of 0-100 m, 20.1% in the range 100-200 m and
the rest of the area correspond to smaller percentages (Figure 6).

3.6. Relationship of Distance to Forest Edges and to Anthropogenic Zones and Impact of Drought Severity

In most of the size classes of forest patches impacted by forest fires, the distance relationships
(forest edge and anthropogenic), the percentage of burns and the drought index (SPEI-12) were
statistically significant (Table A1). For forest patches of 2000-20,000 ha, a relationship between distance
to anthropic areas and percentage of forest burned was recorded (Rho = 0.52). Regarding the forest
patches of 20,000-200,000, a relation between the SPEI-12 and the percentage of the forest burned
(Rho = —0.51) was also evident. Furthermore, in the forest patch class of the range 200,000-2,000,000 ha,
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there was a relationship between the anthropogenic distance and the percentage of forest burned
(Rho = 0.52).

4. Discussion

This study analyzed patterns of fire in 2019 with respect to forest fragmentation and spatial
variation of drought severity in the Department of Santa Cruz. The forests fires of 2019 were one
of the most devastating since the beginning of records [22,24,42—44]. Given the total forest size
structure, the forest fires mostly impacted the three largest forest patches (>2,000,000 ha). Nevertheless,
proportionally the fragmented forests (<20 ha) were the most affected by forests fires. Some studies
have shown that selective logging increases accessibility as well as fire risk within intact forests [45,46].
Consequently, there is an urgent need for better land use planning and management through public
policies in order to maintain the largest forest fragments intact [47]. Furthermore, forest fragmentation
has a strong impact on the overall connectivity across the landscape and therefore presents an increased
survival risk and a decrease of habitat quality for many species, especially those that are most vulnerable
to changes (e.g., Jaguar) [22].

Nevertheless, and for many years, prescribed burning has been a common and cheap practice
to clear crop areas or renew pastures in Bolivia [44,48,49]. In some natural areas, fire is necessary to
maintain ecological conditions, as in the case of the Cerrado [50,51]. However, we found that 60% of
the areas burned in 2019 were part of forest formations and this may have negative consequences,
especially for forest formations [44]. Historically, in some regions such as the Chiquitano forest there is
a very strong pattern of recurrent fire in anthropogenic areas [52], being one of the main causes of the
forest degradation [17]. In addition, degraded forests increase the risk of forest fire spread.

Four conditions have been characterized as switches for forest fires to occur [53,54]: the presence
of fuel (biomass), the dry or humid conditions of the biomass available to burn, weather conditions
(low humidity combined with high temperatures and high wind speeds) and an ignition source.
However, in the Amazon region [8,10], it is known that the probability of the occurrence of forest fires
can change with the distance to the edge of the forest fragment in relation to the core of that fragment.
Within a few days of logging operations, drastic changes in humidity and temperature levels are
evident in relation to the interior of the forest [55]. Low fuel moisture content increases the probability
of ignition, the rate of fire spread and the fire intensity [56]. Intact forests show microclimates with
less penetration of wind and solar radiation. Forest edges show high tree mortality, while fragmented
forests are more susceptible to the occurrence of fires due to the edge effect [7,13,57-60]. This would
explain that in the Santa Cruz region we have found that distances of less than 500 m to the forest
edge (range of 5 km) show a higher percentage impacted by forest fires (71%). A study conducted
by Bounoua et al. (2004) [61] in the Santa Cruz lowlands suggested that the conversion of forests
into farmland involves morphological changes in the vegetation, which generates a decrease in the
conductance of the canopy and consequently an increase in the local temperature of approximately
2 °C, which could additionally increase the risk of the forest fire expansion.

We should note with an increase of the fire risk in dry forests, such as Chaco and Chiquitano
forest, the risk of fire increases given the climate trends, but also because of the introduction of
non-native grasses and shrubs into the livestock and agricultural production matrices that surround
dry forests [62]. Their presence increases the combustible biomass [63] and might change forest fire
regimes [64-66]. Probably most of these changes would mostly affect the edges of the forest, which
would explain the higher frequency of burned areas found in the Santa Cruz region.

Small, isolated forest fragments are more likely to disappear compared to larger fragments [59,67].
In the Department of Santa Cruz, small forest fragments (<20 ha and 20-200 ha) were severely impacted
by fires in 2019 (27.2%) and many of these are fragments resulting from the advance of the agricultural
frontier. Among these fragments, there are those that are left as strips of ecological easements (forests
near rivers, streams or lakes) or windbreaks. These windbreaks are strips of trees with natural or
planted vegetation between clearings. Directed in a perpendicular direction to the dominant wind and
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separated by planks (the distance between one windbreak and another). In the property management
plans (POP), instruments that zone the lands of a property according to their different capacities of
use, both curtains and planks are planned. In the POPs, the current legal administrative resolutions
of Bolivia (R.A. ABT 185/2017) stipulate that these curtains should have a minimum width of 30 m
(exception for the case of reforestation with >10 m), while the width of the plank is based on the height
of the dominant trees and should not be greater than ten times the height of those trees. The relationship
between forest fragmentation and the probability of burning found in this study for the year 2019
demonstrates that the current regulations, regarding the configuration of forest fragments (windbreaks,
strips of ecological easements and forest blocks in agricultural areas) should be reviewed. An amended
regulation may provide improved preventive measures, appropriately addressing forest vulnerability
to fire resulting from deforestation of forest fragmentation events. Previous studies show that in the
Chiquitano Dry Forest, the reduction of small forest patches generates changes in the composition,
structure and floral diversity [68] demanding for a revision of related public policies.

Considering the new scenario posed by the evolution of the Great Forest Fires that have occurred
in the year 2019 in Santa Cruz [69], there is an increasingly urgent need for adaptation strategies to
climate change since droughts are expected to be more frequent and severe [70]. In 2019, we found
a relation between drought severity and the spatial patterns of forests fires, suggesting that drier
conditions favor the propagation of forest fires. Due to the accumulation of dry materials, droughts
increase the fire risk, in particular in the years of an El Nifio event [71]. In 2010, one of the most
extreme droughts was recorded in the Amazon [72-74], which also expanded to the Chiquitano Dry
Forest [44,75]. At the same time an alarming concentration of fires was reported [42,76], representing
the largest area known to be impacted by fires before 2019.

Consequently, these facts should give rise to agricultural production models that promote
integrated practices [77], prioritizing the maintenance of forest blocks with a larger scale than that
currently used. This might imply the revision and rethinking of current regulations to better address
and adapt to future climate change projections and predicting increasing forest degradation, which
may increment areas burned by forest fires [4,78]. For certain areas of the Brazilian Amazon, they are
projected to double by 2050, affecting up to 16% of the forests [79]. Meanwhile, for the Chiquitania
region in Bolivia, the interactions between extreme drought conditions and the rapid expansion of
the agricultural frontier make the probability of increased fire risk by 2025 up to 1.8 times higher,
compared to the 2010 fire event [76].

In Bolivia, the ecology of forest fires is a subject that we are trying to understand and there is
still much to investigate. We believe that future studies should be aimed at learning more about the
dynamics of forest fires, considering the predominance of the direction and intensity of the winds,
as well as the combustibility, flammability, calorific value and age of the vegetation, as this will
influence the intensity and speed of propagation and, indirectly, the size of the fires.

5. Conclusions

The present state of the forests in the Department of Santa Cruz is worrisome since there is
evidence that the fragmentation of the forests in combination with the droughts, in abundance of
anthropogenic ignition sources, causes the fire to progressively expand towards the interior of the forest.
The edge effect generated in the matrix of forests and anthropogenic areas enhances the expansion of
fire towards the interior of forests, independently of their size. However, in the smaller fragments
(<20 ha) the level of impact in relation to the surface is higher, increasing the probability of these
fragments to disappear much faster. Furthermore, small fragments are important as shelter and habitat
for wildlife and serve as connectivity corridors.

Considering the trends of climate change in Eastern Bolivia and especially in ecosystems with a
seasonal water deficit and the greater penetration of anthropogenic activities (agricultural expansion
and livestock) in continuous forest areas, it is necessary to redefine rules and public policies aimed at
land management at multiple scales that take into account these risk factors. Undoubtedly, the revision
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of the design criteria of the land management plans, the fulfillment of the economic and social function
of private and communal properties and the promotion of the protection and restoration of ecological
easements will improve the opportunities for the reduction of forest fires and the maintenance of
ecological functionality at the landscape scale in the Department of Santa Cruz.
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Appendix A

Table Al. Spearman (Rho) correlation between forest patch size classes, distance (forest edge and
anthropogenic), forest burn (%) and drought variables (SPEI-12).

Size Classes . Distance Distance % Forest
Forest Patches (ha) Variables to Forest Anthropogenic SPEI-12 Burn
Distance forest 1.00
<20 Anthropogenic distance 0.04 1.00
SPEI-12 -0.10 -0.23 1.00
% Forest burn ns ns ns 1.00
Distance forest 1.00
20-200 Anthropogenic distance 0.08 1.00
SPEI-12 -0.10 -0.23 1.00
% Forest burn ns ns ns 1.00
Distance forest 1.00
Anthropogenic distance 0.19 1.00
200-2000 SPEI-12 -0.08 -0.12 1.00
% Forest burn 0.26 0.44 —-0.08 1.00
Distance forest 1.00
Anthropogenic distance 0.29 1.00
2000-20,000 SPEI-12 ns 0.29 1.00
% Forest burn 0.19 0.52 0.33 1.00
Distance forest 1.00
g Anthropogenic distance 0.42 1.00
20,000-200,000 SPEI-12 -0.43 -0.61 1.00
% Forest burn 0.28 0.44 —-0.51 1.00
Distance forest 1.00
Anthropogenic distance 0.45 1.00
200,000-2,000,000 SPEI-12 -0.24 0.55 1.00
% Forest burn 0.49 0.52 -0.24 1.00
Distance forest 1.00
Anthropogenic distance 0.11 1.00
>2,000,000 SPEI-12 0.23 -0.18 1.00

% Forest burn 0.04 -0.12 0.49 1.00
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