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ABSTRACT

Climate and land-use changes are expected to influence
future fire regime in the Amazon. We combined regional
land-use projections and climatic data from the CMIP5
multi-model ensemble to investigate the probability of fire
occurrence by the end of the 21st century (2071-2100) in the
Brazilian and Bolivian Amazon. Under the RCP 8.5
emission scenario combined with a land-use scenario based
on the depletion of natural resources, the area with fire
relative probability (FRP) > 0.3 (a threshold chosen based
on the literature) increases by 54%. Areas with a negative
change in FRP are projected in the South and South-eastern
of both Brazilian and Bolivian Amazon, but only 10% of the
study area shows a decrease in FRP > 0.3. The projected
overall increase in FRP in the Amazon will likely threaten
its inhabitants health, livelihood and important ecosystems
services, including the regions' biodiversity and carbon
stocks.
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1. INTRODUCTION

Climate and land-use changes are expected to influence
future fire regimes in the Amazon, which will impact
ecosystems processes and police issues such as greenhouse
gases emissions, climate policy, biomes distribution,
biodiversity conservation, human safety, public health, and
land-use management [1-4].

Most previous studies on the future fire activity over the
Amazon basin (e.g. [5]) considered the emissions scenarios
of the Intergovernmental Panel of Climate Change (IPCC)
Special Report on Emissions Scenarios (SRES; [6]) or just
climate records [7], and some did not include land-use
change effects [8, 9]. In the IPCC Fifth Assessment Report
[10], however, the SRES were substituted with the
Representative Concentration Pathways (RCP's), a new set
of scenarios that include time paths for emissions and
concentrations of the full suite of GHGs and aerosols and
chemically active gases, as well as land-use/land-cover
changes.

Studies concerning the effects of the RCP's combined
with land-use change on fire occurrence in the Amazon are
still scarce. Le Page et al. [11] provided an important
contribution to this subject. The authors used future land-use
distributions from the land harmonization processing
developed for the RCPs [12] and climatic data from two
RCP scenarios to simulate fire occurrence by the end of the
21st century in the Amazon basin. However, observed
historical deforestation rates in Amazon are substantially
different from the rates projected in the RCPs, as the latter
do not integrate, for instance, regional land management
policies, existing or future road building or the
establishment and level of protection of conservation areas
[13]. Therefore, fine-tuned scenarios may provide a more
accurate picture of regional processes and the resulting land-
use change than the global estimates.

Here, we combined the regional land-use projections
developed by Aguiar et al. [14] and Tejada et al.[15] and the
climatic data from the CMIP5 multi-model ensemble [16] to
investigate the probability of fire occurrence by the end of
the 21st century (2071-2100) in the Brazilian and Bolivian
Amazon. The specific questions are: (1) what is the effect of
RCP 8.5 combined with a pessimistic land-use scenario,
which considers the depletion of natural resources and
significant social inequality, on the fire relative probability
(FRP) in the Amazon biome within Brazil and Bolivia by
the end of the century?; (2) How does this effect vary
spatially in the study area? What are the most and least
affected regions?

2. MATERIALS AND METHODS

The study region covers approximately 6,117,741 km” and
encompasses the Amazon "sensu latissimo"” limit [17]
within Brazil and Bolivia borders, excluding the 0.25° grid-
cells with less than 10% of forests in 2005 [14, 15].

We used agriculture, including both crops and pastures,
as land-use predictor variable to model fire occurrence. The
baseline values were calculated as the mean during 2005 to
2013 [14, 15], based on data from the Brazilian National
Institute for Space Reasearch (INPE) and from the Noel
Kempff Mercado Museum of Natural History (NKMMNH).
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The approach for building and quantifying land-use
scenario are described in detail in Aguiar et al. [14] and
Tejada et al.[15]. Here, we used the "Fragmentation"
scenario, which considers the depletion of natural resources
and significant social inequality and is aligned with the
IPCC Shared Socioeconomic Pathways (SSP) 3.

The climatic data was obtained from the CMIP5 multi-
model ensemble dataset [16]. These are the results of 37
global model runs from several research centres worldwide
(https://cmip.lInl.gov/cmip5/availability.html), which are
available from the data archives of the Earth System Grid
Federation (ESGF) data distribution portal
(http://www.earthsystemgrid.org). We considered monthly
mean output for September from historical simulations and
future changes in climate variables using the RCP 8.5
scenario [10].

The climatic variables mean evaporation, maximum
temperature and minimum precipitation were selected based
on preliminary jackknife tests. The baseline values were
calculated for the period between 2003 and 2015. All
climate and land-use variables were resampled to a common
0.25° spatial-resolution grid.

To calibrate the model we used the afternoon hot pixel
data detected by the MODIS sensor onboard the AQUA
satellite, published online by the Centre for Weather
Forecast and Climate Studies (CPTEC) /INPE [18]. The
0.25° grid cells which showed 13 or more hot pixels[19] in
any September between 2003 and 2015 were considered to
have suitable conditions for fire occurrence. From these grid
cells, we randomly sampled 500 to be included as fire
occurrence points.

The Maximum Entropy method (MaxEnt) [20, 21] is
successfully applied as a tool for modelling species
distribution using presence-only data, i.e. when absence
records are not available. Satellite-based fire records
indicate locations that have been burnt, but it is not possible
to determine whether other areas were also suitable to burn
at that time, making it appropriate to use a presence-only
approach to model fire suitability [22].

The analysis was carried out using the MaxEnt software
version 3.4.1 [23]. The software cloglog output was used,
which can be interpreted as a normalized suitability surface
with values ranging from zero to one, equivalent to a
relative probability of fire occurrence. We used bootstrap
resampling technique with 50 runs and maximum of 1000
iterations in each run to estimate the outputs mean and
standard deviation, setting aside 30% of sample points for
model testing. Other parameters were kept as the software
default.

The AUC value, which indicates the probability that the
model correctly ranks a random presence locality higher
than a random background site [21], was used as a measure
of model performance. If the AUC value is 0.5, the model is
no better than random, while an area with a value close to 1
indicates an accurate model [21]. Models with AUC values
above 0.75 are considered potentially useful [24].
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Additionally, in order to evaluate the model performance,
we used the calibrated model to projected the FRP for
January of the baseline period and compared the resulting
surface with the actual occurrence of hot pixels.

3. RESULTS

Mean training AUC of the fire model was 0.814 + 0.009 and
mean testing AUC was 0.800 + 0.013. The comparison of
the FRP surfaces modelled for September and simulated for
January during the baseline indicates that the model
accurately simulates the seasonal spatial variation in fire
occurrence in this period (Figure 1). This is confirmed by
the observation that the FRP values simulated for January in
the grid cells where fire actually occurred during the
baseline following the criteria we adopted (marked with
black crosses in Figure 1B) was significantly higher than in
grid cells where fire did not occur (Figure 2).

Most of the study region shows an increase in FRP by
the end of the century under the modelled scenario (Figure
3). During September in the baseline, about 42% of the
study region shows FRP > 0.3, but this figure is expected to
reach 64% in 2071-2100, which represents a 54% increase
in the area with FRP > 0.3. While over half (54%) of the
grid cells show an increase in FRP > 0.1, approximately
19% show a decrease of the same magnitude (Figure 3).
Accordingly, 34% show 0.3 or larger increase in FRP, while
only 10% show a similar decrease. The regions where a
decrease in FRP is projected are located in the South and
South-eastern of both Brazilian and Bolivian Amazon. The
increase in FRP is widespread over the rest of the study
area, except for the north-western Brazilian Amazon. Most
areas under such increase are currently densely forested,
including indigenous territories and protected areas.

4. DISCUSSION

The model was calibrated for September, the current peak of
fire activity it the region, when fire is widespread in
Bolivian Amazon and along the so-called deforestation arc
in Brazil. Still, it correctly simulated the spatial pattern of
fire occurrence in the study region in January, when fire
activity is usually lower and concentrates in the north and
north-eastern Brazilian Amazon [18]. The AUC values also
indicate satisfactory model performance.

A decrease in FRP is projected for the deforestation arc
in the Brazilian Amazon, as well as in a region of Bolivia
where intense deforestation is expected under the modelled
land-use scenario [15]. This can the related to the advance
of the deforestation in already depleted landscapes, leading
to a reduction of the biomass available to burn. The lower
change in FRP in the north-western Brazilian Amazon is
probably related to the relatively low change in precipitation
and evaporation (data not shown) combined with sparse land
use and therefore scarcity of ignition sources in this region.
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Figure 1: Fire relative probability (FRP) surfaces in the
Brazilian and Bolivian Amazon simulated for (A) September
and (B) January of the baseline period (2003 - 2015). Black
crosses indicate grid cells where 13 or more MODIS hot pixels
were detected in at least one month (January) during this
period.
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Figure 2: Distribution of Fire relative probability (FRP) values
in grid cells where fire actually occurred in January during the
baseline following the adopted criteria (see Methods section)
("'with') and in grid cells where fire did not occur ("'without').
The lower and the upper limits of the box represent the first
and third quartiles, respectively, the horizontal line within the
box represents the median and the vertical bars the data range.

On the other hand, the intense increase in FRP in the
northern, central and western Brazilian Amazon under the
modelled scenario is expected to affect currently protected
areas, including the inhabited ones, and indigenous
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Figure 3. Absolute change in Fire Relative Probability (FRP;
future minus baseline) by the end (2071-2100) of the 21st
century in the Brazilian and Bolivian Amazon projected
considering a pessimistic scenario (Fragmentation land-use
and RCP 8.5 scenarios).

territories, threatening its biodiversity as well as traditional
populations and their cultural practices through the
depletion of the natural resources they depend upon [25].
Furthermore, such increase in FRP is expected to have
striking negative impacts on precipitation and the dynamics
of atmospheric circulation [26], on human health [27], and
on forest structure, carbon stocks and emissions [4, 28].

The spatial pattern of fire increase we found is similar
to the one reported under the RCP 8.5 climate and land-use
scenarios by Le Page et al.[11], although differences are
evident in the Roraima state, in the Brazilian deforestation
arc and in Bolivia. Such divergences can be due to the
different land-use projections, the climate models included
or differences in model parameterization.

We acknowledge that projections of fire probability
based on statistical models are conservative given that this
modelling approach do not incorporate future self-amplified
vegetation-fire-climate feedbacks that could increase
ecosystems flammability [29].

5. CONCLUSIONS
We conclude that pessimistic land-use and climate

change scenarios combined are expected to increase fire
occurrence probability over more than half of the Amazon
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biome located within Brazil and Bolivia, threatening its
inhabitants health, livelihood and important ecosystems
services, including the regions' biodiversity and carbon
stocks.

Further studies should investigate other scenarios and
the relative contribution of land-use and climate variables in
each of them, in order to guide efficient mitigation
strategies.
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