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Abstract. Tropical forests have been a permanent feature of the Amazon basin for at least 55 million years,
yet climate change and land use threaten the forest’s future over the next century. Understory forest fires, which
are common under the current climate in frontier forests, may accelerate Amazon forest losses from climate-
driven dieback and deforestation. Far from land use frontiers, scarce fire ignitions and high moisture levels
preclude significant burning, yet projected climate and land use changes may increase fire activity in these
remote regions. Here, we used a fire model specifically parameterized for Amazon understory fires to examine the
interactions between anthropogenic activities and climate under current and projected conditions. In a scenario
of low mitigation efforts with substantial land use expansion and climate change – Representative Concentration
Pathway (RCP) 8.5 – projected understory fires increase in frequency and duration, burning 4–28 times more
forest in 2080–2100 than during 1990–2010. In contrast, active climate mitigation and land use contraction in
RCP4.5 constrain the projected increase in fire activity to 0.9–5.4 times contemporary burned area. Importantly,
if climate mitigation is not successful, land use contraction alone is very effective under low to moderate climate
change, but does little to reduce fire activity under the most severe climate projections. These results underscore
the potential for a fire-driven transformation of Amazon forests if recent regional policies for forest conservation
are not paired with global efforts to mitigate climate change.

1 Introduction

Tropical forests face an unprecedented suite of environmen-
tal changes from regional and global human activities. Re-
gional activities include forest conversion for agricultural
land uses (Hansen et al., 2013), forest degradation from log-
ging and fire (Asner et al., 2005; Morton et al., 2013), and
fragmentation (Laurance and Williamson, 2001). Climate
change is primarily driven by extra-regional activities, as ris-
ing greenhouse gas emissions from energy production and
transport mostly originate outside of tropical forest regions
(Quéré et al., 2016). Synergies between direct human ac-

tivities and climate change may accelerate the transforma-
tion of tropical forests based on positive feedbacks among
ecosystem productivity, regional climate, species composi-
tion, and forest disturbances (Brienen et al., 2015; Davidson
et al., 2012; Malhi et al., 2009). Forest fires are one poten-
tial mechanism for a disturbance-driven dieback of Amazon
forests (Balch et al., 2015; Barlow et al., 2016; Cochrane et
al., 1999; Longo et al., 2017).

Fires during the Amazon dry season result from human
ignitions for large-scale deforestation (Morton et al., 2008),
shifting cultivation (Thrupp et al., 1997), and agricultural
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management (Cochrane, 2002). Intentional and accidental
fires can escape into adjacent forests and slowly spread
through leaf litter and downed woody debris on the forest
floor. Often, understory forest fires extinguish at night when
relative humidity increases. During extended droughts, how-
ever, or other periods with lower nighttime humidity, under-
story fires may spread for days or weeks (Cochrane et al.,
1999; Morton et al., 2013). Because the expansion of the
fire perimeter over multiple days generates quadratic growth
in burned area, these long-duration fires are an essential as-
pect of fire ecology in the Amazon. Most plant species are
poorly adapted to survive even low-intensity fires (Balch et
al., 2015; Barlow and Peres, 2008; Malhi et al., 2008). The
resulting tree mortality and canopy openings alter the forest
microclimate and favor invasion by grass species; combined,
changing fuels and microclimate in burned forests can cre-
ate a positive fire feedback (Balch et al., 2008; Barlow and
Peres, 2008; Cochrane et al., 1999; Silvério et al., 2013).

Climate and land use projections for the Amazon region
may increase the regional extent and frequency of forest
degradation from fire. Agricultural activities are projected to
expand into the central and western Amazon (Davidson et al.,
2012; Rosa et al., 2013; Soares-Filho et al., 2006), regions
where humid conditions currently limit the risk of escaped
fires (Le Page et al., 2010). During drought years or with cli-
mate change, however, the influence of human ignitions on
fire activity could greatly expand. Satellite observations over
the last 40 years have confirmed the importance of these fire–
climate–land use interactions (Alencar et al., 2015; Chen et
al., 2013; Laurance, 1998), as have paleorecords of charcoal
accumulation rates inferred from sedimentary cores (Bush
et al., 2007; Cordeiro et al., 2014). Projections of Amazon
fire activity also suggest strong synergies between climate
change and anthropogenic expansion scenarios (Cardoso et
al., 2003; Le Page et al., 2010; Silvestrini et al., 2011), but
previous work focuses primarily on deforestation and agri-
cultural burning. These types of fires are managed, burn dif-
ferent types of fuel, and are generally of short duration, thus
providing few insights about the ecology of slow-moving,
multiday understory fires. Understory fires are difficult to de-
tect using satellite data because they do not burn the forest
canopy, and only a few studies have inferred their extent in
small regions to explore their dynamics and drivers (Alen-
car et al., 2004, 2006; Ray et al., 2005). However, a method
was recently developed to detect understory forest fires using
multiyear satellite image time series (Morton et al., 2011a,
2013). These Amazon-wide observations provide a critical
foundation to develop simulations of understory fire dynam-
ics under future climate and land use scenarios.

Here, we investigated the combined influence of future
land use and climate change on Amazon understory fires.
Our analysis used a regional fire model that was specifi-
cally adapted to simulate understory fires and parameter-
ized using satellite-based estimates of understory fire activ-
ity (see the “Methods” section). We compared modeled and

Figure 1. Current and projected climate and land use in the Ama-
zon basin. (A) Land use fraction in 2005 (croplands+ urban lands)
from MODIS (Friedl et al., 2010) and average annual relative hu-
midity over 1990–2005 from NCEP (Kanamitsu et al., 2002). (B)
Land use fraction in 2080–2100 in the RCP4.5 and RCP8.5 sce-
narios (Hurtt et al., 2011) and change in average relative humid-
ity from eight of the IPCC AR5 climate models: (a) ACCESS1-
3; (b) 3CanESM2; (c) GFDL-ESM2M; (d) IPSL-CM5A-MR;
(e) HadGEM2-CC; (f) MIROC-ESM; (g) GISS-E2-H; (h) CESM1-
CAM5.

observed understory fires to characterize the climate–fire in-
teractions that promote increased burned area and larger fires
in drought years. Using the calibrated model, we then ex-
amined fire projections under land use and climate change
scenarios from Representative Concentration Pathway 4.5
(RCP4.5; Thomson et al., 2011) with substantial mitigation
efforts and RCP8.5 (Riahi et al., 2011), which is essentially
unmitigated (Fig. 1). Fire projections under these contrasting
scenarios evaluate potential synergies between human land
use and climate change for a fire-driven transformation of
Amazon forests.
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2 Methods

2.1 The HESFIRE model

HESFIRE is a fire model of intermediate complexity seeking
to combine the explicit fire modeling of dynamic vegetation–
fire models (DGVM–fire models) with the performance of
statistical fire models while addressing some of their issues
(Le Page et al., 2015). In particular, land cover distribution
in HESFIRE is inferred from contemporary observations,
avoiding error propagation from the vegetation scheme to the
fire module, which is a recurrent challenge in DGVM–fire
models (Kelley et al., 2013; Kelley and Harrison, 2014; Wu
et al., 2015). HESFIRE was also designed to represent mul-
tiday fires, tracking each individual fire on 12 h time steps,
whereas other global fire models have a maximum fire dura-
tion of 1 day (Arora and Boer, 2005; Li et al., 2012; Thonicke
et al., 2010). The model has been applied on the global scale
(Le Page et al., 2015) and in a sensitivity experiment to reveal
the propagation of uncertainties in land cover and climate in-
put data to the fire activity outputs (Le Page, 2016). HES-
FIRE was designed to facilitate the development of regional
versions in studies such as this one, with the integration of a
data assimilation component to regionally adjust the param-
eterization of fire drivers based on observed fire dynamics.

HESFIRE is organized in three modules, with specific
drivers for fire ignition, spread, and termination (Fig. S1a; Le
Page et al., 2015). Each module’s parameterization is derived
from literature values and through observation–data assimi-
lation methods.

– Fire ignitions. The frequency of human ignitions in-
creases as a function of grid-cell level land use den-
sity (cropland + urban areas) but decreases as a func-
tion of the national gross domestic product (GDP). Nat-
ural ignitions are a function of cloud-to-ground light-
ning strikes estimated from convective precipitation and
a probability of ignition per strike.

– Fire spread. Fire spread rates vary as a function
of weather conditions (relative humidity, temperature,
wind speed), soil moisture (a proxy for fuel moisture),
and fuel structure (forest, shrub, and grass).

– Fire termination. Four factors control the termination of
fires: (a) a change to non-fire-prone weather conditions
(e.g., fires terminate when relative humidity increases
above 80 %); (b) low fuel availability (the probability of
termination is higher in sparsely vegetated landscapes);
(c) landscape fragmentation (the fraction of a grid cell
covered by croplands, urban areas, water bodies, bare
areas, and burned areas over the last 8 months); and
(d) fire suppression efforts, which intensify with higher
land use density and GDP, but become less efficient un-
der increasingly fire-prone weather.

2.2 Adjustments to the original HESFIRE model

Two changes from the original HESFIRE model were imple-
mented for regional simulations of Amazon understory fires.
First, land use and land cover data from Globcover (Bon-
temps et al., 2011) were replaced by MODIS (Friedl et al.,
2010). Although there is no comparison study of the two
datasets in the Amazon, MODIS patterns appeared more con-
sistent with the contemporary distribution of land use, as in-
ferred from expert knowledge and a comparison with other
sources of information (e.g., Soares-Filho et al., 2014). Sec-
ond, the representation of fires as plain ellipses was revised,
as proposed in the global HESFIRE evaluation (Le Page et
al., 2015) and further supported by the uneven and patchy
contours of Amazonian understory fires (Fig. S7 in the Sup-
plement). A new equation was developed in this study to
compute the area that actually burns as a fraction of the plain
ellipse driven by landscape fragmentation and fire weather:

BA= E×
(
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Fexp
n

)
×

(
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RHexp
n

)
×

(
1−SW

SWexp
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)
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(
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)
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where E is the full ellipse area, Fn, RHn, SWn, and Tn are
the values of fragmentation, relative humidity, soil moisture,
and temperature normalized within their range of influence,
and Fexp, RHexp, SWexp, and Texp are the optimized shape
parameters controlling their specific fire-driving relationship
(Le Page et al., 2015).

2.3 Parameterization of the regional HESFIRE version

Parameter optimization was performed using a Markov chain
Monte Carlo (MCMC) approach as described in the origi-
nal HESFIRE paper (Le Page et al., 2015). A selection of
six parameters key to fire regimes in the Amazon were opti-
mized: the influence of relative humidity (RH) and soil mois-
ture (SW) on fire spread (one parameter each), the frequency
of human ignitions as a function of land use area (two pa-
rameters), the fire suppression effort as a function of land
use area (one parameter), and the influence of landscape frag-
mentation on fire termination (one parameter). The optimiza-
tion was performed using about 20 % of the grid cells in a
satellite-derived understory fires dataset over the 1999–2010
period (see below). The MCMC likelihood function employs
an optimization metric, which combines average burned area
and interannual variability at the grid-cell level:

Optindex =

n∑
gc=1

(Mf−Of)2
+

n∑
gc=1

(1− IAVcorr (Mf,Of))

n
, (2)

where Mf and Of are modeled and observed burned areas
for the grid cell gc, and IAVcorr(Mf,Of) is the correlation
between observed and modeled interannual variability. Note
that the use of a grid-cell level metric means that fire pat-
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Figure 2. Spatial and temporal patterns of modeled and observed
understory fires in the southern Amazon. Observation data are spe-
cific to understory fires (Morton et al., 2011b); i.e., they do not in-
clude deforestation or agricultural fires.

terns and dynamics aggregated on the regional scale are not
directly optimized.

2.4 Observation-derived fire data

The regional optimization of HESFIRE and its evaluation
were performed using forest fire data derived from time
series of MODIS data and the burned damage and recov-
ery (BDR) algorithm (Morton et al., 2011a, 2013). The BDR
approach detects the spectral trajectory of canopy damage
from understory fires and recovery in subsequent years. The
multiyear method discriminates understory fires from other
disturbances such as deforestation or logging (Morton et al.,
2011a).

2.5 Land use and climate scenarios

Future fire projections considered two contrasting scenar-
ios of climate and land use in 2080–2100 from the Inter-
governmental Panel on Climate Change Assessment Report
5 (IPCC AR5). Representative Concentration Pathway 4.5
(RCP4.5; Thomson et al., 2011) represents a world in which
society deploys substantial decarbonization and ecosystem
conservation measures to limit the increase in greenhouse

Figure 3. Annual burned fraction projected in HESFIRE for 2080–
2100 varies across models and climate scenarios. The 10th, 50th,
and 90th percentile values indicate variability from eight climate
models (see the “Methods” section).

gas radiative forcing to +4.5 W m−2 in 2100. In the Ama-
zon basin, these measures halt the current trend of land use
expansion and support some reforestation (Fig. 1). RCP8.5
(Riahi et al., 2011) limits radiative forcing to +8.5 W m−2,
which poses very few development constraints and leads to
continued agricultural expansion in the Amazon (+216 %
land use) and substantial climate change (Fig. 1).

For both scenarios, HESFIRE was run with future land use
distributions from the land harmonization processing devel-
oped for the RCPs (Hurtt et al., 2011) and climate change
projections from 8 of the 20 plus climate models contribut-
ing to the IPCC report, covering a wide range of climate
sensitivity in the Amazon (Fig. 1). Climate models were se-
lected to capture a broad range of projected climate sen-
sitivity in the Amazon (Fig. 1). For each climate variable,
monthly absolute changes from 1990–2010 to 2080–2100
were computed using the RCMIP5 package (https://github.
com/JGCRI/RCMIP5). These changes were then applied to
the 1990–2010 climate data used in HESFIRE (Le Page et
al., 2015), with all bi-daily data for a given month being al-
tered by the same monthly change.

Changes in fire practices and fire suppression other than
those related to land use expansion and contraction were not
considered. Such changes will depend on the coevolution of
many factors, including technological development (e.g., al-
ternatives to fire use), rural versus urban environments, and
economic changes. HESFIRE and most global fire models
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Figure 4. Mean fire size increases under both RCP4.5 and RCP8.5
climate scenarios (a) based on climate conditions that permit longer
fire duration by the end of the 21st century (b).

use GDP as a proxy for those drivers (e.g., widespread fire
use in Africa), but it is unclear whether this relationship will
hold in the future (will increasing GDP in South America
lead to less fire use?). Consequently, our analysis assumed a
continuation of current fire practices by using today’s GDP
for future fire projections.

3 Results

3.1 Model evaluation

The regional version of HESFIRE reproduced the observed
spatial patterns of average fire activity, including the clear
boundary between fire-affected forests along the arc of de-
forestation and mostly fire-free forests in more humid re-
gions of the central and western Amazon with less agricul-
tural activity (Fig. 2a, Fig. S2 in the Supplement; see also
reply to referee comment 1 in the discussion paper). Im-
portantly, HESFIRE captured the interannual variability in
Amazon fire dynamics, such as the impacts of the 2005 and
2007 droughts (Fig. 2b, Fig. S4 in the Supplement), and the
modeled fire size distribution was consistent with observa-
tions (Fig. 2c). Larger fires were more common in high-
fire years (e.g., 2005, 2007, and 2010), while smaller fires
contributed a greater proportion of total burned area in low
fire years (e.g., 2000, 2003, and 2009). The main discrep-
ancies between satellite observations and HESFIRE results
were an overestimation of basin-wide burned area in 1999, as
climate data indicated more widespread drought conditions
than areas with large-scale fire damages (Fig. S4 in the Sup-
plement), and an underestimation of the fire hotspot in the
Brazilian state of Maranhão in the eastern Amazon. Overall,
the model formulation is in line with key understory fire pro-

Figure 5. Sensitivity of understory fire activity to land use and cli-
mate change. These results are obtained from a factorial experiment
running HESFIRE with (a) land use change only, (b) climate change
only, and (c) both land use and climate change. Panels (d) and
(e) are scenarios combining land use from one RCP and climate
change from the other. Fire maps are the 50th percentile (median)
at the grid-cell level (as in Fig. 3).

cesses (e.g., multiday fires) and its performance on a wide
range of fire metrics provides a strong basis for evaluating
future fire regimes in the Amazon.

3.2 Projected changes in understory fires

HESFIRE simulations projected much higher fire activity at
the end of the 21st century under scenarios combining drier
climate conditions and agricultural expansion (Fig. 3). In the
essentially unmitigated RCP8.5, the projected annual burned
area in 2080–2100 was 850 % that of today (50th percentile
among the eight climate model replicates; 10th and 90th
percentiles: 400 and 2800 %). In this scenario, extreme fire
years in the observational record (e.g., 2005, 2007, and 2010)
would be below-average fire years by the end of the century.
Model projections under this scenario suggest a 48 % reduc-
tion in the area of the Amazon basin that would remain “fire-
free” (with average annual burned area < 0.05 %), decreasing
from 67 % today to 35 % under RCP8.5 conditions (10th to
90th percentile model range: 11 to 49 %).

In the RCP4.5 scenario, global climate mitigation policies
and land use contraction limited increases in fire activity to
levels well below those in most RCP8.5 projections (Fig. 3).
Annual burned area was 165 % that of today for the 50th per-
centile, ranging from a slight reduction (87 %) for the 10th
percentile to 540 % for the 90th percentile spread among
models. The RCP4.5 scenario also limited the encroachment
of fire activity into interior Amazon forests; the area of fire-
free forests decreased by 16 % only, covering 56 % of the
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study area by the end of the century (10th to 90th percentile
range: 28 to 69 %).

Higher future fire activity results from an increase in the
number and size of fires in both scenarios (Fig. 4). The higher
number of fires is related to anthropogenic ignitions, which
are more frequent with widespread land use expansion in
RCP8.5, amplified by a longer period of fire-prone condi-
tions. Despite a contraction of land use in RCP4.5 and an as-
sociated reduction in anthropogenic ignitions, projected cli-
mate changes lead to more numerous understory fires based
on a higher probability of escape and longer dry seasons over
the Amazon basin (Aragão et al., 2007). The shift in the size
distribution towards larger understory fires reflects longer pe-
riods of consecutive dry days in future decades, including
low nighttime relative humidity, which are conditions that
allow the spread of slow-burning fires over larger areas. The
longest modeled fires last 10–15 days under current condi-
tions, but fires burn for as long as 25–30 days over most of
the Amazon basin under the RCP8.5 scenario by the end of
the 21st century (Fig. 4).

3.3 Sensitivity of fire projections to climate and land use

A sensitivity analysis of future fire activity suggests that cli-
mate change is the most important driver of increased Ama-
zon understory fire activity by 2080. We explored the roles of
land use change, climate change, and their interactions on fire
projections based on a factorial experiment in which chang-
ing conditions are restricted to subsets of the model variables
(Fig. 5, Fig. S5 in the Supplement). Holding current land use
activity constant, climate change alone would be sufficient
to generate large increases in both total burned area and the
share of the Amazon basin affected by understory fires, con-
tributing 48 and 75 % of their changes in the full RCP8.5
scenario, respectively (Fig. 5a). Conversely, the expansion of
land use activities under current climate regimes would con-
tribute only 18 % and 47 % of those changes (Fig. 5b). Cli-
mate change thus emerges as the dominant concern for future
increases in fire activity, with a clear potential to expand un-
derstory fires into interior Amazon forests, as stronger and
longer dry seasons elevate fire risk beyond the current arc of
deforestation. Land use activities play a key role in modu-
lating fire outcomes within the climate-driven boundaries of
flammable forests; under a given climate, land use contrac-
tion can achieve substantial fire mitigation, while large-scale
land use expansion amplifies the projected increase in un-
derstory fires from synergies between human ignitions and
climate-driven fire risk (Fig. 5c, d, e).

Importantly, the level of interaction between climate and
land use scenarios depends on the magnitude of climate
change projected by the eight climate models used in the
analysis (Fig. 1b), with important implications for mitiga-
tion strategies (Fig. S5 in the Supplement). Land use con-
traction in RCP4.5 limited fire activity under low to moder-
ate climate change, but was only marginally effective under

a large-scale drying of the Amazon projected by some mod-
els. For example, with unmitigated climate change (RCP8.5),
land use contraction in the RCP4.5 scenario avoided 93 %
of the full RCP8.5 fire increase under the conservative IPSL
climate projections, but only 8 % under the much drier AC-
CESS climate projections (Fig. S5r). In the latter case, the
interior eastern Amazon becomes an area of essentially un-
fragmented fire-prone forest where residual land use activ-
ity remains a source of ignitions, and escaped fires, albeit
less frequent, can reach larger sizes (Fig. S6b in the Supple-
ment). In the opposite situation in which climate mitigation
is successful but land use expansion continues, fire size is
clearly constrained (Fig. S6c in the Supplement), leading to
a smaller increase in total burned area (Fig. S5s in the Sup-
plement), with 77 % of the ACCESS RCP8.5 fire increase
avoided, for example.

4 Discussion

Scenarios of future fire activity underscore the importance of
climate change mitigation to prevent the expansion of dam-
aging understory fires in the Amazon. Climate change sce-
narios that maintain sufficient moisture to insulate interior
Amazon forests from understory fires can avoid disturbance-
driven forest losses even when anthropogenic ignitions are
abundant (Fig. 5b). Some climate change is likely unavoid-
able, raising the importance of climate modeling efforts to
anticipate changing fire regimes. The current generation of
climate models is better able to reproduce contemporary
moisture regimes in the Amazon, but there is little consen-
sus among future projections (Duffy et al., 2015; Joetzjer
et al., 2013; Yin et al., 2013). The emerging picture from
state-of-the-art models suggests longer and stronger dry sea-
sons, with some evidence that pessimistic models are more
realistic (Boisier et al., 2015). The evolution of the El Niño–
Southern Oscillation (ENSO) and the Atlantic Multidecadal
Oscillation (AMO) dynamics in a warmer world will be crit-
ical for the future of Amazon forests given the widespread
influence of these climate modes on drought conditions in
the region (Chen et al., 2011, 2016). Warm phases of ENSO
and AMO typically trigger basin-wide droughts conducive
to large fire events (Chen et al., 2011). The synergy between
their periodicity, magnitude, and other climate change im-
pacts will be a major driver of Amazon fire activity in coming
decades.

Model results with RCP4.5 land use projections suggest
that a significant and regional-scale reduction in agricul-
tural activities and landscape fragmentation can disrupt these
climate–fire interactions. This is consistent with contempo-
rary studies (Alencar et al., 2004; Morton et al., 2013) and
with the clear signature of land use activities in charcoal pa-
leorecords since the onset of Amazonian agriculture (Bush et
al., 2007; Cordeiro et al., 2014). In fact, Bush et al. (2017) an-
alyzed a 6900-year sedimentary record in western Amazonia
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and found that the ENSO fire signal was strongly expressed
at times of widespread agricultural activity, being other-
wise undetectable in the record and most likely absorbed
by natural vegetation. Deforestation rates have largely de-
clined over the last decade (−70 % in Brazil; Nepstad et al.,
2014), and several Amazon countries have committed to am-
bitious reforestation targets through their Intended Nation-
ally Determined Contributions (INDC) to the United Nations
Framework Convention on Climate Change (e.g., 12 million
hectares by 2030 in Brazil; Federative Republic of Brazil,
2015). The RCP4.5 land use scenario is thus fairly consistent
with these recent regional developments, highlighting the po-
tential for environmental policies, enforcement, and satellite-
based monitoring to alter the trajectory of agricultural expan-
sion and buffer climate change impacts.

However, recent droughts and model projections confirm
that widespread vulnerability to forest degradation from fire
remains. Declining deforestation in the Brazilian Amazon
since 2004 has had little impact on understory fires, with
peak fire damage in 2005, 2007, and 2010 (Chen et al.,
2013; Morton et al., 2013). HESFIRE simulations are con-
sistent with observational data, confirming that land use poli-
cies have limited effectiveness under anomalously dry condi-
tions. The hybrid scenario combining RCP4.5 land use with
RCP8.5 climate change is particularly relevant in this context
(Fig. S5r in the Supplement). This combination depicts the
disconnect between recent regional achievements on forest
conservation and remaining global challenges to achieve sub-
stantial reductions in global greenhouse gas emissions. Cli-
mate drivers of contemporary fire events are well understood
and anticipated by seasonal forecasts (Chen et al., 2011;
see https://www.ess.uci.edu/~amazonfirerisk/) yet recent fire
emergencies overwhelmed existing prevention and suppres-
sion capabilities. Regular, basin-scale droughts in some of
the hybrid RCP4.5–RCP8.5 scenario projections would thus
represent formidable challenges for regional fire manage-
ment and forest resource conservation.

Anticipating these outcomes is key to connect our under-
standing of fires in the Amazon to decision makers. Chal-
lenges remain, but data and knowledge assimilation in tools
such as HESFIRE can provide support to evaluate the coevo-
lution of agricultural and conservation objectives in alterna-
tive policy scenarios. The main assets of our analysis are the
explicit representation of multiday fires showing the poten-
tial for longer-duration fires and the assimilation of satellite-
derived data that discriminate understory fires from other
types of burning. Results from the factorial experiment also
suggest that the sensitivity of fire activity to individual natu-
ral and anthropogenic variables is consistent with our knowl-
edge of fire dynamics in the Amazon (Fig. S5 in the Sup-
plement). A number of ecological processes are not consid-
ered in HESFIRE, most notably the lack of a dynamic veg-
etation scheme to account for climate–vegetation–fire feed-
back. Higher tree mortality and decreased evapotranspiration
induced by fires and drought stress alter forest structure and

facilitate the invasion of fire-prone grasses and would thus
likely enhance the prospect of a fire-driven transformation of
the Amazon under the RCP8.5 climate projections (Brando et
al., 2014; Malhi et al., 2008). Representing these interactions
is challenging because they involve many processes from the
local to the global scale, including plant species resilience,
fuel dynamics, invasive species dynamics, landscape frag-
mentation, climate dynamics, and the water cycle. Efforts to
improve the sophistication of regional fire models remains an
important goal for future research.

5 Conclusion

Recently, regional land use policies have been successfully
implemented in the Amazon basin, but the outcome of in-
ternational negotiations on global climate change is highly
uncertain. This paper highlights how the fire challenge is
likely to grow if global climate mitigation is not success-
ful. Infrequent fires are not disastrous, but regular, basin-
scale fire events would be unmanageable and accelerate for-
est degradation. Additionally, climate projections leading to
increased fire duration and size (relative humidity, temper-
ature, and fuel moisture) are also conducive to higher fire
intensity, leading to greater tree mortality (Balch et al., 2011;
Brando et al., 2014) and hindering suppression efforts. Fur-
ther concerted local action may thus be necessary to consider
forest degradation along with deforestation and reforesta-
tion objectives. Intensifying existing agricultural areas and
switching to fire-free land management could substantially
reduce the extent of frontier forests exposed to understory
fires. The large wealth of comparative data provided by di-
verse regional land use policies, various land management
regimes (e.g., protected areas), and a range of large-scale
droughts provide a unique opportunity to infer efficient fire
management strategies (Nepstad et al., 2006, 2014; Nolte et
al., 2013; Soares-Filho et al., 2010). Overall, however, Ama-
zon fires are a global climate mitigation problem or a very
difficult one to solve locally.

Data availability. Data on understory fires used in the analysis are
available upon request to Douglas Morton, coauthor of the paper
(douglas.morton@nasa.gov). All other third-party datasets are pub-
licly accessible as described in their respective references.

The Supplement related to this article is available online
at https://doi.org/10.5194/esd-8-1237-2017-supplement.

Competing interests. The authors declare that they have no con-
flict of interest.

www.earth-syst-dynam.net/8/1237/2017/ Earth Syst. Dynam., 8, 1237–1246, 2017

https://www.ess.uci.edu/~amazonfirerisk/
https://doi.org/10.5194/esd-8-1237-2017-supplement


1244 Y. Le Page et al.: Increasing future fire risk in Amazon forests

Acknowledgements. The project leading to this study has
received funding from the European Union Horizon 2020 research
and innovation program under Marie Skłodowska-Curie grant
agreement HESFIRE-659969. The Centro de Estudos Florestais
(CEF) is a research unit funded by Fundação para a Ciência
e a Tecnologia I.P. (FCT), Portugal (UID/AGR/00239/2013).

Edited by: Michel Crucifix
Reviewed by: William Gosling and one anonymous referee

References

Alencar, A., Nepstad, D., and Diaz, M. C. V.: Forest understory fire
in the Brazilian Amazon in ENSO and non-ENSO years: area
burned and committed carbon emissions, Earth Interact., 10, 1–
17, 2006.

Alencar, A. A., Solórzano, L. A., and Nepstad, D. C.: Modeling
forest understory fires in an eastern Amazonian landscape, Ecol.
Appl., 14, 139–149, 2004.

Alencar, A. A., Brando, P. M., Asner, G. P., and Putz, F.
E.: Landscape fragmentation, severe drought, and the new
Amazon forest fire regime, Ecol. Appl., 25, 1493–1505,
https://doi.org/10.1890/14-1528.1, 2015.

Aragão, L. E. O. C., Malhi, Y., Roman-Cuesta, R. M., Saatchi, S.,
Anderson, L. O., and Shimabukuro, Y. E.: Spatial patterns and
fire response of recent Amazonian droughts, Geophys. Res. Lett.,
34, L07701, https://doi.org/10.1029/2006GL028946, 2007.

Arora, V. K. and Boer, G. J.: Fire as an interactive component of
dynamic vegetation models, J. Geophys. Res.-Biogeosci., 110,
G02014, https://doi.org/10.1029/2005JG000042/full, 2005.

Asner, G. P., Knapp, D. E., Broadbent, E. N., Oliveira, P. J., Keller,
M., and Silva, J. N.: Selective logging in the Brazilian Amazon,
Science, 310, 480–482, 2005.

Balch, J. K., Nepstad, D. C., Brando, P. M., Curran, L. M., Portela,
O., de Carvalho, O., and Lefebvre, P.: Negative fire feedback in
a transitional forest of southeastern Amazonia, Global Change
Biol., 14, 2276–2287, 2008.

Balch, J. K., Nepstad, D. C., Curran, L. M., Brando, P. M., Portela,
O., Guilherme, P., Reuning-Scherer, J. D., and de Carvalho, O.:
Size, species, and fire behavior predict tree and liana mortality
from experimental burns in the Brazilian Amazon, For. Ecol.
Manag., 261, 68–77, 2011.

Balch, J. K., Brando, P. M., Nepstad, D. C., Coe, M. T., Silvério, D.,
Massad, T. J., Davidson, E. A., Lefebvre, P., Oliveira-Santos, C.,
Rocha, W., Cury, R. T. S., Parsons, A., and Carvalho, K. S.: The
Susceptibility of Southeastern Amazon Forests to Fire: Insights
from a Large-Scale Burn Experiment, BioScience, 65, 893–905,
https://doi.org/10.1093/biosci/biv106, 2015.

Barlow, J. and Peres, C. A.: Fire-mediated dieback and
compositional cascade in an Amazonian forest, Phi-
los. Trans. R. Soc. Lond. B-Biol. Sci., 363, 1787–1794,
https://doi.org/10.1098/rstb.2007.0013, 2008.

Barlow, J., Lennox, G. D., Ferreira, J., Berenguer, E., Lees, A. C.,
Nally, R. M., Thomson, J. R., Ferraz, S. F. de B., Louzada, J.,
Oliveira, V. H. F., Parry, L., Ribeiro de Castro Solar, R., Vieira, I.
C. G., Aragão, L. E. O. C., Begotti, R. A., Braga, R. F., Car-
doso, T. M., Jr, R. C. de O., Souza Jr, C. M., Moura, N. G.,
Nunes, S. S., Siqueira, J. V., Pardini, R., Silveira, J. M., Vaz-
de-Mello, F. Z., Veiga, R. C. S., Venturieri, A., and Gardner,

T. A.: Anthropogenic disturbance in tropical forests can dou-
ble biodiversity loss from deforestation, Nature, 535, 144–147,
https://doi.org/10.1038/nature18326, 2016.

Boisier, J. P., Ciais, P., Ducharne, A., and Guimberteau, M.: Pro-
jected strengthening of Amazonian dry season by constrained cli-
mate model simulations, Nat. Clim. Change, 5, 656–660, 2015.

Bontemps, S., Defourny, P., Bogaert, E. V., Arino, O., Kalogirou, V.,
and Perez, J. R.: GLOBCOVER 2009-Products Description and
Validation Report, available at: http://www.citeulike.org/group/
15400/article/12770349 (last access: 25 February 2014), 2011.

Brando, P. M., Balch, J. K., Nepstad, D. C., Morton, D. C.,
Putz, F. E., Coe, M. T., Silverio, D., Macedo, M. N., David-
son, E. A., Nobrega, C. C., Alencar, A., and Soares-Filho,
B. S.: Abrupt increases in Amazonian tree mortality due to
drought-fire interactions, P. Natl. Acad. Sci., 111, 6347–6352,
https://doi.org/10.1073/pnas.1305499111, 2014.

Brienen, R. J. W., Phillips, O. L., Feldpausch, T. R., Gloor,
E., Baker, T. R., Lloyd, J., Lopez-Gonzalez, G., Monteagudo-
Mendoza, A., Malhi, Y., Lewis, S. L., and Martinez, R. V.: Long-
term decline of the Amazon carbon sink, Nature, 519, 344–348,
2015.

Bush, M. B., Silman, M. R., de Toledo, M. B., Listopad,
C., Gosling, W. D., Williams, C., de Oliveira, P. E., and
Krisel, C.: Holocene fire and occupation in Amazonia: records
from two lake districts, Philos. T. R. Soc. B, 362, 209–218,
https://doi.org/10.1098/rstb.2006.1980, 2007.

Bush, M. B., Correa-Metrio, A., van Woesik, R., Shadik, C. R., and
McMichael, C. N. H.: Human disturbance amplifies Amazonian
El Niño–Southern Oscillation signal, Global Change Biol., 23,
3181–3192, https://doi.org/10.1111/gcb.13608, 2017.

Cardoso, M. F., Hurtt, G. C., Moore, B., Nobre, C. A., and Prins, E.
M.: Projecting future fire activity in Amazonia, Global Change
Biol., 9, 656–669, 2003.

Chen, Y., Randerson, J. T., Morton, D. C., DeFries, R. S., Collatz,
G. J., Kasibhatla, P. S., Giglio, L., Jin, Y., and Marlier, M. E.:
Forecasting fire season severity in South America using sea sur-
face temperature anomalies, Science, 334, 787–791, 2011.

Chen, Y., Morton, D. C., Jin, Y., Collatz, G. J., Kasibhatla, P. S., van
der Werf, G. R., DeFries, R. S., and Randerson, J. T.: Long-term
trends and interannual variability of forest, savanna and agricul-
tural fires in South America, Carbon Manag., 4, 617–638, 2013.

Chen, Y., Morton, D. C., Andela, N., Giglio, L., and Ran-
derson, J. T.: How much global burned area can be fore-
cast on seasonal time scales using sea surface temperatures?,
Environ. Res. Lett., 11, 045001, https://doi.org/10.1088/1748-
9326/11/4/045001, 2016.

Cochrane, M. A.: Spreading like wildfire: Tropical forest
fires in Latin America and the Caribbean: Prevention, as-
sesment and early warning, in Spreading like wildfire:
Tropical forest fires in Latin America and the Caribbean:
Prevention, assesment and early warning, UN, Environ-
ment Programme (UNEP). Regional Office for Latin
America and the Caribbean (ROLAC), available at: http:
//bases.bireme.br/cgi-bin/wxislind.exe/iah/online/?IsisScript=
iah/iah.xis&src=google&base=DESASTRES&lang=
p&nextAction=lnk&exprSearch=14515&indexSearch=ID
(last access: 7 January 2015), 2002.

Cochrane, M. A., Alencar, A., Schulze, M. D., Souza, C. M., Nep-
stad, D. C., Lefebvre, P., and Davidson, E. A.: Positive feedbacks

Earth Syst. Dynam., 8, 1237–1246, 2017 www.earth-syst-dynam.net/8/1237/2017/

https://doi.org/10.1890/14-1528.1
https://doi.org/10.1029/2006GL028946
https://doi.org/10.1029/2005JG000042/full
https://doi.org/10.1093/biosci/biv106
https://doi.org/10.1098/rstb.2007.0013
https://doi.org/10.1038/nature18326
http://www.citeulike.org/group/15400/article/12770349
http://www.citeulike.org/group/15400/article/12770349
https://doi.org/10.1073/pnas.1305499111
https://doi.org/10.1098/rstb.2006.1980
https://doi.org/10.1111/gcb.13608
https://doi.org/10.1088/1748-9326/11/4/045001
https://doi.org/10.1088/1748-9326/11/4/045001
http://bases.bireme.br/cgi-bin/wxislind.exe/iah/online/?IsisScript=iah/iah.xis&src=google&base=DESASTRES&lang=p&nextAction=lnk&exprSearch=14515&indexSearch=ID
http://bases.bireme.br/cgi-bin/wxislind.exe/iah/online/?IsisScript=iah/iah.xis&src=google&base=DESASTRES&lang=p&nextAction=lnk&exprSearch=14515&indexSearch=ID
http://bases.bireme.br/cgi-bin/wxislind.exe/iah/online/?IsisScript=iah/iah.xis&src=google&base=DESASTRES&lang=p&nextAction=lnk&exprSearch=14515&indexSearch=ID
http://bases.bireme.br/cgi-bin/wxislind.exe/iah/online/?IsisScript=iah/iah.xis&src=google&base=DESASTRES&lang=p&nextAction=lnk&exprSearch=14515&indexSearch=ID


Y. Le Page et al.: Increasing future fire risk in Amazon forests 1245

in the fire dynamic of closed canopy tropical forests, Science,
284, 1832–1835, 1999.

Cordeiro, R. C., Turcq, B., Moreira, L. S., Rodrigues, R. de A. R.,
Simões Filho, F. F. L., Martins, G. S., Santos, A. B., Barbosa, M.,
da Conceição, M. C. G., de Carvalho Rodrigues, R., and Evan-
gelista, H.: Palaeofires in Amazon: Interplay between land use
change and palaeoclimatic events, Palaeogeogr. Palaeocl., 415,
137–151, 2014.

Davidson, E. A., de Araújo, A. C., Artaxo, P., Balch, J. K., Brown, I.
F., Bustamante, M. M. C., Coe, M. T., DeFries, R. S., Keller, M.,
Longo, M., and Munger, J. W.: The Amazon basin in transition,
Nature, 481, 321–328, 2012.

Duffy, P. B., Brando, P., Asner, G. P., and Field, C. B.: Projections
of future meteorological drought and wet periods in the Amazon,
P. Natl. Acad. Sci., 112, 13172–13177, 2015.

Federative Republic of Brazil: Intended Nationally Determined
Contribution towards achieving the objective of the United
Nations Framework Convention on Climate Change, [online]
Available from: http://www4.unfccc.int/Submissions/INDC/
PublishedDocuments/Brazil/1/BRAZILiNDCenglishFINAL.pdf
(last access: 13 February 2017), 2015.

Friedl, M. A., Sulla-Menashe, D., Tan, B., Schneider, A., Ra-
mankutty, N., Sibley, A., and Huang, X.: MODIS Collection 5
global land cover: Algorithm refinements and characterization of
new datasets, Remote Sens. Environ., 114, 168–182, 2010.

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova,
S. A., Tyukavina, A., Thau, D., Stehman, S. V., Goetz, S. J.,
Loveland, T. R., and others: High-resolution global maps of 21st-
century forest cover change, Science, 342, 850–853, 2013.

Hurtt, G. C., Chini, L. P., Frolking, S., Betts, R. A., Feddema, J., Fis-
cher, G., Fisk, J. P., Hibbard, K., Houghton, R. A., and Janetos,
A.: Harmonization of land-use scenarios for the period 1500–
2100: 600 years of global gridded annual land-use transitions,
wood harvest, and resulting secondary lands, Clim. Change, 109,
117–161, 2011.

Joetzjer, E., Douville, H., Delire, C., and Ciais, P.: Present-day
and future Amazonian precipitation in global climate mod-
els: CMIP5 versus CMIP3, Clim. Dynam., 41, 2921–2936,
https://doi.org/10.1007/s00382-012-1644-1, 2013.

Kanamitsu, M., Ebisuzaki, W., Woollen, J., Yang, S. K., Hnilo, J. J.,
Fiorino, M., and Potter, G. L.: Ncep-doe amip-ii reanalysis (r-2),
B. Am. Meteor. Soc., 83, 1631–1644, 2002.

Kelley, D. I. and Harrison, S. P.: Enhanced Australian car-
bon sink despite increased wildfire during the 21st century,
Environ. Res. Lett., 9, 104015, https://doi.org/10.1088/1748-
9326/9/10/104015, 2014.

Kelley, D. I., Prentice, I. C., Harrison, S. P., Wang, H., Simard, M.,
Fisher, J. B., and Willis, K. O.: A comprehensive benchmarking
system for evaluating global vegetation models, Biogeosciences,
10, 3313–3340, https://doi.org/10.5194/bg-10-3313-2013, 2013.

Laurance, W.: A crisis in the making: responses of Amazonian
forests to land use and climate change, Trends Ecol. Evol.,
13, 411–415, https://doi.org/10.1016/S0169-5347(98)01433-5,
1998.

Laurance, W. F. and Williamson, G. B.: Positive Feed-
backs among Forest Fragmentation, Drought, and Climate
Change in the Amazon, Conserv. Biol., 15, 1529–1535,
https://doi.org/10.1046/j.1523-1739.2001.01093.x, 2001.

Le Page, Y.: Sensitivity of Vegetation Fires to Climate, Vegeta-
tion, and Anthropogenic Drivers in the HESFIRE Model: Con-
sequences for Fire Modeling and Projection Uncertainties, Nat.
Hazard Uncertain. Assess. Model. Decis. Support, 223, 277–285,
2016.

Le Page, Y., van der Werf, G., Morton, D. and Pereira, J.: Model-
ing fire-driven deforestation potential in Amazonia under current
and projected climate conditions, J. Geophys. Res., 115, G03012,
https://doi.org/10.1029/2009JG001190, 2010.

Le Page, Y., Morton, D., Bond-Lamberty, B., Pereira, J. M. C., and
Hurtt, G.: HESFIRE: a global fire model to explore the role of an-
thropogenic and weather drivers, Biogeosciences, 12, 887–903,
https://doi.org/10.5194/bg-12-887-2015, 2015.

Li, F., Zeng, X. D. and Levis, S.: A process-based fire parameteriza-
tion of intermediate complexity in a Dynamic Global Vegetation
Model, Biogeosciences, 9, 2761–2780, 2012.

Longo, M., Keller, M., dos Santos, M. N., Leitold, V., Pinagé,
E. R., Baccini, A., Saatchi, S., Nogueira, E. M., Batis-
tella, M., and Morton, D. C.: Aboveground biomass vari-
ability across intact and degraded forests in the Brazil-
ian Amazon, Global Biogeochem. Cy., 30, 1639–1660,
https://doi.org/10.1002/2016GB005465, 2017.

Malhi, Y., Roberts, J. T., Betts, R. A., Killeen, T. J., Li, W., and
Nobre, C. A.: Climate change, deforestation, and the fate of the
Amazon, Science, 319, 169–172, 2008.

Malhi, Y., Aragão, L. E. O. C., Galbraith, D., Huntingford, C.,
Fisher, R., Zelazowski, P., Sitch, S., McSweeney, C., and Meir,
P.: Exploring the likelihood and mechanism of a climate-change-
induced dieback of the Amazon rainforest, P. Natl. Acad. Sci.,
106, 20610–20615, https://doi.org/10.1073/pnas.0804619106,
2009.

Morton, D. C., Defries, R. S., Randerson, J. T., Giglio, L.,
Schroeder, W., and van Der Werf, G. R.: Agricultural intensifi-
cation increases deforestation fire activity in Amazonia, Global
Change Biol., 14, 2262–2275, 2008.

Morton, D. C., DeFries, R. S., Nagol, J., Souza Jr, C. M., Kasischke,
E. S., Hurtt, G. C., and Dubayah, R.: Mapping canopy damage
from understory fires in Amazon forests using annual time series
of Landsat and MODIS data, Remote Sens. Environ., 115, 1706–
1720, 2011a.

Morton, D. C., DeFries, R. S., Nagol, J., Souza, C. M., Kasischke,
E. S., Hurtt, G. C., and Dubayah, R.: Mapping canopy damage
from understory fires in Amazon forests using annual time series
of Landsat and MODIS data, Remote Sens. Environ., 115, 1706–
1720, 2011b.

Morton, D. C., Le Page, Y., DeFries, R., Collatz, G. J., and
Hurtt, G. C.: Understorey fire frequency and the fate of burned
forests in southern Amazonia, Philos. Trans. R. Soc. B, avail-
able at: http://rstb.royalsocietypublishing.org/content/368/1619/
20120163.short (last access: 7 October 2013), 2013.

Nepstad, D., Schwartzman, S., Bamberger, B., Santilli, M., Ray, D.,
Schlesinger, P., Lefebvre, P., Alencar, A., Prinz, E., Fiske, G., and
Rolla, A.: Inhibition of Amazon Deforestation and Fire by Parks
and Indigenous Lands: Inhibition of Amazon Deforestation and
Fire, Conserv. Biol., 20, 65–73, https://doi.org/10.1111/j.1523-
1739.2006.00351.x, 2006.

Nepstad, D., McGrath, D., Stickler, C., Alencar, A., Azevedo, A.,
Swette, B., Bezerra, T., DiGiano, M., Shimada, J., da Motta, R.
S., and Armijo, E.: Slowing Amazon deforestation through pub-

www.earth-syst-dynam.net/8/1237/2017/ Earth Syst. Dynam., 8, 1237–1246, 2017

http://www4.unfccc.int/Submissions/INDC/Published Documents/Brazil/1/BRAZIL iNDC english FINAL.pdf
http://www4.unfccc.int/Submissions/INDC/Published Documents/Brazil/1/BRAZIL iNDC english FINAL.pdf
https://doi.org/10.1007/s00382-012-1644-1
https://doi.org/10.1088/1748-9326/9/10/104015
https://doi.org/10.1088/1748-9326/9/10/104015
https://doi.org/10.5194/bg-10-3313-2013
https://doi.org/10.1016/S0169-5347(98)01433-5
https://doi.org/10.1046/j.1523-1739.2001.01093.x
https://doi.org/10.1029/2009JG001190
https://doi.org/10.5194/bg-12-887-2015
https://doi.org/10.1002/2016GB005465
https://doi.org/10.1073/pnas.0804619106
http://rstb.royalsocietypublishing.org/content/368/1619/20120163.short
http://rstb.royalsocietypublishing.org/content/368/1619/20120163.short
https://doi.org/10.1111/j.1523-1739.2006.00351.x
https://doi.org/10.1111/j.1523-1739.2006.00351.x


1246 Y. Le Page et al.: Increasing future fire risk in Amazon forests

lic policy and interventions in beef and soy supply chains, Sci-
ence, 344, 1118–1123, 2014.

Nolte, C., Agrawal, A., Silvius, K. M., and Soares-Filho, B. S.: Gov-
ernance regime and location influence avoided deforestation suc-
cess of protected areas in the Brazilian Amazon, P. Natl. Acad.
Sci., 110, 4956–4961, 2013.

Quéré, C. L., Andrew, R. M., Canadell, J. G., Sitch, S., Kors-
bakken, J. I., Peters, G. P., Manning, A. C., Boden, T. A., Tans,
P. P., Houghton, R. A., Keeling, R. F., Alin, S., Andrews, O. D.,
Anthoni, P., Barbero, L., Bopp, L., Chevallier, F., Chini, L. P.,
Ciais, P., Currie, K., Delire, C., Doney, S. C., Friedlingstein, P.,
Gkritzalis, T., Harris, I., Hauck, J., Haverd, V., Hoppema, M.,
Klein Goldewijk, K., Jain, A. K., Kato, E., Körtzinger, A., Land-
schützer, P., Lefévre, N., Lenton, A., Lienert, S., Lombardozzi,
D., Melton, J. R., Metzl, N., Millero, F., Monteiro, P. M. S.,
Munro, D. R., Nabel, J. E. M. S., Nakaoka, S.-I., O’Brien, K.,
Olsen, A., Omar, A. M., Ono, T., Pierrot, D., Poulter, B., Röden-
beck, C., Salisbury, J., Schuster, U., Schwinger, J., Séférian, R.,
Skjelvan, I., Stocker, B. D., Sutton, A. J., Takahashi, T., Tian,
H., Tilbrook, B., van der Laan-Luijkx, I. T., van der Werf, G.
R., Viovy, N., Walker, A. P., Wiltshire, A. J., and Zaehle, S.:
Global Carbon Budget 2016, Earth Syst. Sci. Data, 8, 605–649,
https://doi.org/10.5194/essd-8-605-2016, 2016.

Ray, D., Nepstad, D., and Moutinho, P.: Micrometeorological and
canopy controls of fire susceptibility in a forested Amazon land-
scape, Ecol. Appl., 15, 1664–1678, 2005.

Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kin-
dermann, G., Nakicenovic, N., and Rafaj, P.: RCP 8.5 – A sce-
nario of comparatively high greenhouse gas emissions, Clim.
Change, 109, 33–57, https://doi.org/10.1007/s10584-011-0149-
y, 2011.

Rosa, I. M. D., Purves, D., Souza, C., and Ewers, R. M.: Pre-
dictive Modelling of Contagious Deforestation in the Brazil-
ian Amazon, edited by: Hérault, B., PLoS ONE, 8, e77231,
https://doi.org/10.1371/journal.pone.0077231, 2013.

Silvério, D. V., Brando, P. M., Balch, J. K., Putz, F. E., Nep-
stad, D. C., Oliveira-Santos, C., and Bustamante, M. M.:
Testing the Amazon savannization hypothesis: fire effects on
invasion of a neotropical forest by native cerrado and ex-
otic pasture grasses, Philos. T. R. Soc. Lond. B, 368, 1619,
https://doi.org/10.1098/rstb.2012.0427, 2013.

Silvestrini, R. A., Soares-Filho, B. S., Nepstad, D., Coe, M., Ro-
drigues, H., and Assunção, R.: Simulating fire regimes in the
Amazon in response to climate change and deforestation, Ecol.
Appl., 21, 1573–1590, 2011.

Soares-Filho, B., Moutinho, P., Nepstad, D., Anderson, A., Ro-
drigues, H., Garcia, R., Dietzsch, L., Merry, F., Bowman, M.,
Hissa, L. and others: Role of Brazilian Amazon protected areas
in climate change mitigation, P. Natl. Acad. Sci., 107, 10821–
10826, 2010.

Soares-Filho, B., Rajão, R., Macedo, M., Carneiro, A., Costa, W.,
Coe, M., Rodrigues, H. and Alencar, A.: Cracking Brazil’s forest
code, Science, 344, 363–364, 2014.

Soares-Filho, B. S., Nepstad, D. C., Curran, L. M., Cerqueira,
G. C., Garcia, R. A., Ramos, C. A., Voll, E., McDon-
ald, A., Lefebvre, P., and Schlesinger, P.: Modelling con-
servation in the Amazon basin, Nature, 440, 520–523,
https://doi.org/10.1038/nature04389, 2006.

Thomson, A. M., Calvin, K. V., Smith, S. J., Kyle, G. P., Volke, A.,
Patel, P., Delgado-Arias, S., Bond-Lamberty, B., Wise, M. A.,
Clarke, L. E., and others: RCP4. 5: a pathway for stabilization of
radiative forcing by 2100, Clim. Change, 109, 77–94, 2011.

Thonicke, K., Spessa, A., Prentice, I. C., Harrison, S. P., Dong,
L., and Carmona-Moreno, C.: The influence of vegetation, fire
spread and fire behaviour on biomass burning and trace gas emis-
sions: results from a process-based model, Biogeosciences, 7,
1991–2011, https://doi.org/10.5194/bg-7-1991-2010, 2010.

Thrupp, L. A., Hecht, S., Browder, J. O., and Institute, W. R.: The
diversity and dynamics of shifting cultivation: myths, realities,
and policy implications, World Resources Institute, Washington,
DC, USA, 1-53, 1997.

Wu, M., Knorr, W., Thonicke, K., Schurgers, G., Camia, A., and Ar-
neth, A.: Sensitivity of burned area in Europe to climate change,
atmospheric CO2 levels, and demography: A comparison of two
fire-vegetation models, J. Geophys. Res.-Biogeosci., 120, 2256–
2272, https://doi.org/10.1002/2015JG003036, 2015.

Yin, L., Fu, R., Shevliakova, E., and Dickinson, R. E.: How well can
CMIP5 simulate precipitation and its controlling processes over
tropical South America?, Clim. Dynam., 41, 3127–3143, 2013.

Earth Syst. Dynam., 8, 1237–1246, 2017 www.earth-syst-dynam.net/8/1237/2017/

https://doi.org/10.5194/essd-8-605-2016
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.1007/s10584-011-0149-y
https://doi.org/10.1371/journal.pone.0077231
https://doi.org/10.1098/rstb.2012.0427
https://doi.org/10.1038/nature04389
https://doi.org/10.5194/bg-7-1991-2010
https://doi.org/10.1002/2015JG003036

	Abstract
	Introduction
	Methods
	The HESFIRE model
	Adjustments to the original HESFIRE model
	Parameterization of the regional HESFIRE version
	Observation-derived fire data
	Land use and climate scenarios

	Results
	Model evaluation
	Projected changes in understory fires
	Sensitivity of fire projections to climate and land use

	Discussion
	Conclusion
	Data availability
	Competing interests
	Acknowledgements
	References

