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Abstract.

In this paper we analyse the extent of fire-induced forest degradation in Mato Grosso State, Brazil. We utilise a

sample based approach used in a previous pan-tropical deforestation survey to derive information on land cover and burned
areas in the two major biomes of Mato Grosso: Amazon and Cerrado. Land cover and burned area are mapped for three
years (2000-2005-2010) over 77 sample sites (10000 ha each) distributed systematically throughout the state which
covers 90.337 Mha. Our results indicate continuing forest degradation by fires in the state and potentially increasing fire
susceptibility of the Amazon forests, regardless of the decrease in deforestation. 2010 witnessed the most extensive fire-
induced forest degradation (~300 000 ha) in the forests of the Amazon biome among the study years, regardless of the fact
that the fire season was less severe than in 2005. Deforestation in the Amazon biome in Mato Grosso dropped from
590 000 ha year ' in the 20002005 period to 190 000 ha year ' in the second half of the decade. The findings of this
study advocate the inclusion of forest fire effects into carbon accounting initiatives.
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Introduction

The majority of carbon emissions from anthropogenic land
cover changes can be attributed to deforestation (Achard et al.
2014). However, due to the increasing amount of anthropogenic
activities in tropical forests, the importance of forest degrada-
tion in the context of tropical forest carbon emissions is
increasing. It has been estimated that in the Brazilian Amazon
emission levels from forest degradation may reach up to 40% of
the emissions from deforestation (Berenguer et al. 2014).
Forest degradation can be generally defined as long-term
disturbance in forested areas (Simula 2009) and it typically
causes changes in the physical structure of the forest, often
leading to reduction in canopy cover and biomass. In the
Amazonian region forest degradation is mainly associated with
selective logging activities and forest fires (Asner et al. 2005;
Eva et al. 2012; Souza et al. 2013). Initial disturbance makes
forests vulnerable to further degradation potentially ending in
deforestation (Asner et al. 2006; Matricardi ef al. 2010; Numata
etal. 2010). While the level of selective logging activities in the
Amazon has been widely studied and well documented (e.g.
Asner et al. 2005; Hosonuma et al. 2012; Souza et al. 2013), the
extent of fire-induced forest degradation is less studied and the
analyses have been typically limited either by small study areas
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or coarse spatial resolution (e.g. Matricardi et al. 2010; Morton
etal. 2013).

Fire is widely used in conversion of natural vegetation into
agricultural fields and pasture areas in Mato Grosso, and for the
subsequent maintenance of deforested areas (Cochrane ez al. 1999;
Pivello 2011). These land management fires occasionally escape
beyond their intended extent, leading to uncontrolled wildfires.
‘While natural fire occurrences in the humid Amazonian forests are
extremely rare (Cochrane 2003), the seasonally dry Cerrado and
Pantanal biomes (IBGE-MMA 2004) experience also some natu-
ral fires caused by lightning strikes. However, even in these
biomes naturally occurring fires typically result only in small burn
scars due to the oncoming rain, while anthropogenic fires in the
peak dry season cause the majority of the burning (Pivello 2011).
Regardless of the affected biome, fires alter the vegetation
structure as well as affect the biological diversity and nutrient
flux in a variety of ways (Dwyer et al. 2000). Furthermore, fires
cause a wide range of secondary effects including human health
problems, economic losses and carbon emissions, potentially
leading to long-term reduction of carbon stock (Tahir Qadri
2001; van der Werf et al. 2010; Barlow et al. 2012).

Fire detection and burned area mapping are most typically
performed with coarse spatial resolution (>250 m) satellite data
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which offer high temporal frequency enabling near real time
monitoring of the development of the burning season (Setzer
and Pereira 1991; Tansey et al. 2008; Giglio et al. 2009; Morton
etal. 2011). However, burned area monitoring limited to coarse
spatial resolution data may distort both the overall burned area
estimate and the spatial distribution of burned area (Laris 2005;
Miettinen and Liew 2009). Medium spatial resolution (5-30 m)
satellite data offers means to analyse the extent, distribution and
characteristics of burned areas with higher reliability. But it is
difficult to obtain full coverage medium resolution datasets
suitable for mapping burned areas, which are detectable only
for a limited period of time (see e.g. Souza et al. 2013), over
large areas in the humid tropics (Miettinen ef al. 2013). For this
reason, a sampling based approach utilising medium resolution
Landsat data has been developed in the Amazonian region
(Shimabukuro et al. 2014). Regardless of the limitations often
associated with sampling based approaches (see e.g. Tucker and
Townshend 2000), systematic sampling approaches have been
shown to be suitable for forest change monitoring from global
to territorial scales with appropriate sampling schemes (Eva
et al. 2010).

In this study we analyse the extent of burned area and its
distribution between different land cover types in the two main
biomes of Mato Grosso State, Brazil, using a systematic
sampling approach with medium resolution satellite imagery.
We estimate the extent of land cover types and burned areas
in 2000, 2005 and 2010, from a set of sample sites of
10 km x 10 km in size located at each full degree confluence
oflatitude and longitude. Utilising Landsat imagery we analyse
the extent of fire-induced forest degradation (i.e. area of burned
forest) and contrast this to the changes in the level of
deforestation.

Materials and methods
Study area

The study area corresponds to the Mato Grosso State, in Brazil
(Fig. 1), which comprises an area of 90.337 Mha. Due to variable
climate, terrain relief, precipitation patterns and length of the dry
season, the State of Mato Grosso contains a complex biodiver-
sity, resulting in two major vegetation types of the Bioma
Amazonia (i.e. Amazon biome) and Bioma Cerrado (i.e. Cerrado
biome) according to the official Brazilian national classification
system (IBGE-MMA 2004). The natural vegetation in the
Amazon biome consists of humid evergreen fire-sensitive
forests, while the Cerrado natural vegetation is a mixture of
evergreen gallery forests and open canopy fire-adapted decid-
uous forests, shrub and grasslands (Cochrane 2003; Pivello 2011;
Beuchle et al. 2015). Due to the different fire-adaptability of
Cerrado and Amazon biomes, and therefore potential differences
in the effects of fires, we perform all the analyses separately for
the two biomes in this study. The Amazon biome covers
~48 Mha in Mato Grosso (54%), while the Cerrado covers
~36 Mha (40%). In addition, ~6 Mha km?* (6%) of Mato Grosso
is covered by Pantanal wetlands biome (Bioma Pantanal; IBGE-
MMA 2004), which is another fire-adapted vegetation type
similarly to Cerrado (Pivello 2011). In order to avoid very small
number of sample plots, the Pantanal areas are included in the
Cerrado during the analyses performed in this study.
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Fig. 1. State of Mato Grosso with Amazon (green), Cerrado, (beige) and

Pantanal (blue) biomes highlighted (IBGE-MMA 2004). Systematic sample
plots used in this study shown in yellow. Location of Mato Grosso (with
thick black borders) within Brazil (grey) can be seen in the inset on the
bottom right corner.

The forests of Mato Grosso are partly located in the ‘arc of
deforestation’ at the southern extent of the Brazilian Legal
Amazon and have experienced one of the highest annual
deforestation rates among the states in Brazil (INPE 2014).
Forest clearance causes, among others, habitat fragmentation,
which leaves the remaining forest more vulnerable to edge
effects such as fire (Cochrane and Laurance 2002). In conse-
quence, the fire events are likely to happen more frequently on
the border of deforestation activities. Temporally, the fires in
Mato Grosso are highly concentrated in the burning season
between June and October, with 88% of all MODerate Resolu-
tion Imaging Spectroradiometer (MODIS) active fire detections
in the state from 2003 to 2010 recorded during these months,
based on the datasets used in this study (Giglio et al. 2003;
FIRMS 2014; please see more details below).

Landsat TM data

Altogether 252 Landsat 7 Enhanced Thematic Mapper (ETM+)
(for year 2000) and Landsat 5 Thematic Mapper (TM) (for years
2005 and 2010) scenes were used to cover the 77 sample sites
(10km x 10 km in size) located at each full degree confluence of
latitude and longitude in Mato Grosso State at six different times
over the decade. 42 Landsat scenes were needed to cover all of
the sample sites in the state of Mato Grosso. Two different sets of
imagery were used to map (i) land cover (pre-fire dataset) and
(i1) burned area (post-fire dataset). The land cover mapping
dataset was based on the 126 (3 x 42) images used in a previous
pan-tropical deforestation survey (Achard et al. 2014). How-
ever, due to the fact that the pan-tropical survey used the most
cloud free images within the target year +- 1 year, 56 images
(21, 22 and 13 for 2000, 2005 and 2010 respectively) in the
dataset were acquired only after the fires of the target year,
typically during the dry season of the following year (Beuchle
et al. 2011). Therefore, we replaced the 56 Landsat images with
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Table 1. Land cover classes used in the visual polygon interpretation

Land cover class Criteria

Tree Cover (TC) Polygons covered by =70% of tree
cover (with >10% canopy cover and
=5 m height)

Polygons covered by 30-70% of tree
cover (with >10% canopy cover and

=5 m height)

Tree Cover Mosaic (TCM)

Other Wooded Land (OWL) Polygons covered by =70% of other
wooded land (with >30% shrub cover
and <5 m height)

Other Land Cover (OL) All other land areas

Water (W) Polygons covered by =50% of water

images collected during early dry season in the year of the
burning. The second Landsat dataset (3 x 42 = 126 images) was
collected by selecting late fire season images and was used in
this study for burned area mapping.

MOD/MYD14 active fire dataset

The MODIS hotspots (MOD/MYD14 version 5.1) data were
downloaded from the Fire Information for Resource Manage-
ment System (FIRMS) website (FIRMS 2014) for the period of
Jan 2003—Dec 2010. The fire detection is based on a contextual
fire detection algorithm, which utilises the 1 km resolution
MODIS thermal bands (Giglio et al. 2003). The MODIS sensor
passes over Mato Grosso four times a day (on board TERRA and
AQUA satellites). Although rather large omission and com-
mission errors have been reported for the MODIS active fire
detection in Southern America (Schroeder er al. 2008), the
dataset has still been widely considered to provide reliable
information on the general spatio-temporal distribution of fire
activity in the region. The 2000 burning season could not be
covered with these data since the MODIS hotspots (TERRA
satellite) are only available from November 2000 onwards.
The first full year covered by both TERRA and AQUA satellites
is 2003.

Land cover mapping

Land cover database was derived from a previous pan-tropical
deforestation survey (Achard er al. 2014), with corrections
performed from the use of pre-fire Landsat satellite imagery
as described above (representing ~40% of the imagery). The
satellite data pre-processing included radiometric calibration,
de-hazing, spectral normalisation and cloud-masking (Bodart
et al. 2011), followed by a multistage image segmentation to
create spatially and spectrally consistent mapping units (poly-
gons) with a minimum mapping unit of 5 ha (Rasi et al. 2011,
2013). In each of the 10 km x 10 km sample site, objects (i.e.
polygons) were classified into five land cover types (Table 1).
Polygons which were considered to have trees at least 5 m tall
and canopy cover percentage more than 10% by visual inter-
pretation of the Landsat images were classified as Tree Cover.
The Other Wooded Land included any woody vegetation less
than 5 m in height and more than ~30% shrub coverage (Rasi
et al. 2011). The polygons were assigned into the land cover
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types based on the proportions of land cover types detected
within the polygon (Table 1). The visual polygon assignment
was conducted after automated pre-classification using a spe-
cially developed visual image interpretation tool (Simonetti
etal 2011).

The accuracy of the classification approach was extensively
analysed by Achard et al. (2014), using an independent pan-
tropical consistency analysis with 3567 systematic and 4282
change points (i.e. points were land cover change had been
detected between two consecutive mappings), including 1185
systematic and 1663 change points in South America. The
polygons over which the selected accuracy assessment points
fell were carefully visually re-interpreted by independent
experts using ancillary information when available (e.g. ima-
gery from Google Earth considering the date of imagery). The
overall agreement between the original and the reinterpreted
results was 92.9% for the forest classes pan-tropically (94.5%
for South America) and 85.5% for the forest change (85.1%
for South America). In addition to this, Eva ez al. (2012) also
compared the land cover mapping results to the INPE inter-
pretations for period 1990-2000 (INPE 2014) for random
sample of 34 sample units and found very high correlation
both for the forest area of year 1990 (+* = 0.986) as well as
for the deforestation of period 1990-2000 (#* = 0.978). The
re-interpretation of the ~40% of the imagery database with
pre-fire satellite images is not expected to have affected the
classification accuracy since it only affected a few polygons
(i.e. polygons in which land cover had changed between the
acquisition dates of the old and updated imagery database
images) and was performed with the same methodology and
interpreters.

Burned area mapping

The burned area mapping method used in this study was
developed by Shimabukuro ez al. (2014) and is fully described in
Shimabukuro et al. (in press). The method followed closely the
land cover mapping procedure described above, with identical
data pre-processing steps and visual interpretation interface. In
each of the sample site, objects were classified into burned and
unburned areas from the Landsat imagery selected during the
late dry season. An absolute minimum mapping unit (MMU) of
3 ha was used, with maximum of 5% of polygons smaller than
5 ha. Based on further analysis, burned areas smaller than
the 3 ha and 5 ha MMUs were found to represent 0.007%
and 0.026% of burned area in Mato Grosso respectively
(Shimabukuro et al. in press). MODIS active fire detections
(i.e. hotspots) overlaid on the Landsat scenes were used as
supporting background information during the visual interpre-
tation of burned area polygons for the 2005 and 2010 datasets. In
case no hotspots were detected on the suspected area and
burning could not be confirmed by pure visual analysis of the
suspected burn scar, the area was considered as unburned.

In the paper fully presenting the burned area mapping
methodology Shimabukuro ef al. (in press) analysed the char-
acteristics and accuracy of the method in detail by comparing
2010 burned area mapping results (also used in this study) to two
other approaches: (i) a wall-to-wall mapping method developed
by the Brazilian Institute for Space Research using Landsat-5
TM imagery and (ii)) MODIS MCD64A1 burned area products
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of the University of Maryland. They found > = 0.91 and
r* = 0.85 correlations within the 77 samples in Mato Grosso
between the 2010 burned area dataset used in this study and the
two reference methods respectively. Furthermore, they showed
that the method used in this study enabled inclusion of smaller
burn scars and more detailed classification than the reference
methods due to the higher spatial resolution or the visual
interpretation enabled by the sampling approach. In addition
to the already existing 2010 burned area mapping, in this study
the same classification approach was applied to the 2005 and
2000 datasets by the same interpreters.

Land cover vs burned area analysis

The combination of medium resolution land cover and burned
area information on state level analysis (albeit from a sample)
provides the opportunity to analyse the association between land
cover and burned area on an unprecedented level of detail. The
burned area and land cover mapping results were overlaid for
each of the study years (2000-2005-2010) to derive 1) the areas
of different land cover types before the start of the fire season
and the total burned area accumulated during the fire season and
2) the burned area distribution between different land cover
types. The changes between the study years were subsequently
analysed. Supported by earlier findings on the characteristics of
forest fires in the Amazonian tropical forests (e.g. Cochrane
2003; Morton et al. 2013; Shimabukuro ef al. 2014), all burning
in the Tree Cover and Tree Cover Mosaic classes were consid-
ered to cause forest degradation.

All of the analyses were performed separately for the
Amazon and Cerrado (including Pantanal) biomes. The Amazon
biome dataset included 43 sample sites while the Cerrado
dataset included 34 sample sites. The analyses were based both
on direct comparison of the mapping results within the sample
sites between the study years, as well as on comparison of biome
wide estimates derived based on the sample. The biome wide
estimates were derived by multiplying the average burned area
in the sample sites with the total area of the biome (Amazon
48 Mha and Cerrado + Pantanal 42 Mha). Subsequently,
standard error for this estimate was derived by dividing the
standard deviation of the samples by the square root of the
number of samples. In the 2010 Amazon biome burned area
dataset one sample site alone contained 51% of all burned area
and 69% of all burned area in the Tree Cover class. In order to
reduce the standard error for the 2010 estimate and thereby
enable more reliable inter-annual comparison between the study
years, this single sample site was replaced by the average values
of the remaining 42 sample sites. It has to be kept in mind,
however, that this replacement reduces drastically the estimate
of burned area for the Amazon biome for year 2010 (particularly
for the Tree Cover class), consequently leading to a conservative
estimate of 2010 burned areas.

Results

In order to provide general understanding on the land cover
changes during the study period, we first summarise the
land cover dataset without burned area information. Over the
entire decade 2000-2010, the Amazon and Cerrado biomes
lost 3.89 Mha and 1.13 Mha of Tree Cover respectively,
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Table 2. Land cover distribution in the Amazon and Cerrado biomes
in Mato Grosso in Mha
2000 2005 2010
Amazon Cerrado Amazon Cerrado Amazon Cerrado
Tree Cover 3573 13.12 3250 1239 31.85 11.98

Tree Cover Mosaic 0.93 1.87 1.48 1.95 0.87 1.61
Other Wooded Land  1.97 7.11 2.73 6.80 2.39 6.56
Other Land Cover 9.53 19.71 1145 20.67 13.06 21.64
Water 0.19 0.17 0.19 0.17 0.19 0.17

corresponding to 10.9% and 8.7% of the original Tree Cover in
2000 respectively (Table 2). However, deforestation was
unevenly distributed within the decade, with the large majority
taking place during the first half of the decade. Considering
forest area as the combination of Tree Cover area and half of the
Tree Cover Mosaic (Eva e al. 2012; Achard et al. 2014), the net
deforestation during the first half of the decade (2000-2005) in
the Amazon biome was ~2.96 Mha (or 8.2% of the 2000 forest
cover) but only ~0.96 Mha (or 2.9% of the 2005 forest cover)
during the second half (2005-2010). These figures correspond
to ~1.6% and ~0.6% yearly deforestation rates respectively,
showing a remarkable decrease in the level of deforestation. In
the Cerrado biome such drastic decrease cannot be detected,
although the deforestation in the first half of the decade
(0.69 Mha) is slightly higher than (0.57 Mha) in the second half.

Unlike the deforestation rates, the extent of burned areas
recorded in 2000, 2005 and 2010 do not show signs of decrease,
most particularly not for the forest areas (Fig. 2). The total extent
of burning in the Amazon biome does not show clear increase
over the three study years with 7080 ha, 10220 ha and 7680 ha of
burned area recorded in the sample sites in 2000, 2005 and 2010
respectively. However, both the proportion and absolute extent
of burned Tree Cover is clearly lower in 2000 and 2005 at 18.7%
(1320 ha) and 6.2% (635 ha) respectively, as compared with the
35.8% (2750 ha) in 2010. Furthermore, it needs to be remem-
bered that the 2010 burned area (particularly for the Tree Cover
class) should be considered as a very conservative estimate due
the removal of one sample site with an exceptional extent of
burned area. With this site included the total burned area
detected for the Amazon biome in Mato Grosso would be
15240 ha, with 8650 ha (56.4%) burned tree cover. In the
Cerrado the most striking feature of the burned area statistics
(Fig. 2) is the vast extent of burned area in year 2010. There is
no sign of dramatic changes between the study years in the
distribution of burned area among the land cover types, with
Other Land Cover clearly dominating in all of the years.
Nevertheless, the large extent of burned area in 2010 means
that in absolute terms all of the land cover types, including the
Tree Cover class, experienced the largest extent of burned area
among the study years in 2010.

According to the number of active fires detected by MODIS
sensors in 2005 and 2010, burning seasons in Mato Grosso in the
two years are rather similar in terms of total fire activity in
the state (Figs 3 and 4). Yet, a more detailed analysis of the fire
distribution reveals some interesting differences between the
two years. First, it can be seen that the fire season 0of 2010 in the
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Fig. 2. Distribution of burned areas into land cover types within sampling
blocks in the Amazon (left columns) and Cerrado (right columns) over the
3 study years.
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Fig.3. Number ofactive fires (MOD/MYD14) detected during the burning
seasons of 2005 (left column) and 2010 (right column) in Mato Grosso.
Green bars represent fires in the Amazon biome while red bars represent
Cerrado fires.
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Fig. 4. Number of active fires (MOD/MYD14) detected in Mato Grosso
from 2003 to 2010. Green bars represent fires in the Amazon biome while
red bars represent Cerrado fires.

Cerrado biome was clearly more severe than the fire season of
2005 (Fig. 3). This finding may largely explain the dramatic
increase in total burned area in Cerrado in 2010. Second, the
active fire statistics (Figs 3 and 4) also reveal that in the Amazon
biome there are in fact clearly less fires detected in 2010 as
compared with 2005 (~97000 vs ~60000). This further
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emphasises the significance of the large extent of burned area
in the Tree Cover class in 2010 highlighted above. Even with a
lower number of active fires detected, the area of burned forest is
larger.

At the level of the entire Amazon biome in Mato Grosso
State, the extent of burned Tree Cover in 2010 can be estimated
to be at least 317000 ha, remembering that this is a very
conservative estimate due to the removed sample site. With
the removed sample site included, the estimate of burned tree
cover area in the Amazon part of Mato Grosso would be more
than three times higher, at 990 700 ha, with standard error (s.e.)
of 680000 ha. In 2000 and 2005 merely ~150000 ha and
70000 ha of burned Tree Cover were detected respectively
(Table 3). In all of the study years the standard error for the
burned area estimate in the Tree Cover class is between 28%
and 37% of the mean (without the removed plot). The total
state-wide burned area was nearly double in 2010 as compared
with 2005 (5.150 Mha vs 2.634 Mha) from 2005 to 2010. But
as shown above, this increase was mainly due to the drastic
increase in burning in the Cerrado, which experienced a severe
fire season in 2010.

Discussion and conclusion

In this paper we have investigated the dynamics of land cover
and burned area distribution in Mato Grosso State in the
Brazilian Amazon in 2000, 2005 and 2010. Our results revealed
a large extent of fire-induced forest degradation in 2010 in the
Amazon biome of Mato Grosso State as compared with 2000
and 2005. In contrast, the annual rate of deforestation in the
Amazon biome dropped from 1.6% year ™' to 0.6% year ' from
the first to the latter half of the decade. In respect to the decrease
in deforestation in Mato Grosso our results agree well with
earlier studies (Table 4).

In general level our results on the extent of fire-induced forest
degradation agree with Morton et al. (2013) who highlighted in
their regional MODIS based analysis the continuation of under-
storey forest fires in the latter part of the 2000s regardless of the
falling deforestation rates. Other studies on forest degradation
mapping have often suffered from limited availability of satellite
data which may have affected particularly the detection of
fire-induced forest degradation. We believe that in order to
monitor fire-induced degradation with medium resolution data, it
is essential to use a specifically chosen set of late fire season
images for burned area mapping and a set of pre-fire season images
for the land cover analysis. For example, the degradation estimate
for year 2010 at 162 500 ha from Souza et al. (2013), including
both selective logging and fire-induced degradation, was derived
from Landsat images acquired before July 2010, at which point the
fire season of 2010 was only starting. Similarly, Shimabukuro ez al.
(2014) found that a ‘standard’ set of cloud free Landsat images
used for deforestation monitoring resulted in only 160 000 ha
burned area estimate for the entire Mato Grosso State in 2010,
while a set of late fire season images resulted in a ~5.5 Mha burned
area estimate. These examples, together with the results obtained
in this study, suggest that fire-induced degradation in Amazonian
forests may have been generally underestimated.

In this study we have considered all burned forest areas as
degraded forest. Slashing of forest for land conversion typically
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Table 3. Estimation of Mato Grosso burned area
95% confidence interval (CI) = estimate +1.96 times standard error (s.e.); s.e. was calculated as the standard deviation divided by the square root of the
number of samples

2000 2005 2010
Estimate (1000 ha) 95% CI Estimate (1000 ha) 95% CI Estimate (1000 ha) 95% CI

Tree Cover Amazon 148.7 41.0-256.3 71.4 21.9-121.0 316.6 142.1-491.1

Cerrado 38.3 —6.0-82.7 138.0 —42.1-318.2 568.9 —56.1-1193.8
Tree Cover Mosaic Amazon 28.3 4.6-52.1 111.9 35.9-187.8 52.2 6.8-97.6

Cerrado 30.2 1.1-59.4 66.9 —0.2-133.9 194.2 35.2-353.1
Other Wooded Land ~ Amazon 128.5 28.4-228.5 287.8 65.2-510.5 106.4 41.5-171.3

Cerrado 240.6 31.8-449.4 160.8 24.9-296.8 547.6 218.9-876.2
Other Land Cover Amazon 488.0 227.2-748.7 678.3 354.8-1001.7 408.8 165.3-652.4

Cerrado 1081.6 156.2-2006.9 1118.8 242.0-1995.6 2955.2 680.1-5230.3
Total Amazon 796.2 435.6-1156.8 1149.4 631.5-1667.4 884.4 406.8-1361.9

Cerrado 1390.7 414.6-2366.9 1484.5 389.3-2579.8 4265.9 1439.8-7092.0

Table 4. Comparison of deforestation estimates for Mato Grosso
2000-2005-2010

2000-2005 (Mha) 2005-2010 (Mha)

Souza et al. (2013) 3.96 1.27
PRODES (INPE 2014) 4.50 1.22
Our study 3.70 1.50

takes place before the dry season in Mato Grosso, followed
by drying period and finally burning in the late dry season.
Therefore, it is unlikely that the areas classified as forest in
our early dry season images would have been deliberately
burned for land conversion purposes. It is also safe to assume
that fires in the humid tropical Amazon forests, which are
typically understorey fires, cause degradation since they are
extremely rare in natural conditions and the forests are not
adapted to them (Cochrane 2003). However, Morton et al.
(2013) found that only 3.8% of understorey burned forest areas
in the Amazon biome were deforested within five years of the
fire, indicating that Amazonian forest fires do not usually lead
to deforestation of the area. Therefore we believe the results
obtained in this study are a good indication of the extent of
fire-induced degradation in the Amazon forests. It has to be
remembered, however, that the Cerrado seasonal forests are
more adapted to fire (Pivello 2011; Beuchle et al. 2015).
Without more detailed information on the fire history of burned
areas, we cannot tell whether or not the forest fires detected in
the Cerrado caused degradation. Even in dry tropical forests
fires may cause forest degradation if the frequency or intensity
of fires becomes abnormally high (Dwyer et al. 2000).

While interpreting the conclusions of this study, it needs to be
remembered that the extent of fire activity varies dramatically in
the humid tropical regions between years (Fig. 4), depending on
climatic conditions (see e.g. Field et al. 2009). Consequently,
regional level coarse resolution approaches have indicated that
also the extent of fire-induced forest degradation in the Amazon
varies considerably between years (Morton et al. 2013). The
results of this study should therefore not be taken as a direct
indication of a general increase in yearly forest fire extent in the

Amazon biome of Mato Grosso. Further studies are needed to
create a better understanding on the trends of fire-induced forest
degradation in Mato Grosso and in the entire Amazon region.
This does not only depend on the trends of fire susceptibility of
the forests, but also on the trends of climatic conditions,
anthropogenic activities etc.

The results of this study are based on a systematic sampling
scheme originally designed for pan-tropical deforestation
assessments (Achard et al. 2014). The suitability of the approach
for burned area estimation in state level was demonstrated by
Shimabukuro et al. (in press), who also discussed the advantages
(e.g. enabling rapid and detailed visual interpretation for large
interest areas) and disadvantages (e.g. limitations of accuracy
with small sample sizes) of the sampling approach. In the case of
our study, the small number of sample sites resulted in rather
high standard errors of the estimates, which in turn restricted our
possibilities to perform more detailed analyses on the differ-
ences between the study years. Therefore, we were forced to
concentrate merely on the major patterns of the burning seasons
and we can only take our results as indications of potential
changes taking place in the fire susceptibility of the forests in the
region. Although we believe the current sampling intensity was
sufficient to provide reliable estimates on the broad patterns of
the burning seasons, a higher sampling intensity or different
sampling design (e.g. stratified sampling) would certainly allow
more detailed analysis on the characteristics and effects of a
burning season.

In any case, the large extent of burning in the Tree Cover
class in 2010 revealed by the results of this study is potentially a
startling discovery and warrants further investigation. It needs to
be remembered that the MODIS active fire analysis revealed
2010 to be less severe fire year than 2005 in the Amazon biome.
Therefore, the large extent of fire-induced forest degradation in
2010 may be a result of the degrading effects of the ever
spreading and intensifying anthropogenic activities in the
Amazon forests causing increased fire susceptibility (Cochrane
2003; Matricardi et al. 2010). This may be leading to an
increasing extent of burned forest in the Amazon causing
subsequent degradation with potentially serious consequences
(Brando et al. 2014). Regardless of the reduction of deforesta-
tion, recent analysis has revealed continuing expansion of
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agricultural areas and associated land use changes (Macedo
et al. 2012), potentially increasing pressure on forest areas. It
has been shown that reduction of deforestation rates does
not necessarily lead to reduction in forest fire activity in
the Amazonia (Aragdo and Shimabukuro 2010; Morton
etal 2013).

The findings of this study may indicate that the forests of
Mato Grosso could be becoming increasingly vulnerable to fire.
Climatic and ecological conditions throughout the Brazilian
Amazon enable similar development, putting millions of square
kilometres of humid tropical forest potentially in danger of
increased fire activity and subsequent degradation over the next
decades. This would not only jeopardise the biodiversity in
Amazonian forests, but it could have a fundamental effect on the
amount of carbon stored in the region. Extensive human induced
fire activity in the Amazonian forests could compromise the
efficacy of emission reduction policies, such as activities related
to Reducing Emissions from Deforestation and Degradation
(REDD+) in framework of UNFCCC (United Nations Frame-
work Convention on Climate Change) (Aragdao and Shimabu-
kuro 2010; Barlow et al. 2012). This emphasise the importance
of actions to prevent forest fires to be taken most urgently and
advocate inclusion of forest fire mapping into carbon accounting
initiatives.
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