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A method has been developed to identify and map areas of forest degradation caused by
either selective logging or fires in tropical humid ecosystems. Our study area is located
in the Mato Grosso state of Brazil, in a region known as ‘Deforestation Arc’. Eight
consecutive Landsat Enhanced Thematic Mapper Plus (ETM+) images were available
over this study area during the dry season of 2002 (from June to October). The proposed
method is based on multi-temporal image segmentation and classification of a data set of
soil and shade fraction images derived from Landsat ETM+ imagery. Areas of selec-
tively logged forest are identified and mapped from the soil fraction images, whereas
burned forest areas are identified and mapped from the shade fraction images combined
with a map of deforestation happening during 2002. The main benefit of this approach is
the capability to discriminate selectively logged forest from burned forest, which is a
very important issue for estimating carbon emissions from forest degradation.

1. Introduction

A large part of the gross emissions of carbon into the atmosphere due to land cover changes
is attributable to deforestation in the tropics (Achard et al. 2014). Forest degradation,
defined as long-term disturbance in forested areas (Simula 2009), is considered to represent
up to 40% of the gross emissions from deforestation in the Brazilian Amazon (Berenguer
et al. 2014). These emissions from forest degradation are largely compensated by carbon
sinks from regrowth in logged forest or fallows of shifting cultivation, while a smaller sink
is attributable to reforestation (increase in forest area) (Baccini et al. 2012; Houghton et al.
2012; Pan et al. 2011). Consequently, forest degradation is a key process for the UNFCCC
REDD+ mechanism (United Nations Framework Convention on Climate Change –
Reduction of Emissions from Deforestation and Forest Degradation). Indeed, the reduction
of emissions of carbon from forest degradation is one of the five activities of REDD+.
Logging activities (other than clear cuts) are considered as a forest degradation process in
relation to REDD+ as it usually leads to a long-term reduction of carbon stocks in tropical
forests. Carbon emissions from selectively logged forest have been shown to be on average
equivalent to about 12% of those from deforestation (Pearson, Brown, and Casarim 2014).

The use of satellite imagery is the only feasible way to consistently monitor forest
cover changes over very large regions, given the cost of field inventory in the tropics and
the lack of comparable historical national forest inventory data. Assessing tropical forests
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areas with decreasing carbon stocks through remote sensing data requires fine-resolution
imagery and sophisticated image analysis techniques. Landsat Thematic Mapper (TM)
imagery is available over the whole tropics since the mid-1980s (Beuchle et al. 2011).

In the Brazilian Amazon, deforestation appears as forest clear cutting (INPE 2008), while
forest degradation is mainly related to selective logging and forest fires (Souza et al. 2009;
Asner et al. 2009; Eva et al. 2012). Forest degradation can be a precursor of deforestation
especially in the Amazon basin (Numata et al. 2010; Asner et al. 2006). Our study is aimed at
assessing the extent of the two main types of forest degradation in the Amazon basin using
Landsat TM imagery.

Fraction images derived from Landsat TM and Enhanced Thematic Mapper Plus (ETM+)
sensors have been used for the assessment of tropical forest cover, especially in the Brazilian
Amazon, e.g. soil fraction images for mapping deforested areas and shade fraction images for
mapping burned areas (Souza, Roberts, and Cochrane 2005; Shimabukuro et al. 2009, 2012).
Fraction images derived from linear spectral mixing model (Shimabukuro and Smith 1991)
have the following characteristics: (1) vegetation fraction images highlight the forest cover
conditions similarly to vegetation indices such as Normalized Difference Vegetation Index
and Enhanced Vegetation Index; (2) shade fraction images highlight areas with low reflec-
tance values such as water, shadow and burned areas; and (3) soil fraction images highlight
areas with high reflectance values such as bare soils and clear cuts. Consequently, our
hypothesis in this study are that (1) vegetation fraction images can allow differentiating
closed forest from non-forest areas, (2) shade fraction images can allow identifying burned
forest, and (3) soil fraction images can allow identifying selectively logged forest.

The DEGRAD (Forest Degradation Mapping in the Brazilian Amazonia) project from
the Brazilian National Institute for Space Research (INPE) has developed a method to
map degraded forest through a visual interpretation procedure (INPE 2008). Souza et al.
(2009) and Asner et al. (2009) developed other methodologies for automatic mapping of
deforestation and forest degradation caused by selective logging and/or forest fires:
ImgTools (Image processing Tools) and CLASlite (Carnegie Landsat Analysis System-
lite), respectively. These three methods (DEGRAD, ImgTools and CLASlite) are based on
information derived from fraction images of Landsat TM/ETM+ imagery but do not allow
differentiating between selectively logged forest and burned forest.

In this context, the main purpose of our study is to develop an automated procedure
based on fraction images from Landsat TM/ETM+multi-temporal imagery for mapping and
differentiating between selectively logged and burned forest areas in the Brazilian Amazon.

2. Material and method

The study area is a subset of a Landsat scene (path/row 227/068) located in the State of Mato
Grosso, within the ‘Deforestation Arc’ of the Brazilian Amazon (Figure 1). This region is
showing high deforestation rates since the late 1980s (INPE 2014), combinedwith intense forest
degradation activities due to fire and selective logging (Eva et al. 2012). For this study, we
consider all available cloud-free Landsat ETM+ images during the dry season of 2002 (from
June to October). In total, eight Landsat scenes are used in our study, which were acquired
systematically every 16 days at the following dates: 15 June, 1 July, 17 July, 2 August, 18
August, 3 September, 19 September and 5 October 2002 (Figure 1). We also used one Landsat
ETM+ image acquired at the end of 2001 (2 October 2001): this image is used to generate an
initial forest mask based on PRODES (Deforestation Assessment in the Brazilian Legal
Amazonia) approach (INPE 2002).
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The proposed method for mapping the two types of forest degradation consists of four
steps (Figure 2). The first step of our approach generates an initial forest mask (Figure 3),
which is aimed at excluding non-forest areas (areas of historical deforestation) from the
assessment of degradation. In this step, we use the Landsat ETM+ image acquired on 2
October 2001, which corresponds to the image used by INPE to produce the forest map
for 2001 (INPE 2002). The second step generates fraction images (Shimabukuro and
Smith 1991) for the eight Landsat ETM+ images selected during 2002 (Figure 4).
Degraded forests are then assessed from the soil and shade fraction images.

The third step of our approach involves, first, segmenting a multi-temporal data set
composed of soil and shade fraction images and then applying a classification process to
the resulting spatial objects (segments). This step is aimed at identifying all land cover
changes occurring during 2002. In the classification process, we apply a first unsupervised
classification on the data set of soil fraction images, and then the resulting spectral clusters
of objects are assigned as classes ‘forest’, ‘clear cut’ or ‘selectively logged forest’, based
on the object’s spectral and textural properties. Similarly, we apply a second unsupervised
classification on the data set of shade fraction images, and then the resulting clusters of
objects are assigned as ‘unburned’ or ‘burned’ areas from their spectral and textural
properties. The results of this third step show two maps: a first map with four land
cover classes – historical deforestation areas (status at the end of 2001), deforested areas
(clear cuts during 2002), selectively logged forest areas (during 2002) and remaining
undisturbed forest (at the end of 2002) – and a second map with three land cover classes –
historical deforestation areas (status at the end of 2001), burned areas (during 2002) and
unburned areas.

The fourth step combines the two resulting maps (from the third step) and generates a
final map that includes two classes of degraded forest areas: selectively logged forest and
burned forest. The selectively logged forest areas are identified ‘manually’ through a visual
analysis of the soil fraction images, while burned forest areas are identified by intersecting
the undisturbed forest areas layer from first map with the burned areas layer from the second
map. The remaining forested areas (at the end of 2002), historical deforestation areas (status
at the end of 2001) and deforested areas (during 2002) are also depicted in this final map.

Finally, our results are evaluated in two independent manners:

N

Selected Study Area

15 June 2002

1 July 2002

17 July 2002

2 August 2002

18 August 2002

3 September 2002

19 September 2002

5 October 2002

Mato Grosso State

Deforestation Arc

Landsat ETM+

Brazilian Territory

0 1000
km

Figure 1. Location of the study area and Landsat ETM+ data set.
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● we first compare our final map with INPE’s PRODES map of deforestation for
2002;

● we also calculated a kappa statistic (Congalton, Oderwald, and Mead 1983;
Congalton 1991; Stehman 1996) from a sample of 213 spatial objects distrib-
uted randomly within a stratification corresponding to the four land cover
classes analysed in this work: 52 sample objects for layer ‘Deforestation’
which includes historical deforestation and deforested 2002 areas, 58 sample
objects for layer ‘Selectively logged forest’, 52 sample objects for layer ‘Forest’
and 51 sample objects for layer ‘Burned forest’. These objects are interpreted

Figure 2. Methodological approach for mapping forest degradation due to selective logging and
forest fires.
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visually by an independent expert (into the four land cover classes of our study)
using two Landsat images: ETM+ scene acquired on 5 October 2002 and TM
scene acquired on 13 August 2003.

Figure 3. Left panel: Landsat ETM+ imagery of 2 October 2001; right panel: Landsat imagery
with overlay of non-forest mask (in yellow) adapted from INPE’s PRODES data set.

Figure 4. Soil and shade fraction images highlighting the clear cuts and selectively logged forest
and burned areas, respectively.

Remote Sensing Letters 777
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3. Results

Deforested areas are easy to identify visually and map from RGB composites of Landsat
ETM+ scenes (bands 3/4/5 in red/green/blue), but degraded forest areas are more challen-
ging to depict. The procedure to map newly degraded areas is shown in Figure 5 for the
first Landsat ETM+ image used in this analysis (dated 15 June 2012). Figure 5(a) shows
the original ETM+ image acquired on 15 June 2002, Figure 5(b) shows the historical
deforestation areas (non-forest mask) superimposed in yellow, Figure 5(c) shows the new
areas deforested (in light blue) and Figure 5(d) shows the burned areas (superimposed in
red) as detected in the ETM+ image. By masking the historical deforestation areas
(Figure 5(b)), the area to be analysed is reduced.

The depicted burned areas within the forest (Figure 5(d)) are related either to a
deforestation process or to a degradation process: in the case of deforestation, the forest
cover is first fully logged (clear cut) and then the remaining vegetation is burned to allow
using the land for agriculture (cropland or grassland), and in the case of degradation, the
forest cover is burned through an uncontrolled fire without the removal of wood nor

Figure 5. (Panel a) RGB (bands 5, 4 and 3) composite of Landsat ETM+ imagery (15 June 2002);
(Panel b) Landsat image overlaid with a non-forest mask (yellow), representing historical deforesta-
tion; (Panel c) Landsat image and non-forest mask (yellow) overlaid with newly deforested areas
(light blue) mapped from soil fraction image; and (Panel d) Landsat image and non-forest mask
(yellow) overlaid with burned areas mapped from shade fraction image (red).
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conversion to another land use. This makes the use of a time-series data set essential for
differentiating between deforestation and degradation processes. Deforested areas will
appear as non-forest areas (cropland or grassland) in the successive months or years, while
burned forest (degraded forest) will quickly recover as forest regrowth.

Figure 6 shows the classification of deforested areas and degraded forest areas
(selectively logged forest and burned forest) for 2002. Table 1 shows the estimated
areas for all classes in comparison with the PRODES estimates. Our estimate of

Figure 6. Undisturbed forest (dark green) and non-forest mask (yellow) with classification of new
deforestation (light blue) and forest degradation areas (selectively logged forest in light green and
burned areas in red) for 2002.

Table 1. Confusion matrix between land cover classes (in km2) from our study and from PRODES.

PRODES

Classes

Historical
deforestation

(km2)
Deforested 2002

(km2)
Forest
(km2)

Total
(km2)

Our study

Historical deforestation (km2) 6680 – – 6680
Deforested 2002 (km2) – 357 11 368
Selectively logged forest
(km2)

– – 983 983

Burned forests (km2) – 206 253 459
Forest (km2) – 219 16,256 16,475
Total (km2) 6680 782 17,503 24,965

Remote Sensing Letters 779
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deforestation during 2002 is the sum of the resulting deforested areas at the end of 2002
mapped from the full time-series of ETM+ images used in our study.

The visual analysis of the results shows that forest areas mapped as degraded due to
forest fires correspond to the areas burned during 2002 which have not been detected as
clear cut by the last Landsat ETM+ acquired in 2002 (Figure 7). On the other hand,
deforested areas can be seen as clear cut or burned areas (Figure 7). These observations
are supported by comparison with INPE’s PRODES data. There is a good agreement (3%
difference) between our estimates of deforestation for 2002 (i.e. corresponding only to
clear cuts) at 368 km2 and PRODES estimate of deforestation without burned areas at
357 km2 from a total of 782 km2 (Table 1). Indeed, the PRODES map of deforestation
also includes 206 km2 of burned forest (mapped by our method). Our method allows
producing a map of deforestation with high accuracy when compared to PRODES results
with a complementary map of burned forest (degraded) which does not exist as informa-
tion in PRODES.

Table 2 presents the confusion matrix produced from our 213 sample objects
which is used to calculate the kappa statistics. The overall accuracy is 79.3% and
kappa coefficient is 0.72, which is considered a ‘substantial’ agreement according to
Landis and Koch (1977; the ‘Strength of Agreement’ is considered ‘substantial’ when
kappa is within the range 0.61–0.80). The producer and user accuracies are presented
in Table 2. Most of the confusion stands between the classes burned forest (from
visual interpretation) and remaining forest (from our method). This can be explained
by the difficulty in detecting non-recent burned forest through our semi-automatic
approach. These burned forest areas, while still showing signs of old burning (e.g.
considerable portions of dark soil), contain trees already well recovered from the
burning. They can be easily visually interpreted as ‘burned’ but cannot be detected
easily in a semi-automatic way.

Figure 7. Subset of our study area (marked in Figure 6) showing in more detail the burned forest
areas (degraded forest areas due to forest fires) appearing as dark pixels on the left panel and
corresponding to the areas mapped in red in the right panel. The newly deforested areas appear as
pink and dark pixels on the right panel and correspond to the areas mapped in light blue in the left
panel. In both panels, the background is the Landsat ETM+ imagery of 5 October 2002 and non-
forest areas (areas of historical deforestation) are masked (yellow).

780 Y.E. Shimabukuro et al.

D
ow

nl
oa

de
d 

by
 [

O
nd

ok
uz

 M
ay

is
 U

ni
ve

rs
ite

si
ne

] 
at

 0
9:

52
 1

1 
N

ov
em

be
r 

20
14

 



4. Conclusions

A forest mask is essential for developing a procedure for detecting and mapping degraded
forest. Using Landsat TM/ETM+ data, deforested and burned areas are easy to detect and map
using a semi-automated method (Shimabukuro et al. 2009, 2012). We show here that forest
degradation due to selective logging can be detected and mapped using high-resolution soil
fraction images. Forest degradation due to fires (burned forest) can only be mapped using a
time series of images because burned areas can also be related to a deforestation process when
burning is used to clear the remaining vegetation. Our results show the feasibility to map
degraded forest. In addition, the proposed method allows discriminating between selectively
logged forest and burned forest, which is a very important feature for the estimation of carbon
emissions. The proposed method presents a great potential for assessing forest degradation
from sensors with fine spatial resolution and high-temporal frequency. Therefore, the future
availability of 5-day temporal resolution of 10-m spatial resolution data from Sentinel-2
satellites is expected to improve the assessment and monitoring of forest degradation pro-
cesses and consequently to facilitate implementing actions in the framework of REDD+.
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