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Abstract

While deforestation represents an obvious ecosystem change, forest degradation is often more difficult to
discern or quantify, but it impacts a number of ecosystem functions which are vital for biodiversity and climate
feedbacks. In the Brazilian Amazon, land-use changes increase fire occurrence, especially in fragmented forests
close to managed land. We used remote sensing imagery to estimate the extent and impact of forest fires in
degraded tropical rain-forest in the Brazilian Legal Amazon between 2007 and 2010 and examined land-use
establishing in degraded areas. The trends in degraded area vs. burned area were different. Even though
degradation increased one year after a high fire year, there was no spatial overlap, which points to other causes
for degradation. Up to 11% of the degraded area was burned in the same year, playing escaping fires from
managed and deforested lands a significant role in degradation by fire. Eighty-four percent of 2007s degraded
area remained forest one year later, whereas the rest was identified as deforestation, secondary vegetation or
pasture. Three years after degradation, 80% remained forest, the proportion of deforested area decreased and
areas in regeneration after being deforested increased. Monitoring of forest degradation across tropical forests
is critical for developing land management policies and for carbon stocks/emissions estimation.

Keywords: forest degradation, logging, forest fires, land-use, Brazilian Amazon.

1. Introduction

In Brazilian Amazonia, the extent of canopy and subcanopy disturbance has been underestimated and
often exceeds the total area deforested (Peres et al., 2006; Souza Jr. et al., 2013). Deforestation in the
region is superimposed upon synergistic processes of anthropogenic forest degradation (events when,
unlike in deforestation processes, the forest canopy cover is only partially or temporarily removed),
which implies the reduction in the overall capacity of a forest to supply goods and services (Simula,
2009). Several aspects of the forest may be affected by degradation including productive capacity,
protective capacity, biodiversity and health and carbon storage (Parrotta et al., 2012). The proximate
drivers of forest degradation include unsustainable and illegal logging, human-induced fires, over-
harvest of fuelwood and non-timber forest products, overgrazing and poor management of shifting
cultivation (Chazdon, 2008; Kissinger et al., 2012). In addition to these adverse impacts of land-use
change and human-induced forest degradation, climate change poses an increasing threat to tropical
forest ecosystems increasing the frequency of severe droughts (Malhi, 2012).

In the Brazilian Amazon humans have substantially altered forest fire regimes and fires have increased
in extent and frequency as a result of forest fragmentation, the expansion of managed lands and logging
(Asner et al., 2005; Morton et al., 2008; Armenteras et al., 2012), thus contributing to forest degradation
and reducing forest resilience (Barlow and Peres, 2008; Nepstad et al., 2008). Moreover, forest fire can
increase susceptibility to further burning in a positive feedback by killing trees, opening the canopy and
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increasing solar penetration to the forest floor (Cochrane and Laurance, 2008; Alencar et al., 2011).
Anthropogenic forest disturbance from fires produces long lasting changes in forest structure and
biomass but the changes are sometimes hard to detect in satellite imagery and are quickly obscured by
the regenerating forest canopy (Matricardi et al., 2010), which makes it difficult to properly assess
forest degradation by fire.

In 2007, at its 13th Conference of the Parties, the UN Framework Convention on Climate Change

recognized forest degradation as an important contributor to global carbon emissions by incorporating

it into the Reducing Emissions from Deforestation and Forest Degradation (REDD+) mechanism

(UNFCCC, 2008). According to van der Werf et al. (2010), the global sum of deforestation,

degradation, and peat fire emissions accounted for about a quarter of total carbon emissions. Another

study by Asner et al. (2005) estimated that emissions caused only by selective logging were equivalent

to between 60 and 123% of previously reported deforestation emissions in five states of the Brazilian

Amazon, which accounted for 90% of all deforestation in the region, while Pearson et al. (2014) found

that Brazil’s emissions from logging were small and equivalent to 10% of those from deforestation.

Nevertheless, the release of carbon by degradation still remains largely overlooked, and limited

information is available to achieve a full carbon accounting for REDD+ (Morton et al., 2011a). The

scientific, conservation, and climate policy importance attracted previous studies to analyse forest

degradation processes in the Brazilian Amazon through field research (Xaud et al., 2013; Berenguer

et al., 2014) and remote sensing observations (Matricardi et al., 2010; Souza Jr. et al., 2013). Further

progress, however, is yet to be made in quantifying the extent and intensity of less-visible forms of

nonstructural habitat disturbance underneath the forest canopy. In this line, our study pursues the

quantification of the degraded area affected by fires in the Brazilian Amazon and also their temporal

changes using 30x30 m land-cover information (INPE and EMBRAPA, 2013). Specifically, we

answer three main questions. 1) What is the relation between forest degradation and fire? 2) To what

extent do fires escaping from managed land contribute to forest degradation? 3) What are the temporal

dynamics of degraded areas and their conversion to other land-use types?

2. Methods

2.1. Study area

The Brazilian Amazon contains about 3.2 million square kilometers of the Amazon forest (INPE and
EMBRAPA, 2013) and stores the majority of the 126 Pg of carbon reported for the entire Amazonia
(Malhi et al., 2006). About 80% of the forest remains intact (FAO-ITTO, 2011), although substantial
areas have been deforested (INPE, 2013a), selectively logged (Asner et al., 2005; Matricardi et al.,
2010) or affected by fires in recent decades (Morton, 2013; Xaud et al., 2013). As a consequence of
that rapid land-cover change, the forest has been fragmented by logging gaps and mosaics of cattle
ranching and agricultural settlements, mainly along the arc of deforestation in southern and eastern
Brazilian Amazon (Houghton et al., 1991; Lambin et al., 2003; Lepers et al., 2005). In this paper we
use the Brazilian Legal Amazon definition, the largest Brazilian socio-geographic division (Figure 1),
which, in 2010, was covered by primary or secondary forest (76%), savanna-type vegetation (18%),
concentrated mainly in the southeast, and 6% was detected as cleared areas (Figure 1a).
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Figure 1. a) Map showing the extension and land-cover of the Brazilian Legal Amazon according to TerraClass 2010.
Savanna-type vegetation includes cerrado, campinas and campinaranas. Cleared areas includes agricultural fields,
pasture lands and deforested areas. b) Map of degraded and burned area detected from 2007 to 2010.

2.2, Datasets
We used degradation maps provided by the DEGRAD project (http://www.obt.inpe.br/degrad/dados/)
which monitors the degradation of the Brazilian Amazon forest caused by wood extraction or by
recurrent fires (INPE, 2013Db). Forest areas likely to become deforested where the canopy has not been
totally removed are considered by DEGRAD as degraded areas. It is based on the Landsat Thematic
Mapper and CBERS satellites to detect clearings of at least 6.25 ha size annually from 2007 to 2010
at 60 m spatial resolution.
Annual deforestation maps for the same period were obtained from the PRODES project which has
been  monitoring  Brazilian  Amazon  deforestation since 1988  (INPE, 2013a,
http://www.dpi.inpe.br/prodesdigital/prodes.php). PRODES combines satellite data from the
Thematic Mapper (LANDSAT), DMC (Disaster Monitoring Constellation) and CCD (CBERS)
sensors, and their successors for recent years, and detects clearings of at least 6.25 ha where
deforestation by clear cutting has occurred at 60 m spatial resolution and one map each year.
The Moderate Resolution Imaging Spectroradiometer (MODIS) on board the polar orbiting Terra and
Aqua satellites maps fire affected areas since 2000 (Roy et al., 2008). We used the re-projected
monthly Geotiff version of MODIS collection 5 Burned Area Product (MCD45, National Aeronautics
and Space Administration, University of Maryland FTP server: fip://bal.geog.umd.edu) from 2007 to
2010 (500-m resolution, windows 5 and 6).
Land-cover maps of the Legal Amazon were produced by the TerraClass project
(http://www.inpe.br/cra/projetos_pesquisas/terraclass2008.php) showing a very detailed land-use
classification in 15 categories at 30-m resolution with data generated from the interpretation of images
Landsat/TM5 for the years 2008 and 2010 (Almeida et al., 2009; INPE and EMBRAPA, 2013).

2.3. Data analysis
We worked with the geographical information system (GIS) package ArcGIS 10.1 (Esri) to conduct
all digital spatial and temporal analysis. While TerraClass and DEGRAD files were provided in Esri

Advances in Forest Fire Research — Page 1584


http://www.obt.inpe.br/degrad/dados/
http://www.dpi.inpe.br/prodesdigital/prodes.php
ftp://ba1.geog.umd.edu/
http://www.inpe.br/cra/projetos_pesquisas/terraclass2008.php

Chapter 5 - Fire Suppression and Safety

shapefile format, burned area files needed a preliminary transformation into polygon shapefiles.
Burned and degraded area maps were overlaid for computing the temporal and spatial relation between
them for each year of the study period (2007-2010), after aggregating degradation data to 500 m to fit
its resolution to the fire data. The same overlay operation was applied to the degraded area layers and
land-use maps (in 2008 and 2010) to track their evolution over time. Potential escaping fires from
pasture fields, agricultural lands and deforested areas into the forest contributing to degradation were
evaluated by creating buffer zones of different size (from 0.5 to 3 km, every 0.5 km) around the burned
areas occurring in managed lands to examine the proportion of forest patches that were burned, and
therefore classified as degraded areas (hereafter referred to as fire-related degraded area) within each
buffer. The coordinate system of the files was converted to the geographic South American Datum
1969, when working with Amazonia, or to the state corresponding projected coordinate system
according to the Universal Transverse Mercator scheme. This way a proper fit between the different
information layers was achieved and accurate area calculations of the polygons were performed.

3. Results

In the period from 2007 to 2010, 395549 km? of burned area were detected in the Brazilian Legal
Amazonia (8% of the territory) and 64308 km? of forest were registered as degraded (2% of the forested
area within the study region in 2010). Both variables showed an uneven spatial distribution. Burned
area was concentrated in southern Mato Grosso, Tocantins and southern Maranh&o, which corresponds
to the extension of the savannah-type vegetation, while degraded area was mainly located along the
arc of deforestation (Ronddnia, northern Mato Grosso, eastern Para and northern Maranhéo) (Figure
1b). The highest amount of burned area was found in 2010 (177615 km?2), while the maximum amount
of degraded area was detected in 2008 (27478 km?) (Figure 2a) with all nine states in the region
presenting the same trend (Figure 2b). Most burned area was observed in the state of Mato Grosso
contributing 44% of the total, followed by Tocantins (30%), Maranhdo (13%) and Para (12%). The
states contributing the greatest amounts of degradation were Mato Grosso (51%), Para (27%) and
Maranhdo (14%) (Figure 2b). In 2007 and 2010, the two high fire years of the period, 11% of the
degraded area was detected as burned in the same year, while figures were lower than 1% in 2008 and
2009 (Figure 3a).
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Figure 2. a) Annual burned (solid line) and degraded (dashed line) area for2007-2010 in the Brazilian Legal Amazon
(in thousand km?). b) Amount of burned and degraded area in the different states (in thousand kmz2, averaged over the
period 2007-2010).
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Figure 3. a) Percentage of degraded area that was also detected as burned area by MODIS in the same year. b)
Percentage of fire-related degraded area that was connected to burnings in managed lands and deforested areas
averaged over 2008 and 2010 in the Brazilian Legal Amazonia.

Fires escaping from agricultural fields in the vicinity of forest may cause between 2 (0.5-km buffer)
and 7% (3-km buffer) of forest degradation, which means that between 6 and 31 km? of the fire-related
degraded area were within the 0.5-km buffer and 3-km buffer zone, respectively, established around
the burned area polygons in agricultural lands, averaged over 2008 and 2010 (Figure 3b). The
proportion of the fire-related degraded area that overlapped the buffers delimited around pasture
burned area polygons was higher for all the buffer sizes compared to agricultural buffers, between 39
and 69% of the fire-related degraded area (between 107 and 300 km2), averaged over 2008 and 2010
(Figure 3Db). Fires occurring in deforested areas may be responsible for 19 to 48% of the forest
degradation caused by fire (between 73 and 191 km?), averaged over 2008 and 2010 (Figure 3b).
Concurrent with the greatest annual burned area figures in the period, the year 2010 presented higher
overlap values between the buffers and the fire-related degraded area than 2008 for all the three land-
uses: agricultural, pasture and deforested lands.

Of the degraded area detected in 2007, 23% was still considered as such one year later, 7% two years
later and 3% three years later (data not shown). According to Terraclass, 84% of the forest classified
as degraded in 2007 remained forest one year later. The remaining degraded area was registered in
2008 as deforestation (11%), secondary vegetation (2%), pasture (1%) and degraded pasture (1%)
(Figure 4a). Three years after degradation, 80% of 2007’s degraded area was detected as forest, the
proportion of deforested area decreased (3%) while the area covered by areas in regeneration after
being deforested and used for agriculture or pasture (7%), pasture (4%) and degraded pasture (3%)
increased, and a similar extension of secondary vegetation was found (2%), compared to the figures
observed in 2008 (Figure 4b).
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Figure 4. a) Land-use of the degraded area assigned by TerraClass one year after degradation, in 2008, and b) three
years after degradation, in 2010 (averaged over the Brazilian Legal Amazonia).

4. Discussion

The above results underscore the relatively low proportion of degraded area solely related to forest
fires, being 11% the maximum percentage of annual degraded area that was connected to burning
events in the detection year (Figure 3a). However, it is important to consider the difficulty in obtaining
accurate burned area mapping within tropical closed-canopy forest by MODIS (Giglio et al., 2006),
which can lead to underestimation of burning occurrence in the forest, e.g., small surface fires can be
overlooked (Morton et al., 2013). The analysis detected evidence of the link between degradation fires
and land-use change processes. Even when considering the conservative 0.5-km buffer, 2, 19 and 39%
of the fire-related degraded area may be the result of escaping fires from the adjacent agricultural
lands, deforested areas and pasture fields, respectively, and the figures increase as the buffer size grows
(Figure 3b). These findings support the idea of burning events becoming much more frequent and
widespread across the Amazon forests as a consequence of deliberate fire use for land clearing and
field maintenance (Cochrane, 2003; Cardoso et al., 2009; Davidson et al., 2012).

Since the forest degradation drivers contemplated by the DEGRAD system are selective logging and
fire (INPE, 2008), the results of the fire vs. degraded area analysis indicated a stronger influence of
selective logging in degradation. Unfortunately, we do not have logging data for the study period to
confirm this premise, but different studies have identified logging as the process responsible for the
largest proportion of forest degradation (Matricardi et al., 2010). Kissinger et al., (2012) in their report
for REDD+ policymakers stated that unsustainable logging accounted for more than 70% of forest
degradation in Latin America. Moreover, once disturbed by selective logging activities, the amount of
dead slash or dried biomass increases and forest becomes more susceptible to fire (Uhl and Kauffman,
1990; Holdsworth and Uhl, 1997).
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Around 80% of the degraded forest was still classified as forest one and three years later (Figure 4).
After 12 years, Matricardi et al. (2010) found that 70% of the total forest area disturbed in their study
area in the state of Mato Grosso had sufficiently recovered to become undetectable using satellite data.
Degraded forests can often remain in a degraded state for long periods of time if degradation drivers
remain, or if ecological thresholds have been passed, and yet remain officially defined as forests for
classification purposes (Murdiyarso et al., 2008; Sasaki and Putz, 2009), thus, regrowing vegetation
can lead to misclassification in the absence of accompanying field data. The climax of forest
regeneration seems to be 3 to 5 years following logging activities and 3 to 10 years after a forest fire
event (Matricardi et al., 2010), which explains why Stone and Lefevre (1998) observed in their study
in the state of Para that within 3 to 5 years degradation signal by selective logging was obscured by
the regenerating forest canopy. Even though most of the degraded forest regenerated, 11% was
deforested one year later, which is comparable with previous estimates of 16% due to logging alone
by Asner et al. (2006) for the early 2000s, when deforestation rates were higher.

Recent research has contributed to substantial improvements in remote sensing based
techniques to evaluate extent and impacts caused by selective logging and forest fires (Matricardi et
al., 2010; Morton et al., 2011b; Andersen et al., 2013). However, a large-scale and long-term
evaluation of processes causing forest degradation is still lacking, but is required to understand
ecological and climate-related consequences of tropical forest impoverishment through logging and
fire.

5. Conclusions

Based on these research results we can conclude that forest degradation is not mainly controlled by
fire, which suggests that the major driver in the Brazilian Amazonia is selective logging. The
occurrence of fire in the forest, in most of the cases, is the result of land-use change processes, and
escaping fires from pasture management play a crucial role. Only a small percentage of degraded forest
becomes deforested or develops to other land-uses one and three years after degradation, while the
majority of it recovers and is still detected as forest. Continuous monitoring of forest degradation
across tropical forests is critical for developing land management policies, as well as for an accurate
estimation of carbon stocks/emissions. At the same time, global Earth system models must incorporate
dynamic models of land-use change driving deforestation, forest degradation and vegetation fires for
a better carbon balance simulation.
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