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Abstract

Changes in weather and land use are transforming the spatial and temporal
characteristics of fire regimesin Amazonia, with important effects on the functioning of
dense (i.e., closed canopy), open canopy, and transitional forests across the Basin. To
guantify, document and describe the characteristics and recent changesin forest fire regimes,
we sampled 6 million ha of these three representative forests of the eastern and southern
edges of the Amazon using 24 years (1983-2007) of satellite-derived annual forest fire scar
maps and 16 years of monthly hot pixel information (1992-2007). Our results reveal that
changesin forest fire regime properties differentially affected these three forest typesin terms
of area burned and fire scar size, frequency and seasonality. During the study period, forest
fires burned 15% (0.3 million ha), 44% (1 million ha) and 46% (0.6 million ha) of dense,
open, and transitional forests, respectively. Total forest area burned and fire scar size tended
to increase over time (even in years of average rainfall in open canopy and transitional
forests). In dense forests, most of the temporal variability in fire regime properties was linked
to ENSO-related droughts. Compared with dense forests, transitional and open forests
experienced fires twice as frequently, with at least 20% of these forests’ areas burning two or
more times during the 24-year study period. Open and transitional forests also experienced
higher deforestation rates than dense forests. During drier years, the end of the dry season
was delayed by about a month, which resulted in larger burn scars and increases in overall
area burned later in the season. These observations suggest that climate-mediated forest
flammability is enhanced by landscape fragmentation caused by deforestation, as observed

for open and transitional forests in the Eastern portion of the Amazon Basin.

Keywords: fireregime, forest fires, fire frequency, fire interval, fire size, seasondlity, fire

history, ENSO, Amazon, land use change, climate change, forest fragmentation
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Introduction

Pre-Columbian fire return intervals in Amazonian forests reportedly ranged from 400
to 1,000 years (Thonicke et al. 2001) and occurred mostly during rare droughts caused by
Mega El Nino Southern Oscillation - ENSO (Sanford et al. 1985, Meggers 1994, Bush et al.
2008). In contrast, forest firesin Amazonia are now common due to fundamental changesin
the region’ s weather and landscape (Alencar et al. 2004, Cochrane and Laurance 2008,
Morton et al. 2013). During recent decades, for example, both ENSO and Atlantic Multi-
Decadal Oscillation (AMO) events caused widespread droughts (Y oon and Zeng 2010, Chen
et a. 2011, Marengo et al. 2011), while people cleared, fragmented, and degraded large tracts
(Asner et a. 20053, Fearnside 2005, Broadbent et al. 2008, Souza et al. 2013). Together,
these droughts and human-related activities were associated with large forest fires (Alencar et
al. 2006, Morton et a. 2013). Understanding past and current variability in Amazonian fire
regimes in different forest typesis central to predicting future fire frequencies, burn areas,
intensities, seasonality, and severity. If climate change and increased forest degradation
continue, fires may burn more frequently and expand to larger areas, perhaps including
landscapes that otherwise are fire resistant.

Deforestation influences Amazonian fire regimes because it results in increased sources
of ignition, increased forest edge lengths, and aterations of regional climates (Cochrane and
Laurance 2002, Aragéo et al. 2008, Da Silva et a. 2008). It is therefore no surprise that
~85,000 km2 of primary forest burned along the * Arc of Deforestation’ during the 2000s
(2000 — 2009), while a much larger area became flammable (Nepstad et al. 2004, Lewis et al.
2011). Given thislogical interpretation of the events, it is surprising that forest fire activity
continued to increase in the years after 2005 as deforestation rates decreased (Aragéo and
Shimabukuro 2010, Alencar et al. 2011). Researchers attributed high fire activity in 2005,

2007, and 2010 to dry and warm climatic conditions (Aragéo et a. 2007, Zeng et a. 2008,
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Chen et a. 2011, Marengo et a. 2013), but the underlying mechanisms driving this process
remain unclear. There is still agap in understanding recent spatial and temporal changesin
Amazonian forest fire regime properties, as well as how these properties have changed over
time and among forest types.

One of the challenges in tropical fire ecology is in quantifying changesin fire regime
properties based on an integrated set of metrics that are spatially-explicit and that cover long
time-periods. Amazonian forest fire detection and quantification usually relies on coarse
products that cannot properly map small forest fires (Morton et a. 2011). Moreover, these
time series studies mostly began only in the early 2000s, which makesiit difficult to identify
trendsin fire activity and to integrate changes in fire regimes with weather and land cover
change (Morton et al. 2013). Integrated assessments of fire activity that are based on several
fire metrics are a so rare, and most studies tend to combine different Amazonian forest types
with substantially different flammability (Alencar et al. 2006, Alencar et al. 2011, Morton et
al. 2013).

We analyze a suite of critically important fire regime propertiesin Amazonia (i.e., fire
extent, patch size, frequency, and seasonality) and the effects of some of these properties on
the canopy cover of dense (i.e., closed canopy), open canopy, and transitional forests. We
assess how changes in the fire regime vary among these three common forest types, and
consider how they have evolved over a 24-yr time period (1983 to 2007). We use three forest
type regions delimited by NASA Landsat satellite scenes to derive high-resolution burn scar
maps (Alencar et a. 2011). We also assess changes in fire seasonality based on measures of
monthly hot pixel detections of ignition sources for forest firesfor a 16-yr time series (1992 -
2007) with Advanced Very High Resolution Radiometer (AVHRR) data on board of NOAA
Satellite for the same forest regions. These elements of the fire regime provide information

that can be used to estimate probabilities of forest fires and may help to predict the future of
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Amazonian forest fires in response to deforestation, forest degradation, and increasingly

frequent, prolonged, and intense droughts.

Materialsand M ethods
Study regions

Our study focuses on a corridor of deforestation in dense (i.e., closed canopy), open
canopy, and transitional forestsin eastern Amazon (Figure 1). These three vegetation types
differ in structure and composition (RADAMBRASIL 1981). While dense forest has
abundant trees 25-35 m tall, open canopy forest has only scattered emergent trees of about
the same height. Transitional forest is shorter (15-25 m) than open forest, but has a more
homogeneous closed canopy. The average aboveground biomass of these three vegetation
types are 350, 250, and 200 Mg ha* for dense, open, and transitional forests, respectively
(Baccini et a. 2012).

The dense, open, and transitional forests are represented by regions of 180x180 km
delimited by the Landsat scenes path and row 223/62, 224/66 and 224/68 respectively,
located along a precipitation gradient but experiencing similar influences of dry-air inputs
during the dry season (Davidson et al. 2012). While the dense forest region receives an
average annual rainfall of 2,200 mm, the open and transitional forests receive only 1,700 mm
and 1,300 mm, respectively. The dry season (rainfall < 100 mm/month) in the whole region
runs from June to November but peaks in September-October in the dense forest, and
August-September in the open and transitional forest regions (Villar et al. 2009). Soils under
these forest types are predominantly yellow latosols in dense forest, spodozols in open forest,
and a mixture of red-yellow latosols and spodozols in the transitional forest

(RADAMBRASIL 1981).
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The study forest regions have experienced extensive deforestation and land use change,
mainly for cattle ranching, with slash-and-burn agriculture near the settlements (Fearnside
2005, Pacheco 2009, Bowman et a. 2012). Logging is still amajor economic activity,
particularly in the dense forests (Asner et a. 2005a, Merry et a. 2009), with fewer species
being harvested from the open and transitional forests (Lentini et al. 2005). Large-scale
mechanized farming of soybeans, rice and corn are underway in the region, mainly in what
was transitional forest (Macedo et al. 2012). Collectively these processes have resulted in
landscape mosaics in which 71%, 45% and 50% of the original dense, open canopy, and

transitional forests, respectively, remain standing (Table 1).
Mapping forest fires and fire ignition sources

To map annual forest firesin the three forest regions, we used 72 multispectral mid-
resolution satellite images from Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced
Thematic Mapper Plus (ETM+). These covered atime series from 1983 to 2007 mapped on
images from 1984 to 2008. Only images from early dry season (May to July) were used, so as
to avoid double counting of fires in the same year or misrepresenting the year that afire
actually occurred, always accounting for fires that occurred in the previous calendar year.
Once the images were radiometrically calibrated, converted to reflectance, co-registered, and
geo-rectified (description in (Asner et a. 2005b)), we classified them into burned or non-
burned based on the CLAS-BURN spectral unmixing routine and the Burn Scar Index
algorithm. CLAS-Burn was developed to map only fire scars that burned within the previous
12 months, while the unburned class includes never-burned forest plus burned sites that have
been recovering for at least two years since the last burn. This routine and algorithm
(described in the detail in Alencar et al. (2011) accurately classified 89%, 79%, and 88% of
the landscape burn scars from 2006 and 2007 that were visited in the field in the dense, open,

and transitional forest study regions, respectively. CLAS-BURN was also used to generate
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the photosynthetic vegetation fraction (PV), for analysis of fire effects on canopy cover
(Asner et a. 2005b). These images were also used to map annual changesin forest cover due
to deforestation (Alencar et a. 2011).

To calculate the fire seasonality, we used a monthly hot pixel database derived from the
NOAA 11, 12, and 15 satellites. This database includes 16 years (1992-2007) of monthly dry
season fire counts (June to November) for the three study regions. These data are part of the
national fire database available on the Brazilian National Space Agency (INPE) webpage
(http://www.dpi.inpe.br/proarco/bdqueimadas/). Together, the two types of remote sensing
derived datasets were used to calculate fire extent, frequency, return interval, and effects on

canopy cover, aswell as to evaluate changes in fire seasonality.
Fire Sizesand Overall Extent

The forest area burned from 1983 to 2007 was calculated using annual burn scar maps
derived from CLAS-BURN for the three forest regions. To do so, we first excluded from
our analysis savanna and other types of non-forest vegetation. Next, the number and the sizes
of individual fire scar polygons per year, were used to generate annual burn data. Descriptive
statistics and analysis of variance were calculated for the individual fire scars to assess the

main differences between the three forest types and the tempora changes within each region.
Fire Frequenciesand Fire Return I nterval

For each of the three study regions, all annual burn scar maps were stacked into a
single frequency map, providing a probability distribution of burn scar size classes. The
mean number of repeated fires (MRF) for dense, open, and transitional forest were also
calculated from the relationship between the total area burned at |east once during the 24 yrs
of annual observations, without recounting multiple burns of the same site, and the sum of the
annual total area burned during that same period, including al reburns. Thefire return

interval was aso retrieved for each burned pixel in the time-series for each region to create a
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distribution of the area burned assembled by the time since last fire. We used the fire interval
data to cal culate the maximum number of years in which a given area burned (Maximum Fire
Recurrence — MFR). Fire rotation time (FR) was a so cal culated, which expresses the time
necessary for the study areas to burn entirely based on the average annual burned area,
assuming that some areas will not burn while others may burn multiple times (Cochrane et a.

1999).
Fire Seasonality

We assessed fire seasonality for the three study regions with a monthly hot pixel time
series derived from NOAA 11, 12, and 15. Dueto lack of high resolution multispectral
images without clouds needed to map monthly forest burn scars, we used hot pixelsasa
proxy for forest fire seasonality; this use of hot pixels seems justified insofar as they
represent the actual time when fire ignition from burned pastures and swidden agriculture
occur, which are the main sources of Amazon forest fires (Schroeder et al. 2005). Two
measurements of seasonality were extracted from this dataset, one that describes the average
peak of fire activity over the 16-year period of monitoring (1992-2007) and the other that

reveals time shiftsin that peak.
Repeated Fire Effects on Canopy Cover

We evaluated fire effects as a proxy for accumulated fire severity by taking into
account the impacts of different number of repeated burns on forest canopy cover, as
retrieved from satellite-based estimates. The “fraction of forest canopy cover” metric of
Asner et al. (2004, 2005b) derived from the fraction of Photosynthetic V egetation (PV)
existing in apixel, was used to quantify the impacts on canopy openness after different
intensities of selective logging. These satellite estimates of forest canopy cover have a strong
inverse relationship with canopy gap fraction measured in the field (Asner et al. 2004). The

satellite-derived measurements were generated from a sub-pixel fraction algorithm called
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Carnegie Landsat Analysis System (CLAS) that decomposes a pixel into fractions of
photosynthetic vegetation or forest canopy cover (PV), non-photosynthetic vegetation (NPV),
and soil (Asner et a. 2004). The Asner et al. (2005) approach was used to derive satellite-
based forest canopy cover from the PV fraction retrieved from CLAS-BURN spectral mixing
analysis, where the soil fraction was replaced by the shade-burn fraction (Alencar et a.
2011). Shade-burn fraction increases in forest canopy pixels recently affected by understory
fires due to the heterogeneity of materials found in arecently burned forest (i.e. ashes,
charcoal, increase dead wood material).

The impacts of different fire frequencies on forest canopy cover were measured for the
three forest types. Measurements of satellite-based forest canopy cover (PV) were extracted
for seven levels of fire repetition (burned from O to 6 times) using arandom sampling routine
and the 2008 images for all study regions (350 samples for each fire frequency). The samples
located in areas burned in 2007 were excluded to avoid the strong signal of recent burned
materials such as charcoal and ash (Alencar et al. 2011). These measurements generated a

probability distribution of fire effects that varied with number of reburns for each forest type.
Climate Data and Fire Regime Metrics

To evauate some of the effects of weather variability on fire regimes, we used the
Standardized Precipitation Index (SPI) and El Nifio Southern Oscillation ENSO indexes. SPI,
which is based on monthly precipitation data, indicates dry and wet conditions (McKee et al.
1993). Thisindex represents a standardized probability density function of precipitation
following a normal distribution. Zero standard deviation indicates median precipitation
condition, while extreme negative and positive standard deviations indicate drought and wet
conditions respectively. SPI data from the analysis period were compiled from Adler et al.
(2003). We also used a consensus combination of Oceanic Nino Index (ONI), Multivariate

ENSO Index (MEI) to categorize the years of Strong, Moderate and Weak El Nino and La
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Nina (http://ggweather.com/enso/years.htm). We related these climatic variablesto the

annual fire metrics area burned, burn scar size, and number of fire scars.

Results

Fire Extent

From 1983-2007, fires burned large portions of eastern Amazonian forests, but the
extent varied with forest type and year. Dense forest was the least affected by fire, burning
three-times less than open and transitional forests. Forest fires burned 0.33 billion ha of
dense forest compared to 1 billion ha of open, and 0.56 billion ha of transitional forests that
represent, respectively, 15%, 44%, and 46% of the standing forests of each typein these
study regions (Table 2).

During the 24 yr observation period, 29% of dense, 54% of open, and 50% of
transitional forests were lost to deforestation (Table 1); 19%, 39%, and 38% of the deforested
areain these three forest types, respectively, were burned one or more years prior to clearing
(Table 2). However, the proportions of the burned areas that were subsequently deforested in
these three study regions (6% dense, 21% open, and 19% transitional) did not explain
deforestation in al the years studied (Fisher’s exact tests, P = 0.63, 0.45 and 0.7).

The area affected by forest fires varied substantially among years. The annual
distribution of area burned indicates a tendency towards increased forest area affected by fire
over thelast 10 years of observation (1997-2007) in all the regions (Figure 2), but this trend
was significant only for open forest (P = 0.03). Although less dense forest burned than open
or transitional forest, it was the forest type with greatest inter-annual variation in area burned.
While there were 70- and 100-fold differences between the minimum and maximum area
burned annually for transitional and open forest, respectively, the ratio was 1200 for dense

forest (Table 3). The mean annual burned areas (MBA) were 19,900 ha, 104,700 ha, and
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80,000 hafor dense, open, and transitional forests, respectively (Table 3). For the dense
forest, the average annual burned area was 35% |less than the annual deforestation rate,
whereas the average forest area burned in open and transitional forests were, respectively,

70% and 180% greater than the annual area deforested (Tables 2 and 3).
Fire Size and Number

The size and number of individual fires varied substantially among yearsin the three
forest types. In general, the number of fire scars, as well asthe size of individual fire scars,
varied more in the dense forest than in the other forest types (Table 3). While the mean
number of fire scars (MNFS) was in absolute numbers similar in dense and transitional forest
(774 and 720 individual fire scars on average), when normalized by the total forest area, the
number of individual fire scars was about the same in transitional and open forests and these
two forest types had ~60% more than the annual number of fire scars found in dense forest.
The mean maximum fire size (MMFYS) - the average size of the largest fire scar in each year -
was 1,311 hain dense forest, which is about 10 times smaller than the maximum fire sizesin
the other forest types (Table 3).

Despite between year variability, about 80-90% of the annual fire scars were <100 ha
Although the mgjority of fire scars were small in all three regions, fire scar size classes
occupied different proportions of the burned landscape in each region (Figure 3). Largefires
(> 1000 ha) accounted for alarger percentage of total burned areain transitional and open
forests than in dense forests (Figure 3). In contrast, small fires (< 100 ha) accounted for larger
proportion of dense forests burn areathan in other forest types. Medium size fires (100 —
1000 ha) also affected alarge area of dense forest but, burned approximately the same

proportions of transitional and open forest (Figure 3).
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Fire Frequency and Burn Intervals

Most of the burned forests did not experience repeated fires at the same site during the
24-year observation period. When the total burned area was classified by number of repeated
fires, the proportion of this total burned area decreased as fire frequency increased. Although
this pattern was consistent among the three forest types, reburning was less common in dense
forest (Figure 4). For example, the proportion of total burned area that was burned only once
was 72% in dense forest, but only 45% and 30% in open and transitional forests, respectively.
Two burns within the 24-year period comprised the second most common class and occupied
similar proportions of the total burned area of all forest types (20%, 24%, and 22% in dense,
open, and transitional forests, respectively). Most areas that experienced many repeated fires
are along major roads or near human settlements and fire-prone vegetation types (e.g.,
savanna; Figure 1). These resultsindicate that dense forest was least likely to burn
repeatedly, whereas transitional forest burned with much higher frequencies, up to 12 times
over the 24-year observation period (0.5% of the total area burned). The maximum number
of consecutive years during which a given area burned was three for dense, nine for open,
and six for transitional forest (Table 3). Although these annual recurrences are high for open
and transitional forests, they represented less than 0.5% of the total area burned. These
frequency distributions expressed as mean number of repeated fires (MRF) was found to be
1.4 times for dense, 2.3 times for open, and 3.1 times for transitional forests during the period
of analysis (Table 3), with fire rotation times of 82 yr, 15 yr, and 11 yr for dense, open and

transitional forests, respectively, in a scenario of no deforestation (Table 3).
Fire Seasonality

The sum of the total fire season hot pixel counts for each year was positively correlated
with the total annual area deforested (R? = 0.25; P < 0.0001). That correlation strengthened

when the annual burned forest area was added (R? = 0.35; P < 0.0001). This suggests that hot
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pixels detect fire not only in open deforested areas, but aso in standing forests. In addition,
monthly hot pixel counts decreased with increasing monthly rainfall in the three forest types,
but only significantly so in the dense forest region (R? = 0.29; P = 0.04). Hot pixel counts
were much higher in the open forest region than in the area of dense or transitional forests
(Figure 5). In addition, fire seasonality, as measured by these ignition source peaks, differed
among the three forest types. This peak usually precedes the rainy season and therefore tends
to be influenced by dry season duration. Based on the fire peak assumption, dense forest had
October and November as the months with highest hot pixel counts from 1992 to 2007
compared to August and September peaks in the more southern locations of open and
transitional forests, preceding the rainy season starting in December in the dense forest region
and October in the other forest regions (Villar et a. 2009).

Historical analysis of changes in the percentage of total annual hot pixel counts for the
two months with highest fire activity demonstrated slight shifts in the fire season from one
month to the other for the three forest types (Figure 5). In dense forest, hot pixel counts
decreased with time (P < 0.01) and were lower in October than November. 1n comparison,
fire activity in the open forest region significantly decreased in August (P = 0.02) and then
increased substantially in September (P = 0.01), suggesting that the fire season peak shifted
to later in the dry season. The transitional forest also witnessed a strong decrease in August
(P =0.03) fire counts over time, but much less of an increase in September (P = 0.60). All
these results suggest that the peak of fire activity is shifting towards later months when is

drier, which may have major impact on fire extent, size, and effects.
Fire Effects on Canopy Cover

Forests that burned more often tended to have more open canopies as indicated by a

negative relationship between forest canopy cover (PV) and mean number of repeated fires
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(MRF; Figure 6). Although PV generally decreased with increased fire frequency, the
relationships were remarkably different among the forest types.

Forest canopy cover in the dense forest decreased markedly at the highest frequencies
reported (burned 4, 5, and > 6 times) (Figure 6). Despite the strong statistical relationship
between canopy cover and fire frequency in this forest type (P < 0.0001), satellite-based
measurements of forest canopy cover failed to differentiate impacts of old lower burn
frequencies (1-3 times burned) from the unburned forest canopy cover (Figure 6).

Fire frequency in open forest was weaker than in dense forest, but still inversely
significant related to canopy cover (P < 0.0001). Inthisforest type, the distribution of
canopy cover by number of repeated fires significantly declined only after the fourth burn,
with the effect on canopy cover being very evident for forests burned more than six times.
Transitional forest showed the largest effect of fire frequency on forest canopy cover.
Although the difference in forest canopy cover between unburned and once burned areas was

small for thisforest type, higher fire frequencies opened the canopy substantialy (Figure 6).
Forest Fire Regime, Climate and Deforestation

Total area burned, number of fire scars, and maximum size of fire scars were
positively inter-correlated and all inversely correlated with fire rotation time for the three
forest types (Spearman’s p < 0.05; Table 4). In dense forests, most fire regime metrics were
strongly responsive to ENSOs, when more area burned, forming more and larger fire scars
and more fire scars (Figure 7 a). For open and transitional forests, in contrast, linkages
between fire regime properties and extreme weather events were |ess apparent. For these two
forest types, more area burned (relative to the total standing forest), burn scars were larger,
and a greater number of individual fires scars were observed during non-ENSO or moderate
ENSO years (Figure 7 b, c), These patterns indicate that forest fires in open and transitional

forests were a so strongly influenced by deforestation rates, which were much higher than in
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dense forests. When we conducted our analysis using SPI data, (Figure 7 d, e, ), the results

were similar.

Discussion

Spatial-temporal analysis of forest fire regime metrics indicates that interactions
between extreme weather events and agricultural practices drove the recently observed
variability in Amazon forest fire regimes along the Eastern border of the region. Between
1983 and 2007, drought events triggered forest fires that were larger, more frequent, and that
spanned over awider range of dry-season months, probably causing increased fire-induced
tree mortality aswell (Brando et a. 2014). These changes in fire-regime properties were
more pronounced in forest areas where land use change caused forest fragmentation, and
where sources of fireignition were abundant along the *arc of deforestation’ in open canopy
and transitional forests. One of our most striking results was the temporal change in fire
regimes across different forest types of the Amazon. While the Amazon fire regime
intensified overall, this trend was mostly associated with the vulnerability of transitional and
open forests to fire, even during wetter-than-average years. In contrast, dense forests burned
mostly during extreme dry years (e.g., ENSOsin the 80s and 90s and an AMO in the 2000s;
(Marengo et al. 2013). These differencesin fire regime properties between open/transitional
and dense forests indicate that human activities have greater influence on the fire regimes of
transitional and open forest sites, which are being converted rapidly into agricultural fields
and pasture (Figure 7).

Contrary to the widely accepted notion that the fuel bed of Amazonian forestsistoo
humid to catch fire in non-drought years, large areas of transitional and open Amazonian
forests burned during the 2000s under average-weather conditions, and at arate that was
higher than in the earlier decades of analysis (Alencar et al. 2006). This pattern in eastern

Amazon forest fires likely results from a combination of factors: (i) increasing dry-season
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temperature and decreasing rainfall (Malhi et al. 2008); (ii) cumulative annual rainfall
reduction (Nepstad et al. 2004) promoted by climatic cycles besides ENSO such asAMO
(Chen et d. 2011); and (iii) increased forest fragmentation due to high rates of deforestation
(Broadbent et al. 2008) - deforestation rates were much higher in open forest than in
transitional and dense forests. The observed increases in burned area over time, even as
deforestation rates decreased, suggest that weather probably overwhelmed the expected
inhibitory effect of reduced fire ignition sources that often accompany deforestation.

I ncreasing Anthropogenic Amazon Fire Regimes

Our results show that spatial and temporal variability in fire-regime properties are
interconnected, with the temporal fire regime domains (e.g., frequency, interval, and
seasonality) influencing the spatial ones (e.g., area burned, size and number of individual
burn scars) (Falk et a. 2007). As precipitation decreases, for example, dry season length
typically increases (Fu et a. 2013), and the timing of anthropogenic ignitions for
deforestation and pasture and crop management shift to later in the season. Firesignited late
in the dry season of adry year are more likely to spread further into intact forest, whichis
itself more susceptible to fire at such times (Nepstad et al. 2004).

Across our study sites, ignition fires are occurring later in the dry season and with
greater variability in extremely dry years, most significantly in the open forest region. These
tendencies and shifts increase the potential for extensive forest fires, both in terms of total
area burned and the size of individual burns. Open forests, followed by transitional forests,
were most affected by changesin fire seasonality, and al so faced more area burned with fire
scars ten times larger on average than in dense forest. Morton et al.(2011) also reported larger
fires in southern Amazonia, dominated by transitional and open forest types, than in the
northeastern part of the region dominated by dense forest, but using a shorter time-series.
These differences between forest types may result from increases in ignition sources in open

and transitional forests related to large-scale deforestation, as well as from the enhanced
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natural vulnerability to fire of these forests as compared to dense forest, which is more humid
and climatologically less seasonal.

The extent, size, and number of fires are al correlated with one another, and with fire
intensity and frequency, because they all affect and are affected by fuel conditions. Asa
result, landscapes with fewer fires but large fire scars are expected to burn more intensely.
This study aso confirms the reported relationship between fire frequency and fire effects as
measured by changes in canopy cover (Cochrane and Schulze 1999, Barlow and Peres 2008),
but we also found that the effects of repeated firesin transitional forest are particularly severe
if compared to open and dense forests, which tend to respond to dramatic changes in canopy
cover mostly at higher fire frequencies.

The high fire recurrence rates observed in transitional and open forests are most likely
related to their proximity to ignition sources and are compatible with the patterns described
for the southern Amazon by Morton et al. (2013). While subsequent fires in open forest are
spatially associated with roads and settlements (78% of the consecutive fires happened within
10 km of a settlement), recurrent firesin transitional forests mostly occurred on the borders
of savannas that naturally experience high fire frequencies. The relationship between high
fire recurrence rates and proximity to roads, edges of forest clearings, and settlementsis
supported by the Fire Rotation time (FR) results, which increased from 7 yrs (reported in
Cochrane et al. (1999) for asmaller portion of the dense forest study site located along a
main road and within a settlement occupation) to 82 yrs for the entire dense forest site, which
also include remote areas. This indicates the sensitivity of this metric to the size and location
of the area studied and supports the hypothesis that high fire recurrence rates occur mostly on
edges of deforested areas.

The coupled effects of adrier future climate, with more ignition sourcesin
increasingly fragmented landscapes, can decrease the fire resistance of even dense evergreen

forest. Our results indicate that these changes are already underway, with changes in mgjor
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spatial and tempora domains of Amazonian fire regimes, even as strict government control
has recently reduced deforestation (Nepstad et a. 2014). If proactive fire policies are not
enacted to promote sustainable land uses that keep the rates of deforestation low and reduce
forest degradation and ignition sources (e.g. pasture and agriculture management fires),
emissions from forest fires will likely double or even triple due to more frequent and intense

burns.

Conclusions

We developed a 24-yr time series of forest fire scar maps from satellite-based
measurements to reveal changing fire regime properties in three distinct forest typesin the
eastern Amazon basin. Our study revealed that forest fires have already increased in response
to drought and increasing deforestation, forest fragmentation, and forest degradation. Forest
fires were also found to affect different proportions of each common forest type found
throughout the region, with transitional and open forests being most prone to larger and more
frequent burns even in relatively wet years.

The effects of climate change and other human-driven factors on forest fire susceptibility
varied among forest types. On one hand, dense forest is very sensitive to changesin climate,
although landscape changes such as fragmentation exacerbate this susceptibility. In contrast,
the fire regimes of transitional and open forests, although sensitive to changes in climate and
particularly drought, are more sensitive to increases in ignition sources and changes in forest
cover due to forest fragmentation. These naturally drier forests demonstrated to be less
resistant but perhaps moreresilient to fire, as demonstrated by larger areas burned, at higher
frequencies, and at shorter fire intervals.

Increasing forest fires cause large-scale forest degradation and enhances carbon emissions to
rates three or four times the annual deforestation emissions from some forest types (Alencar

et a. 2006). Our resultsinform predictions of the future of tropical forest landscapes
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subjected to climate change and anthropogenic fires. Policies that address fire reduction
through both deforestation reduction and modified |and management practices are now

needed in response to irreversible climate warming.
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600 Tablel. Principal characteristics of each of three forest types encountered in the eastern

601 Amazon basin.

Forest Type Average Average Dominant % of
Biomass annual Land Use Landscape
(tonha')  Rainfal (mm) Deforested
Dense 350 2,200 cattle ranching, 29
agricultural settlements
and selective logging
Open 250 1,700 large scale cattle 54
ranching and recent
history of settlement
occupation
Transitional 200 1,300 large scale cattle 50

ranching, mechanized
agriculture and recent
history of settlement

occupation

602

603
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604 Table2. Annual burned and deforested areas from 1983 to 2007 for three Eastern Amazon
605  study regions dominated by dense, open, and transitional forests (* Total forest area mapped
606 at the beginning of the time seriesin 1984 for open and transitional forest, and 1983 for dense
607  forest).
Total area Average
% of forest % of total
Total deforested annual % of total
Forest area loss area
Burned between deforestation  forest ares
(ha)* between  deforested
Area (ha) 1983-2007 (ha) burned
1983 -2007 that burned
(ha)
Dense 2,274,133 333,345 834,235 29,393 15% 37% 19%
Open 2,324,883 1,027,649 1,286,294 62,821 44% 55% 39%
Transitional 1,241,640 565,095 588,473 27,901 46% 47% 38%

608

609

610

611
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612

613

614

Table 3. Summary of spatial and temporal fire regime properties by forest type. Numbersin

parentheses represent the standard deviations of the average value.

Fireregime

properties

Dense

forest

Open

forest

Transitional

forest

Spatial fire
regime

characteristic

Mean annual burned

area- MBA (ha)

19,932 (5,931)

104,711 (20,444) 80,189 (17,013)

Min and Max
annual burned area

(ha)

92 - 117,656

3,171-326,964 4,421 - 312,777

Mean annud

number of fire scars

- MNFS

774 (225)

1,247 (133)

720 (126)

M ean annua
maximum fire size -

MMFS (ha)

1,311 (397)

12,850 (3,367)

13,804 (3,145)

Tempora fire
regime

characteristic

Mean number of
repeated burns -
MRF (number of

firesin 23 years)

1.4 (0.72)

2.3(1.8)

3.1(2.1)

Maximum annually
consecutivefire
recurrences-MFR

(years)

Fire Rotation -FR

(vears)

82

15

11

28




615 Table4. Spearman’s correlation between spatia fire regime properties and climate variables
616 (ENSO Class as determined by ONI and MEI indexes, and Standardized Precipitation

617 Index - SPI). Significant correlations are indicated in the table (* Spearman’s P < 0.05).

Area  Number of Max. %forest  Fire ENSO
burned firescars scarsize burn  rotation Class SPI
Areaburned 1.00
Number of firescars  0.95* 1.00
Max. scar size 0.94* 0.91* 1.00
% forest burn 0.92* 0.86* 0.87* 1.00
Firerotation -0.99* -0.95* -0.94* -0.92* 1.00
ENSO Class 0.43* 0.48* 0.47* 0.33 -0.45* 1.00
SPI -0.41 -0.40 -0.37 -0.31 0.42* -0.80* 1.00
Areaburned 1.00
Number of firescars  0.86* 1.00
Max. scar size 0.91* 0.83* 1.00
% forest burn 0.97* 0.88* 0.91* 1.00
Firerotation -0.98* -0.88* -0.90* -1.00* 1.00
ENSO Class 0.15 0.28 0.12 0.10 -0.10 1.00
SPI -0.21 -0.38 -0.17 -0.21 021 -0.77* 100
Areaburned 1.00
Number of firescars  0.72* 1.00
Max. scar size 0.91* 0.57* 1.00
% forest burn 0.97* 0.76* 0.89* 1.00
Firerotation -0.97* -0.75* -0.90* -0.99* 1.00
ENSO Class 0.42 0.36 0.35 0.35 -0.33 1.00
SPI -0.06 0.12 -0.17 -0.02 0.02 -0.30 1.00
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Figure Legends

Figure 1. Study site locations by forest type (a) Dense forest, (b) Open forest and ()
Transitional forest, showing the spatial distribution of the forest areas affected by fire and
color coded by number of repeated fires from 1983 to 2007.

Figure 2. Proportions of remaining forest areas burned by year in the Dense, Open and
Transitional forests. The thin line is the mean trend of burned areas over the years for dense
forest, the dotted line for open forest (R* =0.206; P = 0.03), and the thick line for transitional
forest.

Figure 3. Proportion of total area burned by fire scar size and forest type.

Figure 4. Proportion of the burned area affected by different burn frequencies by forest type.
Figure5. Trend of satellite hot-pixels for the two months of highest fire incidence and prior
to the raining season in (&) dense (October and November; P < 0.001 and P = 0.92), (b) open
(August and September; P=0.02 and P = 0.01) and (c) transitional forest regions (August
and September; P = 0.03 and P = 0.60).

Figure 6. Relationship between canopy cover as measured by sub-pixel fraction
photosynthetic vegetation material (PV) representing forest canopy cover and number of
repeated fires for Dense, Open and Transitional forests.

Figure 7. Relationship between the proportion of burned area, maximum size of burned area
and number of burn scars (circle size). The color scales represent the intensity of ENSO
(Dark and pae red — Strong and Moderate ENSO; Gray ~-Weak ENSO; Blue — No ENSO)
and of SPI values ranging from -3 (dark red) to 1.6 (blue), for (a) and (d) dense forest, (b) and

(e) open forest, and (c) and (d) transitional forest.
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Forest canopy cover
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