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Abstract  26 

 Changes in weather and land use are transforming the spatial and temporal 27 

characteristics of fire regimes in Amazonia, with important effects on the functioning of 28 

dense (i.e., closed canopy), open canopy, and transitional forests across the Basin. To 29 

quantify, document and describe the characteristics and recent changes in forest fire regimes, 30 

we sampled 6 million ha of these three representative forests of the eastern and southern 31 

edges of the Amazon using 24 years (1983-2007) of satellite-derived annual forest fire scar 32 

maps and 16 years of monthly hot pixel information (1992-2007). Our results reveal that 33 

changes in forest fire regime properties differentially affected these three forest types in terms 34 

of area burned and fire scar size, frequency and seasonality.  During the study period, forest 35 

fires burned 15% (0.3 million ha), 44% (1 million ha) and 46% (0.6 million ha) of dense, 36 

open, and transitional forests, respectively.  Total forest area burned and fire scar size tended 37 

to increase over time (even in years of average rainfall in open canopy and transitional 38 

forests). In dense forests, most of the temporal variability in fire regime properties was linked 39 

to ENSO-related droughts.  Compared with dense forests, transitional and open forests 40 

experienced fires twice as frequently, with at least 20% of these forests’ areas burning two or 41 

more times during the 24-year study period. Open and transitional forests also experienced 42 

higher deforestation rates than dense forests.  During drier years, the end of the dry season 43 

was delayed by about a month, which resulted in larger burn scars and increases in overall 44 

area burned later in the season. These observations suggest that climate-mediated forest 45 

flammability is enhanced by landscape fragmentation caused by deforestation, as observed 46 

for open and transitional forests in the Eastern portion of the Amazon Basin.  47 

 48 
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Introduction 52 

Pre-Columbian fire return intervals in Amazonian forests reportedly ranged from 400 53 

to 1,000 years (Thonicke et al. 2001) and occurred mostly during rare droughts caused by 54 

Mega El Nino Southern Oscillation - ENSO (Sanford et al. 1985, Meggers 1994, Bush et al. 55 

2008). In contrast, forest fires in Amazonia are now common due to fundamental changes in 56 

the region’s weather and landscape (Alencar et al. 2004, Cochrane and Laurance 2008, 57 

Morton et al. 2013). During recent decades, for example, both ENSO and Atlantic Multi-58 

Decadal Oscillation (AMO) events caused widespread droughts (Yoon and Zeng 2010, Chen 59 

et al. 2011, Marengo et al. 2011), while people cleared, fragmented, and degraded large tracts 60 

(Asner et al. 2005a, Fearnside 2005, Broadbent et al. 2008, Souza et al. 2013). Together, 61 

these droughts and human-related activities were associated with large forest fires (Alencar et 62 

al. 2006, Morton et al. 2013). Understanding past and current variability in Amazonian fire 63 

regimes in different forest types is central to predicting future fire frequencies, burn areas, 64 

intensities, seasonality, and severity. If climate change and increased forest degradation 65 

continue, fires may burn more frequently and expand to larger areas, perhaps including 66 

landscapes that otherwise are fire resistant.  67 

Deforestation influences Amazonian fire regimes because it results in increased sources 68 

of ignition, increased forest edge lengths, and alterations of regional climates (Cochrane and 69 

Laurance 2002, Aragão et al. 2008, Da Silva et al. 2008). It is therefore no surprise that 70 

~85,000 km2 of primary forest burned along the ‘Arc of Deforestation’ during the 2000s 71 

(2000 – 2009), while a much larger area became flammable (Nepstad et al. 2004, Lewis et al. 72 

2011). Given this logical interpretation of the events, it is surprising that forest fire activity 73 

continued to increase in the years after 2005 as deforestation rates decreased (Aragão and 74 

Shimabukuro 2010, Alencar et al. 2011).  Researchers attributed high fire activity in 2005, 75 

2007, and 2010 to dry and warm climatic conditions (Aragão et al. 2007, Zeng et al. 2008, 76 
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Chen et al. 2011, Marengo et al. 2013), but the underlying mechanisms driving this process 77 

remain unclear. There is still a gap in understanding recent spatial and temporal changes in 78 

Amazonian forest fire regime properties, as well as how these properties have changed over 79 

time and among forest types.  80 

One of the challenges in tropical fire ecology is in quantifying changes in fire regime 81 

properties based on an integrated set of metrics that are spatially-explicit and that cover long 82 

time-periods. Amazonian forest fire detection and quantification usually relies on coarse 83 

products that cannot properly map small forest fires (Morton et al. 2011).  Moreover, these 84 

time series studies mostly began only in the early 2000s, which makes it difficult to identify 85 

trends in fire activity and to integrate changes in fire regimes with weather and land cover 86 

change (Morton et al. 2013).  Integrated assessments of fire activity that are based on several 87 

fire metrics are also rare, and most studies tend to combine different Amazonian forest types 88 

with substantially different flammability (Alencar et al. 2006, Alencar et al. 2011, Morton et 89 

al. 2013).  90 

We analyze a suite of critically important fire regime properties in Amazonia (i.e., fire 91 

extent, patch size, frequency, and seasonality) and the effects of some of these properties on 92 

the canopy cover of dense (i.e., closed canopy), open canopy, and transitional forests.  We 93 

assess how changes in the fire regime vary among these three common forest types, and 94 

consider how they have evolved over a 24-yr time period (1983 to 2007). We use three forest 95 

type regions delimited by NASA Landsat satellite scenes to derive high-resolution burn scar 96 

maps (Alencar et al. 2011).  We also assess changes in fire seasonality based on measures of 97 

monthly hot pixel detections of ignition sources for forest fires for a 16-yr time series (1992 - 98 

2007) with Advanced Very High Resolution Radiometer (AVHRR) data on board of NOAA 99 

Satellite for the same forest regions.  These elements of the fire regime provide information 100 

that can be used to estimate probabilities of forest fires and may help to predict the future of 101 
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Amazonian forest fires in response to deforestation, forest degradation, and increasingly 102 

frequent, prolonged, and intense droughts. 103 

 104 

Materials and Methods 105 

 Study regions 106 

Our study focuses on a corridor of deforestation in dense (i.e., closed canopy), open 107 

canopy, and transitional forests in eastern Amazon (Figure 1). These three vegetation types 108 

differ in structure and composition (RADAMBRASIL 1981).  While dense forest has 109 

abundant trees 25-35 m tall, open canopy forest has only scattered emergent trees of about 110 

the same height.  Transitional forest is shorter (15-25 m) than open forest, but has a more 111 

homogeneous closed canopy.  The average aboveground biomass of these three vegetation 112 

types are 350, 250, and 200 Mg ha-1 for dense, open, and transitional forests, respectively 113 

(Baccini et al. 2012).  114 

The dense, open, and transitional forests are represented by regions of 180x180 km 115 

delimited by the Landsat scenes path and row 223/62, 224/66 and 224/68 respectively, 116 

located along a precipitation gradient but experiencing similar influences of dry-air inputs 117 

during the dry season (Davidson et al. 2012). While the dense forest region receives an 118 

average annual rainfall of 2,200 mm, the open and transitional forests receive only 1,700 mm 119 

and 1,300 mm, respectively.  The dry season (rainfall < 100 mm/month) in the whole region 120 

runs from June to November but peaks in September-October in the dense forest, and 121 

August-September in the open and transitional forest regions (Villar et al. 2009).  Soils under 122 

these forest types are predominantly yellow latosols in dense forest, spodozols in open forest, 123 

and a mixture of red-yellow latosols and spodozols in the transitional forest 124 

(RADAMBRASIL 1981). 125 
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The study forest regions have experienced extensive deforestation and land use change, 126 

mainly for cattle ranching, with slash-and-burn agriculture near the settlements (Fearnside 127 

2005, Pacheco 2009, Bowman et al. 2012).  Logging is still a major economic activity, 128 

particularly in the dense forests (Asner et al. 2005a, Merry et al. 2009), with fewer species 129 

being harvested from the open and transitional forests (Lentini et al. 2005).  Large-scale 130 

mechanized farming of soybeans, rice and corn are underway in the region, mainly in what 131 

was transitional forest (Macedo et al. 2012).  Collectively these processes have resulted in 132 

landscape mosaics in which 71%, 45% and 50% of the original dense, open canopy, and 133 

transitional forests, respectively, remain standing (Table 1). 134 

 Mapping forest fires and fire ignition sources 135 

To map annual forest fires in the three forest regions, we used 72 multispectral mid-136 

resolution satellite images from Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhanced 137 

Thematic Mapper Plus (ETM+). These covered a time series from 1983 to 2007 mapped on 138 

images from 1984 to 2008. Only images from early dry season (May to July) were used, so as 139 

to avoid double counting of fires in the same year or misrepresenting the year that a fire 140 

actually occurred, always accounting for fires that occurred in the previous calendar year.  141 

Once the images were radiometrically calibrated, converted to reflectance, co-registered, and 142 

geo-rectified (description in (Asner et al. 2005b)), we classified them into burned or non-143 

burned based on the CLAS-BURN spectral unmixing routine and the Burn Scar Index 144 

algorithm. CLAS-Burn was developed to map only fire scars that burned within the previous 145 

12 months, while the unburned class includes never-burned forest plus burned sites that have 146 

been recovering for at least two years since the last burn. This routine and algorithm 147 

(described in the detail in Alencar et al. (2011) accurately classified 89%, 79%, and 88% of 148 

the landscape burn scars from 2006 and 2007 that were visited in the field in the  dense, open, 149 

and transitional forest study regions, respectively.  CLAS-BURN was also used to generate 150 
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the photosynthetic vegetation fraction (PV), for analysis of fire effects on canopy cover 151 

(Asner et al. 2005b). These images were also used to map annual changes in forest cover due 152 

to deforestation (Alencar et al. 2011). 153 

To calculate the fire seasonality, we used a monthly hot pixel database derived from the 154 

NOAA 11, 12, and 15 satellites. This database includes 16 years (1992-2007) of monthly dry 155 

season fire counts (June to November) for the three study regions.  These data are part of the 156 

national fire database available on the Brazilian National Space Agency (INPE) webpage 157 

(http://www.dpi.inpe.br/proarco/bdqueimadas/).  Together, the two types of remote sensing 158 

derived datasets were used to calculate fire extent, frequency, return interval, and effects on 159 

canopy cover, as well as to evaluate changes in fire seasonality. 160 

 Fire Sizes and Overall Extent 161 

The forest area burned from 1983 to 2007 was calculated using annual burn scar maps 162 

derived from CLAS-BURN for the three forest regions.   To do so, we first excluded from 163 

our analysis savanna and other types of non-forest vegetation. Next, the number and the sizes 164 

of individual fire scar polygons per year, were used to generate annual burn data.  Descriptive 165 

statistics and analysis of variance were calculated for the individual fire scars to assess the 166 

main differences between the three forest types and the temporal changes within each region. 167 

 Fire Frequencies and Fire Return Interval 168 

For each of the three study regions, all annual burn scar maps were stacked into a 169 

single frequency map, providing a probability distribution of burn scar size classes.  The 170 

mean number of repeated fires (MRF) for dense, open, and transitional forest were also 171 

calculated from the relationship between the total area burned at least once during the 24 yrs 172 

of annual observations, without recounting multiple burns of the same site, and the sum of the 173 

annual total area burned during that same period, including all reburns.  The fire return 174 

interval was also retrieved for each burned pixel in the time-series for each region to create a 175 

http://www.dpi.inpe.br/proarco/bdqueimadas
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distribution of the area burned assembled by the time since last fire.  We used the fire interval 176 

data to calculate the maximum number of years in which a given area burned (Maximum Fire 177 

Recurrence – MFR). Fire rotation time (FR) was also calculated, which expresses the time 178 

necessary for the study areas to burn entirely based on the average annual burned area, 179 

assuming that some areas will not burn while others may burn multiple times (Cochrane et al. 180 

1999).   181 

 Fire Seasonality 182 

We assessed fire seasonality for the three study regions with a monthly hot pixel time 183 

series derived from NOAA 11, 12, and 15.  Due to lack of high resolution multispectral 184 

images without clouds needed to map monthly forest burn scars, we used hot pixels as a 185 

proxy for forest fire seasonality; this use of hot pixels seems justified insofar as they 186 

represent the actual time when fire ignition from burned pastures and swidden agriculture 187 

occur, which are the main sources of Amazon forest fires (Schroeder et al. 2005).  Two 188 

measurements of seasonality were extracted from this dataset, one that describes the average 189 

peak of fire activity over the 16-year period of monitoring (1992-2007) and the other that 190 

reveals time shifts in that peak. 191 

 Repeated Fire Effects on Canopy Cover 192 

We evaluated fire effects as a proxy for accumulated fire severity by taking into 193 

account the impacts of different number of repeated burns on forest canopy cover, as 194 

retrieved from satellite-based estimates.  The “fraction of forest canopy cover” metric of 195 

Asner et al. (2004, 2005b) derived from the fraction of Photosynthetic Vegetation (PV) 196 

existing in a pixel, was used to quantify the impacts on canopy openness after different 197 

intensities of selective logging.  These satellite estimates of forest canopy cover have a strong 198 

inverse relationship with canopy gap fraction measured in the field (Asner et al. 2004).  The 199 

satellite-derived measurements were generated from a sub-pixel fraction algorithm called 200 
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Carnegie Landsat Analysis System (CLAS) that decomposes a pixel into fractions of 201 

photosynthetic vegetation or forest canopy cover (PV), non-photosynthetic vegetation (NPV), 202 

and soil (Asner et al. 2004).  The Asner et al. (2005) approach was used to derive satellite-203 

based forest canopy cover from the PV fraction retrieved from CLAS-BURN spectral mixing 204 

analysis, where the soil fraction was replaced by the shade-burn fraction (Alencar et al. 205 

2011). Shade-burn fraction increases in forest canopy pixels recently affected by understory 206 

fires due to the heterogeneity of materials found in a recently burned forest (i.e. ashes, 207 

charcoal, increase dead wood material).  208 

The impacts of different fire frequencies on forest canopy cover were measured for the 209 

three forest types.  Measurements of satellite-based forest canopy cover (PV) were extracted 210 

for seven levels of fire repetition (burned from 0 to 6 times) using a random sampling routine 211 

and the 2008 images for all study regions (350 samples for each fire frequency).  The samples 212 

located in areas burned in 2007 were excluded to avoid the strong signal of recent burned 213 

materials such as charcoal and ash (Alencar et al. 2011).  These measurements generated a 214 

probability distribution of fire effects that varied with number of reburns for each forest type. 215 

 Climate Data and Fire Regime Metrics 216 

 To evaluate some of the effects of weather variability on fire regimes, we used the 217 

Standardized Precipitation Index (SPI) and El Niño Southern Oscillation ENSO indexes. SPI, 218 

which is based on monthly precipitation data, indicates dry and wet conditions (McKee et al. 219 

1993). This index represents a standardized probability density function of precipitation 220 

following a normal distribution. Zero standard deviation indicates median precipitation 221 

condition, while extreme negative and positive standard deviations indicate drought and wet 222 

conditions respectively. SPI data from the analysis period were compiled from Adler et al. 223 

(2003). We also used a consensus combination of Oceanic Nino Index (ONI), Multivariate 224 

ENSO Index (MEI) to categorize the years of Strong, Moderate and Weak El Nino and La 225 
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Nina (http://ggweather.com/enso/years.htm). We related these climatic variables to the 226 

annual fire metrics area burned, burn scar size, and number of fire scars. 227 

 228 

Results 229 

 Fire Extent 230 

From 1983-2007, fires burned large portions of eastern Amazonian forests, but the 231 

extent varied with forest type and year.  Dense forest was the least affected by fire, burning 232 

three-times less than open and transitional forests.  Forest fires burned 0.33 billion ha of 233 

dense forest compared to 1 billion ha of open, and 0.56 billion ha of transitional forests that 234 

represent, respectively, 15%, 44%, and 46% of the standing forests of each type in these 235 

study regions (Table 2).  236 

During the 24 yr observation period, 29% of dense, 54% of open, and 50% of 237 

transitional forests were lost to deforestation (Table 1); 19%, 39%, and 38% of the deforested 238 

area in these three forest types, respectively, were burned one or more years prior to clearing 239 

(Table 2).  However, the proportions of the burned areas that were subsequently deforested in 240 

these three study regions (6% dense, 21% open, and 19% transitional) did not explain 241 

deforestation in all the years studied (Fisher’s exact tests, P = 0.63, 0.45 and 0.7).  242 

The area affected by forest fires varied substantially among years.  The annual 243 

distribution of area burned indicates a tendency towards increased forest area affected by fire 244 

over the last 10 years of observation (1997-2007) in all the regions (Figure 2), but this trend 245 

was significant only for open forest (P = 0.03). Although less dense forest burned than open 246 

or transitional forest, it was the forest type with greatest inter-annual variation in area burned.  247 

While there were 70- and 100-fold differences between the minimum and maximum area 248 

burned annually for transitional and open forest, respectively, the ratio was 1200 for dense 249 

forest (Table 3). The mean annual burned areas (MBA) were 19,900 ha, 104,700 ha, and 250 

http://ggweather.com/enso/years.htm
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80,000 ha for dense, open, and transitional forests, respectively (Table 3).  For the dense 251 

forest, the average annual burned area was 35% less than the annual deforestation rate, 252 

whereas the average forest area burned in open and transitional forests were, respectively, 253 

70% and 180% greater than the annual area deforested (Tables 2 and 3).  254 

 Fire Size and Number 255 

The size and number of individual fires varied substantially among years in the three 256 

forest types. In general, the number of fire scars, as well as the size of individual fire scars, 257 

varied more in the dense forest than in the other forest types (Table 3).  While the mean 258 

number of fire scars (MNFS) was in absolute numbers similar in dense and transitional forest 259 

(774 and 720 individual fire scars on average), when normalized by the total forest area, the 260 

number of individual fire scars was about the same in transitional and open forests and these 261 

two forest types had ~60% more than the annual number of fire scars found in dense forest. 262 

The mean maximum fire size (MMFS) - the average size of the largest fire scar in each year - 263 

was 1,311 ha in dense forest, which is about 10 times smaller than the maximum fire sizes in 264 

the other forest types (Table 3). 265 

Despite between year variability, about 80-90% of the annual fire scars were <100 ha.  266 

Although the majority of fire scars were small in all three regions, fire scar size classes 267 

occupied different proportions of the burned landscape in each region (Figure 3).  Large fires 268 

(> 1000 ha) accounted for a larger percentage of total burned area in transitional and open 269 

forests than in dense forests (Figure 3). In contrast, small fires (< 100 ha) accounted for larger 270 

proportion of dense forests burn area than in other forest types.  Medium size fires (100 – 271 

1000 ha) also affected a large area of dense forest but, burned approximately the same 272 

proportions of transitional and open forest (Figure 3).  273 
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 Fire Frequency and Burn Intervals 274 

Most of the burned forests did not experience repeated fires at the same site during the 275 

24-year observation period. When the total burned area was classified by number of repeated 276 

fires, the proportion of this total burned area decreased as fire frequency increased. Although 277 

this pattern was consistent among the three forest types, reburning was less common in dense 278 

forest (Figure 4).  For example, the proportion of total burned area that was burned only once 279 

was 72% in dense forest, but only 45% and 30% in open and transitional forests, respectively.   280 

Two burns within the 24-year period comprised the second most common class and occupied 281 

similar proportions of the total burned area of all forest types (20%, 24%, and 22% in dense, 282 

open, and transitional forests, respectively).  Most areas that experienced many repeated fires 283 

are along major roads or near human settlements and fire-prone vegetation types (e.g., 284 

savanna; Figure 1).  These results indicate that dense forest was least likely to burn 285 

repeatedly, whereas transitional forest burned with much higher frequencies, up to 12 times 286 

over the 24-year observation period (0.5% of the total area burned).  The maximum number 287 

of consecutive years during which a given area burned was three for dense, nine for open, 288 

and six for transitional forest (Table 3). Although these annual recurrences are high for open 289 

and transitional forests, they represented less than 0.5% of the total area burned. These 290 

frequency distributions expressed as mean number of repeated fires (MRF) was found to be 291 

1.4 times for dense, 2.3 times for open, and 3.1 times for transitional forests during the period 292 

of analysis (Table 3), with fire rotation times of 82 yr, 15 yr, and 11 yr for dense, open and 293 

transitional forests, respectively, in a scenario of no deforestation (Table 3).  294 

 Fire Seasonality 295 

The sum of the total fire season hot pixel counts for each year was positively correlated 296 

with the total annual area deforested (R2 = 0.25; P < 0.0001). That correlation strengthened 297 

when the annual burned forest area was added (R2 = 0.35; P < 0.0001).  This suggests that hot 298 
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pixels detect fire not only in open deforested areas, but also in standing forests. In addition, 299 

monthly hot pixel counts decreased with increasing monthly rainfall in the three forest types, 300 

but only significantly so in the dense forest region (R2 = 0.29; P = 0.04).  Hot pixel counts 301 

were much higher in the open forest region than in the area of dense or transitional forests 302 

(Figure 5). In addition, fire seasonality, as measured by these ignition source peaks, differed 303 

among the three forest types.  This peak usually precedes the rainy season and therefore tends 304 

to be influenced by dry season duration.  Based on the fire peak assumption, dense forest had 305 

October and November as the months with highest hot pixel counts from 1992 to 2007 306 

compared to August and September peaks in the more southern locations of open and 307 

transitional forests, preceding the rainy season starting in December in the dense forest region 308 

and October in the other forest regions (Villar et al. 2009).  309 

 Historical analysis of changes in the percentage of total annual hot pixel counts for the 310 

two months with highest fire activity demonstrated slight shifts in the fire season from one 311 

month to the other for the three forest types (Figure 5).  In dense forest, hot pixel counts 312 

decreased with time (P < 0.01) and were lower in October than November.  In comparison, 313 

fire activity in the open forest region significantly decreased in August (P = 0.02) and then 314 

increased substantially in September (P = 0.01), suggesting that the fire season peak shifted 315 

to later in the dry season.  The transitional forest also witnessed a strong decrease in August  316 

(P = 0.03) fire counts over time, but much less of an increase in September (P = 0.60). All 317 

these results suggest that the peak of fire activity is shifting towards later months when is 318 

drier, which may have major impact on fire extent, size, and effects. 319 

 Fire Effects on Canopy Cover 320 

Forests that burned more often tended to have more open canopies as indicated by a 321 

negative relationship between forest canopy cover (PV) and mean number of repeated fires 322 
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(MRF; Figure 6).  Although PV generally decreased with increased fire frequency, the 323 

relationships were remarkably different among the forest types.  324 

Forest canopy cover in the dense forest decreased markedly at the highest frequencies 325 

reported (burned 4, 5, and > 6 times) (Figure 6).  Despite the strong statistical relationship 326 

between canopy cover and fire frequency in this forest type (P < 0.0001), satellite-based 327 

measurements of forest canopy cover failed to differentiate impacts of old lower burn 328 

frequencies (1-3 times burned) from the unburned forest canopy cover (Figure 6).  329 

Fire frequency in open forest was weaker than in dense forest, but still inversely 330 

significant related to canopy cover (P < 0.0001).  In this forest type, the distribution of 331 

canopy cover by number of repeated fires significantly declined only after the fourth burn, 332 

with the effect on canopy cover being very evident for forests burned more than six times.  333 

Transitional forest showed the largest effect of fire frequency on forest canopy cover.  334 

Although the difference in forest canopy cover between unburned and once burned areas was 335 

small for this forest type, higher fire frequencies opened the canopy substantially (Figure 6).  336 

 Forest Fire Regime, Climate and Deforestation 337 

 Total area burned, number of fire scars, and maximum size of fire scars were 338 

positively inter-correlated and all inversely correlated with fire rotation time for the three 339 

forest types (Spearman’s p < 0.05; Table 4). In dense forests, most fire regime metrics were 340 

strongly responsive to ENSOs, when more area burned, forming more and larger fire scars 341 

and more fire scars (Figure 7 a). For open and transitional forests, in contrast, linkages 342 

between fire regime properties and extreme weather events were less apparent. For these two 343 

forest types, more area burned (relative to the total standing forest), burn scars were larger, 344 

and a greater number of individual fires scars were observed during non-ENSO or moderate 345 

ENSO years  (Figure 7 b, c), These patterns indicate that forest fires in open and transitional 346 

forests were also strongly influenced by deforestation rates, which were much higher than in 347 
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dense forests. When we conducted our analysis using SPI data, (Figure 7 d, e, f), the results 348 

were similar.    349 

Discussion 350 

 Spatial-temporal analysis of forest fire regime metrics indicates that interactions 351 

between extreme weather events and agricultural practices drove the recently observed 352 

variability in Amazon forest fire regimes along the Eastern border of the region. Between 353 

1983 and 2007, drought events triggered forest fires that were larger, more frequent, and that 354 

spanned over a wider range of dry-season months, probably causing increased fire-induced 355 

tree mortality as well (Brando et al. 2014). These changes in fire-regime properties were 356 

more pronounced in forest areas where land use change caused forest fragmentation, and 357 

where sources of fire ignition were abundant along the ‘arc of deforestation’ in open canopy 358 

and transitional forests.  One of our most striking results was the temporal change in fire 359 

regimes across different forest types of the Amazon.  While the Amazon fire regime 360 

intensified overall, this trend was mostly associated with the vulnerability of transitional and 361 

open forests to fire, even during wetter-than-average years. In contrast, dense forests burned 362 

mostly during extreme dry years (e.g., ENSOs in the 80s and 90s and an AMO in the 2000s; 363 

(Marengo et al. 2013). These differences in fire regime properties between open/transitional 364 

and dense forests indicate that human activities have greater influence on the fire regimes of 365 

transitional and open forest sites, which are being converted rapidly into agricultural fields 366 

and pasture (Figure 7). 367 

 Contrary to the widely accepted notion that the fuel bed of Amazonian forests is too 368 

humid to catch fire in non-drought years, large areas of transitional and open Amazonian 369 

forests burned during the 2000s under average-weather conditions, and at a rate that was 370 

higher than in the earlier decades of analysis (Alencar et al. 2006).  This pattern in eastern 371 

Amazon forest fires likely results from a combination of factors: (i) increasing dry-season 372 
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temperature and decreasing rainfall (Malhi et al. 2008); (ii) cumulative annual rainfall 373 

reduction (Nepstad et al. 2004) promoted by climatic cycles besides ENSO such as AMO 374 

(Chen et al. 2011); and (iii) increased forest fragmentation due to high rates of deforestation 375 

(Broadbent et al. 2008) - deforestation rates were much higher in open forest than in 376 

transitional and dense forests.  The observed increases in burned area over time, even as 377 

deforestation rates decreased, suggest that weather probably overwhelmed the expected 378 

inhibitory effect of reduced fire ignition sources that often accompany deforestation.   379 

        Increasing Anthropogenic Amazon Fire Regimes 380 

 Our results show that spatial and temporal variability in fire-regime properties are 381 

interconnected, with the temporal fire regime domains (e.g., frequency, interval, and 382 

seasonality) influencing the spatial ones (e.g., area burned, size and number of individual 383 

burn scars) (Falk et al. 2007). As precipitation decreases, for example, dry season length 384 

typically increases (Fu et al. 2013), and the timing of anthropogenic ignitions for 385 

deforestation and pasture and crop management shift to later in the season.  Fires ignited late 386 

in the dry season of a dry year are more likely to spread further into intact forest, which is 387 

itself more susceptible to fire at such times (Nepstad et al. 2004).  388 

 Across our study sites, ignition fires are occurring later in the dry season and with 389 

greater variability in extremely dry years, most significantly in the open forest region. These 390 

tendencies and shifts increase the potential for extensive forest fires, both in terms of total 391 

area burned and the size of individual burns.  Open forests, followed by transitional forests, 392 

were most affected by changes in fire seasonality, and also faced more area burned with fire 393 

scars ten times larger on average than in dense forest. Morton et al.(2011) also reported larger 394 

fires in southern Amazonia, dominated by transitional and open forest types, than in the 395 

northeastern part of the region dominated by dense forest, but using a shorter time-series. 396 

These differences between forest types may result from increases in ignition sources in open 397 

and transitional forests related to large-scale deforestation, as well as from the enhanced 398 
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natural vulnerability to fire of these forests as compared to dense forest, which is more humid 399 

and climatologically less seasonal.  400 

 The extent, size, and number of fires are all correlated with one another, and with fire 401 

intensity and frequency, because they all affect and are affected by fuel conditions.  As a 402 

result, landscapes with fewer fires but large fire scars are expected to burn more intensely.  403 

This study also confirms the reported relationship between fire frequency and fire effects as 404 

measured by changes in canopy cover (Cochrane and Schulze 1999, Barlow and Peres 2008), 405 

but we also found that the effects of repeated fires in transitional forest are particularly severe 406 

if compared to open and dense forests, which tend to respond to dramatic changes in canopy 407 

cover mostly at higher fire frequencies.  408 

 The high fire recurrence rates observed in transitional and open forests are most likely 409 

related to their proximity to ignition sources and are compatible with the patterns described 410 

for the southern Amazon by Morton et al. (2013). While subsequent fires in open forest are 411 

spatially associated with roads and settlements (78% of the consecutive fires happened within 412 

10 km of a settlement), recurrent fires in transitional forests mostly occurred on the borders 413 

of savannas that naturally experience high fire frequencies.  The relationship between high 414 

fire recurrence rates and proximity to roads, edges of forest clearings, and settlements is 415 

supported by the Fire Rotation time (FR) results, which increased from 7 yrs (reported in 416 

Cochrane et al. (1999) for a smaller portion of the dense forest study site located along a 417 

main road and within a settlement occupation) to 82 yrs for the entire dense forest site, which 418 

also include remote areas. This indicates the sensitivity of this metric to the size and location 419 

of the area studied and supports the hypothesis that high fire recurrence rates occur mostly on 420 

edges of deforested areas.   421 

 The coupled effects of a drier future climate, with more ignition sources in 422 

increasingly fragmented landscapes, can decrease the fire resistance of even dense evergreen 423 

forest.  Our results indicate that these changes are already underway, with changes in major 424 
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spatial and temporal domains of Amazonian fire regimes, even as strict government control 425 

has recently reduced deforestation (Nepstad et al. 2014).  If proactive fire policies are not 426 

enacted to promote sustainable land uses that keep the rates of deforestation low and reduce 427 

forest degradation and ignition sources (e.g. pasture and agriculture management fires), 428 

emissions from forest fires will likely double or even triple due to more frequent and intense 429 

burns. 430 

 431 

Conclusions 432 

 We developed a 24-yr time series of forest fire scar maps from satellite-based 433 

measurements to reveal changing fire regime properties in three distinct forest types in the 434 

eastern Amazon basin. Our study revealed that forest fires have already increased in response 435 

to drought and increasing deforestation, forest fragmentation, and forest degradation.  Forest 436 

fires were also found to affect different proportions of each common forest type found 437 

throughout the region, with transitional and open forests being most prone to larger and more 438 

frequent burns even in relatively wet years. 439 

The effects of climate change and other human-driven factors on forest fire susceptibility 440 

varied among forest types.  On one hand, dense forest is very sensitive to changes in climate, 441 

although landscape changes such as fragmentation exacerbate this susceptibility.  In contrast, 442 

the fire regimes of transitional and open forests, although sensitive to changes in climate and 443 

particularly drought, are more sensitive to increases in ignition sources and changes in forest 444 

cover due to forest fragmentation. These naturally drier forests demonstrated to be less 445 

resistant but perhaps more resilient to fire, as demonstrated by larger areas burned, at higher 446 

frequencies, and at shorter fire intervals. 447 

Increasing forest fires cause large-scale forest degradation and enhances carbon emissions to 448 

rates three or four times the annual deforestation emissions from some forest types (Alencar 449 

et al. 2006).  Our results inform predictions of the future of tropical forest landscapes 450 
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subjected to climate change and anthropogenic fires. Policies that address fire reduction 451 

through both deforestation reduction and modified land management practices are now 452 

needed in response to irreversible climate warming. 453 
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Table 1. Principal characteristics of each of three forest types encountered in the eastern 600 

Amazon basin. 601 

Forest Type Average 

Biomass 

(ton ha-1) 

Average 

annual 

Rainfall (mm) 

Dominant 

Land Use 

% of 

Landscape 

Deforested 

Dense 350 2,200 cattle ranching, 

agricultural settlements 

and selective logging 

29 

Open 250 1,700 large scale cattle 

ranching and recent 

history of  settlement 

occupation 

54 

Transitional 200 1,300 large scale cattle 

ranching, mechanized 

agriculture and recent 

history of settlement 

occupation 

50 

 602 

  603 
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Table 2.  Annual burned and deforested areas from 1983 to 2007 for three Eastern Amazon 604 

study regions dominated by dense, open, and transitional forests (* Total forest area mapped 605 

at the beginning of the time series in 1984 for open and transitional forest, and 1983 for dense 606 

forest). 607 

 608 

 609 

 610 

  611 

Forest area 

(ha)* 

Total 

Burned 

Area (ha) 

Total area 

deforested 

between 

1983-2007  

(ha) 

Average 

annual 

deforestation 

(ha) 

% of total 

forest area

burned 

% of forest 

loss 

between 

1983 -2007

% of total 

area 

deforested 

that burned

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% 
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Table 3.  Summary of spatial and temporal fire regime properties by forest type. Numbers in 612 

parentheses represent the standard deviations of the average value. 613 

   Fire regime 

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 annual 

number of fire scars 

- MNFS  

774 (225) 1,247 (133) 720 (126) 

Mean annual 

maximum fire size - 

MMFS (ha)  

1,311 (397) 12,850 (3,367) 13,804 (3,145) 

Temporal fire 

regime 

characteristic 

Mean number of 

repeated burns - 

MRF (number of 

fires in 23 years)  

1.4 (0.72) 2.3 (1.8) 3.1 (2.1) 

Maximum annually 

consecutive fire 

recurrences -MFR 

(years)  

3 9 6 

Fire Rotation -FR 

(years)  
82 15 11 

 614 
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Table 4. Spearman’s correlation between spatial fire regime properties and climate variables 615 

(ENSO Class as determined by ONI and MEI indexes, and Standardized Precipitation 616 

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

Area 

burned 

Number of 

fire scars 

Max. 

scar size 

%forest 

burn 

Fire 

rotation 

ENSO 

Class SPI 

Area burned 1.00 

Number of fire scars 0.95* 1.00 

Max. scar size 0.94* 0.91* 1.00 

% forest burn 0.92* 0.86* 0.87* 1.00 

Fire rotation -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 

Area burned 1.00 

Number of fire scars 0.86* 1.00 

Max. scar size 0.91* 0.83* 1.00 

% forest burn 0.97* 0.88* 0.91* 1.00 

Fire rotation -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 0.21 -0.77* 1.00 

Area burned 1.00 

Number of fire scars 0.72* 1.00 

Max. scar size 0.91* 0.57* 1.00 

% forest burn 0.97* 0.76* 0.89* 1.00 

Fire rotation -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 618 

Figure 1.  Study site locations by forest type (a) Dense forest, (b) Open forest and (c) 619 

Transitional forest, showing the spatial distribution of the forest areas affected by fire and 620 

color coded by number of repeated fires from 1983 to 2007.   621 

Figure 2. Proportions of remaining forest areas burned by year in the Dense, Open and 622 

Transitional forests. The thin line is the mean trend of burned areas over the years for dense 623 

forest, the dotted line for open forest (R2 =0.206; P = 0.03), and the thick line for transitional 624 

forest.  625 

Figure 3.  Proportion of total area burned by fire scar size and forest type.  626 

Figure 4.  Proportion of the burned area affected by different burn frequencies by forest type.  627 

Figure 5.  Trend of satellite hot-pixels for the two months of highest fire incidence and prior 628 

to the raining season in (a) dense (October and November; P < 0.001 and P = 0.92), (b) open 629 

(August and September; P = 0.02 and P = 0.01) and (c) transitional forest regions (August 630 

and September; P = 0.03 and P = 0.60).   631 

Figure 6. Relationship between canopy cover as measured by sub-pixel fraction 632 

photosynthetic vegetation material (PV) representing forest canopy cover and number of 633 

repeated fires for Dense, Open and Transitional forests. 634 

Figure 7.  Relationship between the proportion of burned area, maximum size of burned area 635 

and number of burn scars (circle size). The color scales represent the intensity of ENSO 636 

(Dark and pale red – Strong and Moderate ENSO; Gray –Weak ENSO; Blue – No ENSO) 637 

and of SPI values ranging from -3 (dark red) to 1.6 (blue), for (a) and (d) dense forest, (b) and 638 

(e) open forest, and (c) and (d) transitional forest. 639 
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